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Foreword

The ACS SYMPOSIUM SERIES was founded in 1974 to provide a
medium for publishing symposia quickly in book form. The
format of the Series parallels that of the continuing ADVANCES
IN CHEMISTRY SERIES except that, in order to save time, the
papers are not typeset but are reproduced as they are submitted
by the authors in camera-ready form. Papers are reviewed under
the supervision of the Editors with the assistance of the Series
Advisory Board and are selected to maintain the integrity of the
symposia; however, verbatim reproductions of previously pub-
lished papers are not accepted. Both reviews and reports of
research are acceptable, because symposia may embrace both
types of presentation.
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Preface

THE VARIOUS FIELDS OF CHEMISTRY play an important role in the
discovery and exploitation of oil and gas reserves. Improved drilling and
well completion fluids, cement slurries, hydraulic fracturing and acidizing
fluids to improve well productivity, various chemical additives to be used
in these fluids, and chemicals for enhanced oil recovery are essential to
the improvement of production economics and to an increase in
recoverable hydrocarbon reserves. Chemistry will become increasingly
important in future hydrocarbon production with the decreased
likelihood of major onshore discoveries, increased discovery and
production costs associated with deep offshore wells and Arctic frontier
provinces, and the decline in drilling since early 1982.

The multidisciplinary nature of oil-field chemistry includes the
development of surfactants and polymers for enhanced oil recovery,
drilling and completion fluids, and stimulation fluids. Study of relevant
inorganic and organometallic chemistry has resulted in the development
of improved polysaccharide cross-linking agents, corrosion inhibitors,
improved cement slurry additives, and completion fluids. Polymer
chemistry has resulted in improved cement slurry additives to control
cement set time, fluid loss, compressive strength, and formation damage
characteristics. Contributions of organic chemistry include development
of improved antioxidants and more cost-effective monomer syntheses for
the production of oil-field polymers.

The study of foam behavior in porous media; interfacial phenomena,
especially the aggregation and arrangement of surfactants in oil-aqueous
systems; aqueous fluid—rock mineral interactions, particularly that of
strong acids with silicaceous minerals; the interaction of polymers and
organic chemicals with rock; and the rheological behavior of polymer
solutions and gels are all important physical chemistry and engineering
research areas. Biology also plays an important role. Bacterial growth
in wellbores and within formations has long been recognized as a serious
problem. It causes hydrogen sulfide formation and corrosion problems
that require careful operating practices and the use of bactericides. One
of the most exciting recent research areas has involved the promotion
and utilization of the growth of bacteria within formations to improve
oil recovery.

xiii



Publication Date: July 10, 1989 | doi: 10.1021/bk-1989-0396.pr001

Oil-field chemistry has undergone major changes since the
publication of earlier books on this subject. Enhanced oil recovery
research has shifted from processes in which surfactants and polymers
are the primary promoters of increased oil production to processes in
which surfactants are additives to improve the incremental oil recovery
provided by steam and miscible gas injection fluids. Improved and more
cost-effective cross-linked polymer systems have resulted from a better
understanding of chemical cross-links in polysaccharides and of the
rheological behavior of cross-linked fluids. The thrust of completion
and hydraulic fracturing chemical research has shifted somewhat from
systems designed for ever deeper, hotter formations to chemicals,
particularly polymers, that exhibit improved cost effectiveness at more
moderate reservoir conditions.

Although opinions on the timing of the next oil shortage differ, oil is
a finite resource and the current oil-production surplus is definitely a
temporary phenomenon. Despite some cutbacks, major oil companies,
some chemical companies, and various academic groups and research
institutes are all maintaining oil-field chemistry research and
development programs. The long lead time required for much oil-field
chemistry research, particularly enhanced oil recovery, requires that basic
research, laboratory product development, and field testing all be
maintained. This will enable the industry to respond when the current
oil surplus vanishes and to develop chemicals and processes that will be
economical, even at current oil prices.

The symposium on which this book is largely based was held with the
temporary nature of the current oil-production surplus in mind. The
Division of Geochemistry, Inc., provided part of the cost of printing
color photographs within the text. The views and conclusions expressed
herein are those of the authors.

The editors thank the authors for their contributions and the
referees, the unsung heroes of science, for their diligent and timely
manuscript reviews. Last, but certainly not least, we thank Cheryl
Shanks of the ACS Books Department, without whose patience, help,
and encouragement this volume would not be possible.

JOHN K. BORCHARDT TEH FU YEN

Shell Development Company School of Engineering

P.O. Box 1380 University of Southern California
Houston, TX 77251-1380 Los Angeles, CA 90089—0231

March 23, 1989

xiv



Publication Date: July 10, 1989 | doi: 10.1021/bk-1989-0396.ch001

Chapter 1

Chemicals Used in Oil-Field Operations

John K. Borchardt

Westhollow Research Center, Shell Development Company, Houston,
TX 77251-1380

Chemicals of various types are used in every stage of
drilling, completing, and producing oil and gas
wells. This review describes these chemicals, why
they are used, and recent developments. These
chemicals include common inorganic salts, transition
metal compounds, common organic chemicals and
solvents, water-soluble and oil-soluble polymers, and
surfactants. As existing fields become depleted, use
of chemistry to maintain production via well
stimulation, more efficient secondary recovery
operations, and enhanced oil recovery become ever
more important.

The modern chemical industry is highly dependent on crude oil and
natural gas feedstocks. Conversely, chemicals, the science of
chemistry and chemical engineering join petroleum engineering to
play an important roll in the production of oil and gas. The
discovery rate of of major new oil fields is declining, particu-
larly in the United States. As the petroleum industry becomes more
dependent on increasing production from existing fields, the use of
chemicals to more efficiently drill and operate oil and gas wells
and enhance productivity from these fields will grow. Environmen-
tal considerations will probably be an increasingly important in
the choice of chemicals used in well treatment fluids particularly
in offshore locations. While geochemistry plays a role in the
discovery of oil and gas and production chemicals are used to break
produced oil-water emulsions and as friction reducers in pipelines,
this review will be restricted to the chemistry and chemicals
involved in drilling, completing, stimulating, and operating
production and injection wells and in enhanced oil recovery.

Drilling Fluids

Drilling fluids (1-3) are often called drilling muds because of
their appearance. This is due to the dispersed clays added to most

0097—-6156/89/0396—0003$13.95/0
© 1989 American Chemical Society
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drilling fluids. The drilling fluid is circulated down the drill
pipe, around the drill bit, and up the wellbore while drilling is
in progress. The purpose of the drilling fluid is to cool and
lubricate the drill bit, suspend formation cuttings and 1lift them
to the surface, and control formation pressure reducing pressure
surges up the wellbore (thereby reducing the possibility of
blowouts). By cooling the drill bit and removing the cuttings from
the bottom of the well bore, the rate of drilling can be increased.
The drilling fluid is designed to be thixotropic i.e., have high
viscosity under low shear conditions when moving up the wellbore
carrying suspended solids and have low viscosity under the high
shear conditions near the drill bit where rapid fluid movement is
necessary to cool the drill bit.

Drilling fluids usually contain water as the primary
component. However, oil-based muds may be used for high
temperature operations and for drilling highly water-sensitive
formations. Oil-based muds are of two types, oil-external
emulsions containing as much as 50% water in the internal phase or
an oil-based fluid containing little if any water.

A great many additives can be used to impart desired
properties to the drilling fluid. In general, the deeper and
hotter the well, the more chemical additives are needed to obtain
the desired fluid properties. These additives can be classified
into different types by function. These include:

Weighting materials which are used to adjust fluid density and thus
hydrostatic pressure exerted on the formation by the wellbore
fluid. The objective is to prevent sudden pressure surges or
blowouts during drilling while simulataneously avoiding excessive
fluid leak-off into formations being penetrated by the well bore.
Barium sulfate (barite) is the most commonly used weighting agent.
Other insoluble minerals used include hematite, siderite, and lead
sulfide. Salts may be dissolved in the base water to increase
fluid viscosity. The use of high density calcium chloride, sodium
and calcium bromides, and zinc bromide solutions and blends thereof
has become common in the U.S. Gulf Coast region (4-6). These
fluids are somewhat corrosive (7) and the use of corrosion
inhibitors such as thiocyanate ion has been recommended. However,
these fluids have excellent formation damage characteristics; fluid
leakoff from the wellbore into the formation has little adverse
effect on rock permeability (8,9).

Fluid loss additives such as solid particles and water-thickening
polymers may be added to the drilling mud to reduce fluid loss from
the well bore to the formation. 1Insoluble and partially soluble
fluid loss additives include bentonite and other clays, starch from
various sources, crushed walnut hulls, lignite treated with caustic
or amines, resins of various types, gilsonite, benzoic acid flakes,
and carefully sized particles of calcium borate, sodium borate, and
mica. Soluble fluid loss additives include carboxymethyl cellulose
(CMC), low molecular weight hydroxyethyl cellulose (HEC), carboxy-
methylhydroxyethyl cellulose (CMHEC), and sodium acrylate. A large
number of water-soluble vinyl copolymers and terpolymers have been
described as fluid loss additives for drilling and completion
fluids in the patent literature. However, relatively few appear to
be used in field operations.
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Controlling fluid loss loss is particularly important in the
case of the expensive high density brine completion fluids. While
copolymers and terpolymers of vinyl monomers such as sodium poly(2-
acrylamido-2-methylpropanesulfonate-co-N,N-dimethylacrylamide-co-
acrylic acid) has been used (10), hydroxyethyl cellulose is the
most commonly used fluid loss additive (11). It is difficult to
get most polymers to hydrate in these brines (which may contain
less than 507 wt. water). The treatment of HEC particle surfaces
with aldehydes such as glyoxal can delay hydration until the HEC
particles are well dispersed (12). Slurries in low viscosity oils
(13) and alcohols have been used to disperse HEC particles prior to
their addition to high density brines. This and the use of hot
brines has been found to aid HEC dissolution. Wetting agents such
as sulfosuccinate diesters have been found to result in increased
permeability in cores invaded by high density brines (14).

Foaming agents provide another way to reduce fluid loss is in
the drilling fluids. Mist or foam drilling is used in relatively
shallow formations; commonly used foaming agents include C,, _ 6
alpha-olefin sulfonates and alcohol ethoxysulfates. While these
drilling fluids have not been used extensively in recent years, the
development of improved foaming agents and systems containing water
thickening polymer to stabilize the foam has been reported (15).
Defoamers are used to reduce undesirable foaming which often occurs
when saline drilling fluids exit the well bore. Tributylphosphate,
low molecular weight aliphatic alcohols, polyglycols, fatty alcohol
glycol ethers, acetylenic glycols, aluminum stearate, potassium
chloride, silicone-based defoamers, and sodium alkylaromatic
sulfonates have been used.

Lost circulation chemical treatments are necessary when the drill
bit penetrates a "thief'" zone and very large amounts of drilling
fluid are lost to the formation. In this situation, the addition
of water thickeners or solid particles may not be sufficient. The
face of the formation can be plugged using a rapidly setting cement
slurry or a process involving the in-situ gelation/precipitation of
sodium silicate, treatment with Portland cement, and in less
serious cases by plugging the formation face with shredded cello-
phane, crushed walnut and almond hulls, cedar and cane fibers, and
carefully sized sodium chloride and calcium carbonate particles.
Viscosifiers are used as rheology modifiers to aid in suspending
rock cuttings as they are carried to the surface. Many of the
fluid loss additives described above are used in this application.
Clays such as bentonite (montmorillonite) are the most commonly
used rheology modifiers. The main organic polymers that are used,
polysaccharides and acrylamide and acrylate polymers, often have
limited temperature stability or exhibit excessive temperature
thinning in deep hot wells. At concentrations below 2.8 g/L,
xanthan gum is a more effective solids suspending agent than HEC,
CMC, and partially hydrolyzed polyacrylamide (16).

While starches are commonly used, they are relatively poor
viscosifiers. Acids and bacterial enzymes readily attack the
acetal linkages resulting in facile depolymerization. Both
formaldehyde and isothiazolones have been used as starch biocides
(17). Development of improved high temperature water viscosifiers
for drilling and other oil field applications is underway. For the
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present, oil-based drilling fluids offer the best alternative for
elevated temperature applications despite their relatively high
cost.

Stabilizing agents are used to maintain drilling fluid rheological
properties at highly elevated downhole temperatures. Chromium and
chromium-free lignosulfonates, polyglycol ethers, sodium poly-
(styrene sulfonate-co-maleic anhydride), and a melanin polymer have
been used in this application. Additives such as sodium diethyldi-
thiocarbamate have been used to stabilize aqueous polysaccharides
such as xanthan gum (18).

Flocculants cause colloidal clay particles to coagulate thus
promoting separation from the drilling fluid which has been
circulated down the wellbore and returned to the surface. The
treated fluid may then be pumped back down the well bore. Sodium
chloride, hydrated lime, gypsum, sodium tetraphosphate, polyacryl-
amide, poly(acrylamide-co-acrylic acid), cationic polyacrylamides,
and poly(ethylene oxide) have been used commercially.

Thinners and dispersants are used to prevent excessive flocculation
of clay particles and maintain pumpability of the fluid. Tannins,
various lignosulfonate salts, sodium tetraphosphate and other
phosphates, and synthetic polymers such as sodium poly(styrene
sulfonate-co-maleic anhydride) have been used.

Friction reducers such as partially hydrolyzed polyacrylamide
may also be used in drilling fluids (19). They allow fluid to be
circulated through the well bore more easily thereby reducing
horsepower requirements for the circulating pumps and thus
decreasing well treatment costs.

Lubricants offer a means of reducing torque and increasing the
effective horsepower to the drillbit by reducing friction. Various
vegetable oils, graphite powder, soaps, asphalt blends, air-blown
asphalt colloids, diesel oil, and fatty acid esters have been used.
Pipe-freeing agents are used to reduce friction and increase
lubricity in areas of expected drill pipe sticking such as angles
in deviated wellbores. Soaps, surfactants, oils, soda lime, glass
beads, and cationic polyacrylamide have been used.

Corrosion inhibitors are used to reduce the corrosion of surface
equipment, surface casing, and the drill string by drilling and
well treatment fluids. Many different corrosion inhibitors have
been used. These include amine salts such as ammonium sulfite
-bisulfite blends, zinc carbonate, zinc chromate, hydrated lime,
fatty amine salts of alkylphosphates, cationic polar amines,
ethoxylated amines, and tertiary cyclic amines. Commercial
products are usually proprietary blends of chemicals.

Bactericides are used to control bacterial growth which can cause
corrosion, plugging of the fomation face, and alteration of drill-
ing fluid rheological properties. Paraformaldehyde,
glutaraldehyde, sodium hydroxide, lime derivatives, dithiocarba-
mates, isothiazolones, and diethylamine have all been used.

pH control aids in reducing corrosion and scaling and in control-
ling interaction of the drilling fluid with formation minerals.
Sodium hydroxide, calcium carbonate, sodium bicarbonate, sodium
carbonate, potassium hydroxide, magnesium oxide, calcium oxide,
fumaric acid, and formic acid have all been used commercially in
this application.
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Formation damage control chemicals are added to reduce the permea-
bility damage that occurs when drilling fluid enters the formation.
This also aids in preventing erosion of the formation into the
wellbore. Maintaining the cylindrical geometry and uniform
diameter of the welbore aids in subsequent cementing operations.
Potassium chloride, ammonium chloride, sodium chloride, gypsum,
sodium silicate, partially hydrolyzed polyacrylamide and
poly(acrylamide-co-acrylic acid), certain polymers having
quaternary ammonium groups in the repeat unit (see Chapter 10), and
lignosulfonate derivatives have all been used to reduce formation
damage.

Scale inhibitors are used to prevent the formation of insoluble
calcium salts when the drilling fluid contacts formation minerals
and saline formation waters. Commonly used scale inhibitors
include sodium hydroxide, sodium carbonate, sodium bicarbonate,
polyacrylates, polyphosphates, and phosphonates.

Emulsifiers have been used to prepare oil-external emulsion drill-
ing fluids. Surfactants used as emulsifiers include fatty acid
salts. fatty acid amides, petroleum sulfonates, and lignosulfo-
nates.

Because of the relatively low cost of many of the chemicals
used in drilling fluids, development of more cost effective
additives is a major challenge. However, improved high temperature
polymers, surfactants, and corrosion inhibitors are under
development in many laboratories.

Cementing Fluids (20,21)

After completion of the drilling operation, sieel casing is lowered
down the well bore and into the drilling fluid. A spacer fluid is
then pumped down the well bore to remove the drilling fluid and
prevent contact of the drilling mud with the cement slurry.
Efficient displacement of the drilling mud also promotes bonding of
the cement slurry to rock surfaces.

Intermixing of the spacer and the drilling fluid should not
produce solids or a high viscosity phase. Most spacers are aqueous
and contain polymers to increase fluid viscosity. Spacer density
is usually intermediate between that of the drilling fluid and the
cement slurry (22). Salts may be added to control fluid density
and pH. Surfactants are used to aid removal of drilling mud from
formation surfaces. Water-wetting surfactants also aid in making
the casing and exposed rock surfaces water-wet to promote good
cement bonding (23). This is particularly important when using
oil-based drilling fluids.

Turbulent flow at reasonable pump rates aids in removal of
drilling mud from surfaces (24). Downhole devices called
scratchers can be installed on the casing to scrape drilling mud
residues from formation surfaces. Other devices called
centralizers may be attached to the casing to center it in the
wellbore.

With increased development work from offshore platforms, more
non-vertical (deviated) wells are being drilled. Settling of mud
solids to the low side of the well bore can result in a continuous
channel of undisplaced drilling mud solids in the casing annulus
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that reduce the effectiveness of cement bonding (25,26). Converse-
ly, cement solids can settle from the slurry before it sets
resulting in a channel of water in the high side of the casing
annulus. Proper design of both the drilling fluid (particularly
through use of surfactants as dispersants) and the cement slurry
(including good control over cement set time) are necessary to
prevent this.

The cement slurry is pumped down the casing and up the annular
space between the casing and the formation. The spacer and
drilling fluid are thus displaced by the cement slurry. A
compatible fluid (one that does not substantially alter the set
time of the cement slurry) is pumped into the wellbore to displace
nearly all the cement slurry into the annular space between the
casing and the formation. The well is then shut in to allow the
cement to set. This bonds the casing to the formation and isolates
oil- and gas-bearing formations from aquifers and brine-containing
formations. Fluid communication between formations can adversely
affect production operations or lead to contamination of potable
water aquifers.

Incomplete displacement of fluid from the annular space can
result in gaps in the cement sheath through which fluids from
different formations can intermingle. In this situation, a
'"squeeze cementing" treatment is required to plug these gaps.
Portland cement or rapidly setting sodium silicate slurries can be
used in this operation.

When cementing high pressure gas formations, the gas can
penetrate the cement slurry before it sets greatly weakening the
set cement (27). Various solutions to this problem have been
proposed including the use of cement slurry formulations which
expand as they harden thereby resisting gas invasion (28).

Foamed cement slurries have been used to provide a low density
cement slurry to reduce permeability damage to highly sensitive
formations through reduced fluid loss (29). Glass microspheres
have also been used to substantially reduce cement slurry density
(30, 31). Other additives which reduce cement slurry density to a
lesser extent include bentonite, fly ash, silicates, perlite,
gilsonite, diatomaceous earth, and oil emulsions (see citations in
reference 29).

Corrosion-resistant cements have been developed for use in wells
used to inject supercritical carbon dioxide for enhanced oil
recovery (32). These are based on Portland cement and high levels
(as much as 407 wt.) of additives such as fly ash. Epoxy resins
have been successfully used as cements in corrosive environments
(33).

Lignosulfonates and lignosulfonate derivatives are used extensively
as cement set time retarders (20, 21). Many of the same additives
used in drilling muds are used in cement slurries and spacer fluids
for similar purposes.

Completion Fluids and Operations (1,20,34)

After cementing the well, communication must be established with
the productive formation. This is done in an operation called
perforating. The wellbore is filled with a non-damaging fluid of
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the proper density to control pressure surges while not exhibiting
excessive fluid loss to the formation. A perforating tool or "gun"
is lowered into the well bore and placed opposite the productive
formation. The gun fires projectiles or powerful jets of gas
generated in small explosions to penetrate the casing and cement
sheath. Perforations are generated in a controlled pattern and
spacing chosen after considering the formation properties and
productive capacity. A small amount of acid may be used to wash
the perforations to remove pulverized debris which reduces the
fluid carrying capacity of the perforations and adjacent formation.
Production tubing is then lowered into the hole and the productive
portion(s) of the well isolated using sealing tools called packers
(21). This is done to produce from more than one formation simul-
taneously and to minimize the volume of oil and gas in the wellbore
during production.

Fluid loss from the wellbore to the formation may be reduced
using the less permeability damaging drilling fluid loss additives
described above. In saturated brines, carefully sized sodium
chloride particles have been used to temporarily plug the formation
face (35). The particles may be dissolved by pumping a less saline
fluid down the wellbore.

Sand production from poorly consolidation formations is a signifi-
cant problem in important oil producing areas such as the U.S. Gulf
Coast; Kern County, California; Venezuela; Alberta; Nigeria; and
Indonesia. The most commonly used technique for sand control is
called gravel packing. A slurry of as much as 1.8 kg of carefully-
sized sand particles per liter of aqueous fluid is pumped downhole.
The sand particle size is chosen based on size analyses of the
formation sand (19,36). The sand-carrying capacity of the water is
enhanced by increasing its viscosity using 20-80 1b polysaccharide
per 1000 gallon. The most commonly used polysaccharide is hydroxy-
ethyl cellulose because its low content of insoluble solids mini-
mizes permeability damage to the formation (37).

Carboxymethyl cellulose and derivitized guars are occasionally
used in this application (1). Methods of stabilizing polysaccha-
rides originally developed for hydraulic fracturing applications
(see below) hold promise for increasing the range of temperatures
at which polysaccharide polymers can be used in gravel packing
applications.

Certain mixtures of polymers have been shown to form complexes
which exhibit substantially higher than expected solution viscosity
under low shear conditions. Xanthan gum blends with guar gum (38,
39), sodium poly(styrene sulfonate) (40), polyacrylamide (41),
sulfonated guar gum (38), sodium poly(vinylsulfonate) (40),
hydrolyzed sodium poly(styrene sulfonate-co-maleic anhydride) (38),
and poly(ethylene oxide) (41) and blends of xanthan gum and locust
bean gum have exhibited substantially higher than expected solution
viscosity (42, 43).

An enzyme, acid, or oxidative "breaker" is added to effect a
controlled depolymerization and thus a programmed loss of fluid
viscosity. This depolymerization is timed to occur when the sand-
laden fluid is opposite the productive formation. The sand then
drops out of suspension and is packed against the formation. The
sand creates a high permeability fluid pathway from the formation
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into the wellbore while substantially preventing the migration of
formation particles. Downhole tools such as wire-wrapped screens
or liners are used in conjunction with gravel packing. These
devices serve to hold the sand in place.

Since formation damage is a critical factor in successful
gravel pack treatments, continuing efforts are being made to
improve the formation damage characteristics of polysaccharide
fluids both before and after depolymerization (37). Recently,
grades of hydroxyethyl cellolose having improved formation damage
characteristics were introduced into the market place.

Injecting epoxy, furan, or furan-formaldehyde resins into
poorly consolidated formations to consolidate them was a common
sand control practice for thin highly productive formations (44-
46). Organic solvents (46) and silane coupling agents (47) are used
to promote adhesion of the resin to the rock surface. Excess resin
is flushed deeper into the formation to minimize resin hardening in
the flow channels since this would reduce formation permeability.

While effective, the relatively high cost of this sand control
method as compared to gravel packing has restricted its use. The
use of aqueous slurries of epoxy resins can reduce solvent costs
(44). Surfactants, particularly fluorochemicals, may hold promise
for increasing epoxy resin fluidity (49). The in situ crosslinking
of polybutadiene has been proposed as a method of reducing resin
costs (50). The gravel packing technique could be used to place
resin-coated sand against a poorly consolidated formation (51-53).
The resin is then cured resulting in a hard, but permeable mass
holding formation sand grains in place. Silica dissolution in high
temperature steam injection wells can destroy the integrity of a
gravel pack and lead to sand production when the well is placed
back on production (54). Use of a resin-coated sand could aid in
maintaining gravel pack stability and effectiveness.

Another method of sand control is use of a silicon halide
which reacts with water at the surface of sand grains forms SiO
which can bond the grains together (55). Reducing the cost of Sand
consolidation could be very useful since the applicability of
gravel packing methods is limited by the bottom hole circulating
temperature and the limited temperature stability of polysaccharide
polymers.

Hydraulic Fracturing (20,56)

Since hydraulic fracturing is reviewed in a subsequent chapter,
this important production stimulation technique will be only
briefly discussed. Hydraulic fracturing is a process whereby the
permeability of a formation is increased by generating high permea-
bility cracks in the rock. Particulate suspensions (usually sand
slurries) are injected at sufficiently high rates (which require
high injection pressures) to generate fractures in the rock which
are held open by the suspended proppant in the fracturing fluid.
The majority of hydraulic fracturing treatments are performed using
water-based fluids; foams (with nitrogen or carbon dioxide as the
gas phase) have been used extensively in recent years to reduce
formation damage. Oil-external emulsions have also been used for
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the same purpose. Ingredients used in hydraulic fracturing are
chosen from the following:

A viscosifier, usually a polysaccharide, is used to suspend the
proppant during pumping and placement in the rock fracture.
Generally 2-7g of guar per liter of fracturing fluid is used.
Hydrolytic depolymerization beings at 79.6 C (34). The degradation
rate in alkaline media, acid, and in the presence of cellulase and
hemicellulase enzymes has been determined (1). Most fracturing
treatments employ a crosslinked polymer.

A disadvantage of guar is the relatively high level of
insoluble materials normally left in the product after processing,
10-14% wt. (57). Alkaline refining can reduce the insoluble
materials level substantially, to ca. 3.9% wt. (58). Guar deriva-
tives such as HPG and carboxymethylhydroxypropyl guar (CMHPG)
contain fewer insolubles, <2% wt. (59,60). HPG also exhibits
better high temperature stability and resistance to hydrolytic
decomposition as compared to guar (1). Locust bean gum, karaya
gum, and gum traganth have been used to a limited extent as
viscosifiers and fluid loss additives (61-63).

Hydroxyethyl cellulose has been used in fracturing fluids not
requiring the increased viscosity and longer break times provided
by crosslinking. Until recently, it has been difficult to cross-
link HEC (64). This has limited its use in hydraulic fracturing
applications despite its excellent formation damage characteris-
tics. Hydroxyethyl celluloses containing vicinal hydroxy groups
are more easily crosslinked (65) and exhibit better shear stability
(66). Zr(IV) has been used to crosslink HEC (64). Crosslinked
CMHEC tends to show more shear degradation on passing through pumps
and small orifices in downhole tools than crosslinked HPG fluids
(67).

Other viscosifiers described in the literature include
acrylate copolymers such as poly(acrylamide-co-dodecylmethacrylate)
(68) and poly(vinyl alcohol) (69). The driving force behind using
synthetic polymers is presumably better high temperature stability.

The use of ionomers such as lightly sulfonated polystyrene as
an oil-based fracturing fluid viscosifier has been studied (70).
The most commonly used oil-based viscosifiers are phosphate esters
of various types (56,71,72).

Fluid loss additives are used are used to reduce the rate of fluid
loss from the fracture to the formation and to naturally occurring
macro- and micro-fractures within the formation. Silica flour
(73,74), oil-soluble resins (75), diesel oil emulsions (5% by
volume) (74) have also been used.

Proppants are solid particles used to hold open the fracture after
conclusion of the well treatment. Criteria to choose the economi-
cally most effective proppant for a given set of formation condi-
tions have been discussed (76). While sand is the most commonly
used proppant because of its low cost, resin-coated sand, sintered
bauxite, and Al,0, particles have also been used because of their
greater compresSive strength and resistance to dissolution at high
temperature and pH (55). While epoxy resins are most commonly
used, the use of other resins such as phenol-formaldehyde has been
described.
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Sand has been treated with oil-soluble organosilicon compounds
to form a hydrophobic proppant (77). A double layer resin coating
has also been developed. The inner layer coating the sand particle
is a cured gamma-aminopropyltriethoxysilane - hexamethylenetetra-
mine. The outer layer is an uncured mixture of the same two
chemicals which cures within the fracture to form a consolidated
permeable mass holding the fracture open (78).

Crosslinking agents are used to increase solution viscosity and
thus solids suspending properties of fluids at T>150 F. The most
commonly used crosslinking agents are organotitanates, borates, and
zirconium compounds. Organozirconates are the preferred cross-
linkers for hydroxyethyl cellulose (79-81). Antimonates and
aluminum compounds have also been used as polysaccharide cross-
linkers. Encapsulation of crosslinkers and the use of ligands to
complex with the transition metal atom have been used to delay
crosslinking (82). Delayed crosslinking which occurs within the
formation under lower shear conditions can provide higher and more
predictable crosslinked fluid viscosity (83). Polyamines such as
tetramethylenediamine can be used to accelerate crosslinking
reactions (84).

A breaker: an enzyme (at T<140°F), strong oxidizing agent, or an
acid, is used to depolymerize polysaccharides and break crosslinks
such that viscosity declines at a controlled rate so that the
proppant may be deposited in the fracture. Too rapid proppant
dropout would cause a premature "sand-out" which prevents future
extension of the fracture. Peroxydisulfates are the most frequent-
ly used breakers. Less reactive organic peroxides may be preferred
for high temperature formations (85).

Chemical stabilizers have been used to reduce the rate of oxygen-
promoted degradation of polysaccharides at T>225°F. Methanol and
sodium thiosulfate are the most commonly used (86). Sodium dithio-
carbamate, alkanolamines, and thiol derivatives of imidazolines,
thiazolines, and other heterocyclic compounds have also been tested
for this application. Calcined dolomite (87) and Cu(I) and Cu(II)
salts (88) have been reported to increase the thermal stability of
HEC.

Biocides are used to prevent aerobic bacterial degradation of
fracturing fluids in surface mixing and storage tanks. Anaerobic
bacterial growth in the wellbore and within the formation has to be
controlled to prevent introduction and/or growth of these bacteria
within the formation during the fracturing treatment and subsequent
generation and production of hydrogen sulfide. Glutaraldehyde,
chlorophenates, quaternary amines, and isothiazoline derivatives
have been used (89,90). The biocide is best added to the base
fluid before addition of the polysaccharide viscosifier.

pH buffers are added to the base fluid to keep the pH basic. This
promotes rapid polymer particle dispersion and controls
polysaccharide hydration rate to avoid formation of large,
partially hydrated particles.

Other techniques to promote complete polymer hydration include
vigorous mixing and slow addition of the polysaccharide. Specially
designed mixing devices have been used to promote rapid particle
dispersion (91). Adding already prepared dispersions of guar, HPG,
and HEC in nonaqueous media is another means of promoting rapid
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polymer particle dispersion and complete hydration (81,92).
Wetting polymer surfaces with ethylene glycol (92) or isopropanol
(93) has also been used as a means of promoting rapid polymer
dispersion prior to the onset of hydration.

Various particle surface treatments have been used to delay
polymer hydration until polymer particles have been thoroughly
dispersed. These include guar treatment with borax (2,34) and HEC
treatment with glyoxal (95).

Buffers also are used to maintain the proper pH for the cross-
linking reaction to occur at an optimum rate. Sodium bicarbonate
and sodium carbonate are used to attain basic pH while weak acids:
acetic, fumaric, formic, and adipic, are generally used to obtain
acidic pH values.

Formation damage control additives are added to reduce permeability
damage caused by clay swelling and consequent fine particle migra-
tion (which can also occur in the absence of clay swelling).
Potassium chloride, ammonium chloride, sodium chloride, and, for
longer term treatment effectiveness, organic polymers containing
quaternary ammonium groups in the repeat unit have been used for
this application. While avoiding permeability damage to the
formation adjacent to the propped fracture is critical in determin-
ing initial hydrocarbon production rate, fluid conductivity in the
propped fracture is the primary determinant of long-term productiv-
ity (96).

Surfactants are used to stabilize water-in-oil emulsions and to
promote rapid return of injected fluids and a faster return of the
well to hydrocarbon production. Although they are expensive,
water-soluble fluorochemicals have been shown to be effective in
this application (97,98).

Foams have become widely used to limit the fluid lost to the
formation and thus reduce formation damage. Foam cell size plays a
major role in determining fluid rheology (99). Guar, HPG, and
xanthan gum stabilize the foam bubbles by increasing the viscosity
of the surrounding aqueous fluid. Both nitrogen and carbon dioxide
have been used as the internal phase of the foam (100-102) and
foams based on each exhibit similar rheological behavior in laminar
flow (102) and similar fluid loss behavior (103,104). The carbon
dioxide is pumped as a supercritical fluid which changes to a gas
downhole (105).

Acidizing Chemicals (20,106)

Acid treatments fall into three general types:

Acid washing is used to dissolve acid-soluble scales from the
well bore and to open gravel packs and perforations plugged by such
scales.

Matrix acidizing is the injection of acids into the formation
at a pressure below the formation parting pressure (the pressure at
which natural fractures are forced open by injected fluids).
Properly designed, the injected acid enters the flow channels of
the formation and flows radially outward from the wellbore dissolv-
ing mineral fine particles in the flow channels. Minerals forming
the flow channel walls also react with the acids. These processes
increase formation permeability near the wellbore. The end result
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is to increase well productivity without increasing the produced
water:o0il or gas:oil ratios.

So-called "wormholes" can be formed when the injected acid
primarily enters the largest diameter flow channels in carbonate
rock further widening them (107). Acid only invades the small flow
channels a short distance greatly reducing treatment effectiveness.
High fluid loss rates, low injection rates, and reduced rates of
acid-rock reactions decrease the wormhole length.

In the third type of acidizing, fracture acidizing, acid is
injected above the parting or fracture pressure of the formation.
The acid reacts with the minerals on the exposed fracture face in a
process called etching. With sufficient etching, the fracture does
not reseal when normal well production or injection operations are
resumed.

Acids can sometimes break emulsions within the formation
either by reducing the pH or by dissolving fine particles which can
stabilize emulsions. Breaking the emulsion reduces fluid viscosity
thus increases the fluid carrying capacity of the flow channel.
Acids may be used as breakers to reduce the viscosity of acid-
sensitive fracturing gels.

Acids are sometimes used ahead of fracturing fluids to
dissolve mineral fine particles and allow more rapid injection of
the fracturing fluid. When used as the initial stage of a squeeze
cementing treatment, the acid-promoted mineral and drilling mud
particle dissolution can result in increased entry of the cement
slurry into the desired portions of the formation.

Acids are selected based on the nature of the well treatment
and the mineralogy of the formation. The critical chemical factors
in properly selecting an acid are: stoichiometry (how much forma-
tion material is dissolved by a given amount of acid), the
equilibrium constant (complete reaction of the acid is desired),
and reaction rate between the acid and the formation material
(106).

Mineral acids include hydrochloric acid and blends of hydrochloric
and hydrofluoric acid (usually 12% HC1/3% HF). Hydrochloric acid
is used to acidize carbonate formations. Its advantages are
relatively low cost, high carbonate mineral dissolving power, and
the formation of soluble reaction products (which minimizes forma-
tion damage). The primary disadvantage of hydrochloric acid is its
corrosive nature.

Hydrofluoric acid may be prepared by dilution of a
concentrated aqueous solution or by reaction of enough ammonium
bifluoride with aqueous 15% HCl to prepare a 12% HC1l/3% HF
solution. Hydrochloric - hydrofluoric acid blends have the major
advantage of dissolving silicaceous mineral including clays and
silica fine particles. HC1l/HF blends are quite corrosive.

Earlier corrosion inhibitors limited the maximum strength of
the acid to 15% by weight. Improved corrosion inhibitors (see
below) have made the use of higher acid concentrations, such as 28%
HCl more common. More dilute solutions may initially be injected
in sandstone acidizing to reduce the formation of insoluble sodium
and potassium fluorosilicates by displacing saline formation water
before injection of hydrochloric acid.
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Organic acids used in carbonate rock acidizing include formic,
acetic, sulfamic, and chloroacetic acids. These have the advantage
of being less corrosive than the mineral acids. This permits use
in applications requiring a long contact time with pipe (as perfo-
rating fluids) or with aluminum- or chrome- plated pump parts. It
is also easier to retard (inhibit) reaction of organic acids with
carbonates at elevated temperatures. This permits deeper penetra-
tion of the acid treatment fluid into the formation. Organic acids
are used to a much smaller extent than mineral acids due to their
higher cost and incomplete reaction with many carbonate minerals.
Sulfamic and chloroacetic acids are seldom used except in situa-
tions such as remote well locations where their solid form (100%
activity) makes transportation costs a critical consideration. The
180°F decomposition temperature limits the use of sulfamic acid to
temperatures below ca. 160 F.

Mixed acid systems are blends of mineral acids and organic acids.
Combinations that have been used in carbonate acidizing include
acetic acid/HCl and formic acid/HCl. While these are less corro-
sive than hydrochloric acid alone, the organic acid may not react
completely with the rock. Blends of formic acid and hydrofluoric
acid have been used in high temperature sandstone acidizing and are
less corrosive than HC1/HF blends.

High fluid injection rates are often required. For this
reason, friction reducers are often used in acid fracturing. These
include polyacrylamide and acrylamide copolymers, guar gum,
hydroxyethyl cellulose, and karaya gum (108)

In many cases, it is desirable to retard the rate of acid -
rock reactions to permit deeper penetration of the treatment fluid
into the formation. Four techniques hve been used to accomplish
this: using retarded acids which generate HF in situ, chemically
retarding the acid by placing an organic film on rock surfaces,
using polymers to increase acid viscosity (use of so-called
"gelled" acids), and foaming or emulsifying the acid to increase
the apparent viscosity.

Retarded acids are primarily applicable to sandstone acidizing.
Fluoroboric acid slowly hydrolyzes to form the more reactive
hydrofluoric acid (109,110). The time required for this hydrolysis
process may enable deeper penetration of the HF into the formation
although one report contradicts these findings (111). Na2T1F6 and
similar salts also slowly generate HF in acid media (112)7
Phosphorous acid addition to hydrochloric acid has been used to
reduce the HCl reaction rate with limestone (113).

Organic polymers have been used to increase the viscosity of
acids. The primary application is in fracture acidizing. Binary
and ternary acrylamide copolymers are the most commonly used
chemicals for this application. Many of thege polymers degrade
rapidly in strong acids at temperatures >130 F; development of more
stable polymers suitable for high temperatures is desirable.
Recently developed polymers for this application include acrylamide
copolymers with:

methacryloyltrimethylammonium chloride (114)

2-acrylamido-2-methylpropanesulfonic acid (115)

methacryloyloxyethyltrimethylammonium methosulfate (116).

N-vinyl lactam (117)
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Other polymers used in this application include:

poly(vinylpyrrolidinone) (118,119)

sodium poly(vinylsulfonate-co-vinylamide) (120)

sodium poly(acrylamide-co-N-vinyl lactam-co-vinyl sulfonate)

(119)
and mixtures of sodium
poly(2-acrylamido-2-methylpropanesulfonate-co-N-vinylacetamide) and
poly(acrylic acid-co-vinylformamide-co-vinylpyrrolidinone) (120).

Despite its limited stability in acid (1), guar gum has been
used to thicken 3-15% hydrochloric acid (121). An allyl ether -
guar gum adduct has been proposed for use as an acid viscosifier
(122). 2r(IV) crosslinked CMHEC has been used to thicken
hydrochloric acid (81).

Low viscosity oil-external retarded hydrochloric acid micro-
emulsions exhibiting quite low acid diffusion rates (ca. 1% of that
of aqueous HCl) have been developed (123,124). Foaming (125) or
emulsifying acid (106) also has the effect of limiting the contact
of the acid with formation surfaces and increasing acid viscosity
thereby reducing the rate of acid-rock chemical reactions. The
foaming agents are generally nonionic surfactants and the gas phase
is usually nitrogen. The acid is usually the internal phase of
emulsified acids and the fluid contains 10-30% of a low viscosity
hydrocarbon as the external phase. Polyacrylamide has been used to
thicken the aqueous phase of hydrochloric acid emulsions (126)
while nonionic surfactants have been used as the emulsifiers (127).
Overall, emulsified acids appear to be the most suitable for high
temperature formations.

By adding an oil-wetting surfactant to an acid, one can
promote the temporary formation of a film on formation surfaces
thus reducing the rate of rock dissolution. Acids containing these
surfactants are known as chemically retarded acids.

Surfactants are also used to break low mobility oil emulsions.
Organic amines and quaternary ammonium salts (128), alkylphenol
ethoxylates (128), poly(ethylene oxide-co-propylene oxide-co-
propylene glycol) (129) and alkyl- or alkylaryl polyoxyalkylene
phosphate esters (130) are among the surfactants that have been
used.

Mutual solvents have been used to reduce surfactant adsorption on
formation minerals, particularly oil-wetting surfactants (131).
Ethylene glycol monobutyl ether is the most commonly used mutual
solvent.

Formation permeability damage caused by precipitation of dissolved
minerals such as colloidal silica, aluminum hydroxide, and aluminum
fluoride can reduce the benefits of acidizing (132-134). Careful
treatment design, particularly in the concentration and amount of
HF used is needed to minimize this problem. Hydrofluoric acid
initially reacts with clays and feldspars to form silicon and
aluminum fluorides. These species can react with additional clays
and feldspars depositing hydrated silica in rock flow channels
(106). This usually occurs before the spent acid can be recovered
from the formation. However, some workers have concluded that
permeability damage due to silica precipitation is much less than
previously thought (135).
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Precipitation of Fe(III) compounds from acid solutions as the
pH increases above 2.2 is a particular problem. Complexing agents
that have been used include 5-sulfosalicylic acid and citric acid
(136); dihydroxymaleic acid (137); ethylenediaminetetraacetic acid
(138); lactic acid (138); blends of hydroxylamine hydrochloride,
citric acid, and glucono-delta-lactone (139); nitriloacetic acid;
blends of citric acid and acetic acid; lactic acid; and gluconic
acid (140).

Diverting agents assist in distributing acid more uniformly through
the perforated formation interval (141). These are usually oil-
soluble hydrocarbon resin particles. They may be dissolved by
post-acid injection of xylene or similar solvents. Oil-soluble
waxes, naphthalene, and solid organic acids such as benzoic acid
have also been used (142). Best results are obtained using a broad
range of particle sizes.

Blends of sodium hypochlorite with 15% HCl and with 127 HC1/3% HF
have been used to stimulate aqueous fluid injection wells(143).
Waterflood injection wells have also been stimulated by injecting
linear alcohol propoxyethoxysulfate salts in the absence of any
acid (144). The oil near the well bore is mobilized thus
increasing the relative permeability of the rock to water (145).
Temperature effects on interfacial tension and on surfactant
solubility can be a critical factor in surfactant selection for
this application (146).

Corrosion inhibition is primarily associated with acidizing.
Buffered hydrofluoric acid compositions have been shown to be less
corrosive (147). Corrosion inhibitors are designed to reduce the
rate of reaction of fluid with metal surfaces, generally by forming
films on the surfaces. Acetylenic alcohols and amines are fre-
quently components of corrosion inhibitor blends. Other compounds
that have been used include nitrogen heterocyclics, substituted
thioureas, thiophenols, and alpha-aminoalkyl thioethers (148).

Arsenic compounds can be very effective corrosion inhibitors
but their toxicity, ineffectiveness in hydrochloric acids above 177
active and in the presence of H,S, and their ability to poison
refinery catalysts has limited %heir use (148). Epoxy resins have
been coated onto metal surfaces and cured with a polyamine to
reduce corrosion (149).

High density brine completion fluids also often require the
use of corrosion inhibitors (8,9). Blends of thioglycolates and
thiourea; alkyl, alkenyl, or alkynyl phosphonium salts; thiocyanate
salts; mercaptoacetic acid and its salts; and the reaction products
of pyridine or pyrazine derivatives with dicarboxylic acid
monoanhydrides have been used as high density brine corrosion
inhibitors.

Hydrogen sulfide promoted corrosion can be a serious problem
(150); the best solution is prevention. Corrosion problems can be
minimized by choice of the proper grades of steel or corrosion
resistant alloys, usually containing chromium or nickel (150, 151)
and avoiding generation of H,S by sulfate reducing bacteria in
situations where H,S is not Initially present. Cathodic protection
of cising is often“effective for wells less than 10,000 feet deep
(150).

17
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Scale inhibitors may also be used in acidizing. These include
alcohol ethoxysulfonic acids (152). Scale inhibitors are also used
in water and enhanced oil recovery injection wells and include low
molecular weight poly(vinylsulfonate), poly(methylmethacrylate-co-
ethylenediamine) (153), bis(phosphonomethylene)aminomethylene
carboxylic acid, and poly(acrylic acid-co-3-acrylamido-3-methylbu-
tanoic acid). Ethylenediaminetetraacetic acid and similar
complex-ing agents have been used to remove scale from formation
surfaces near wellbores.

Formation Damage Control Chemicals

The fluid flow capacity of rock, particularly the rock adjacent to
an oil or gas well is critical in determining well productivity.
The region near the wellbore acts as a choke for the entire forma-
tion; because the flow is radial more and more fluid is flowing
through a given volume of rock as the fluid approaches the well
bore. The reduction of the rock fluid carrying capacity is
referred to as formation damage.

Formation damage may be due to invasion of rock capillaries by
solid particles in wellbore fluids (drilling and completion fluids)
and plugging of rock capillaries adjacent to fractures by fine
solid particles in fracturing fluids. These fines may be generated
when sand-laden fracturing fluid passes through small orifices such
as choke valves at high flow rates and pressures (67) or by
proppant crushing within the fracture. They may also be due to the
use of solid fluid loss additives. This type of formation damage
may be reduced by filtration of fluids before their entry into the
well bore and by proper choice and sizing of solid particles used
in drilling, gravel packing, and fracturing fluids. Acidizing the
rock immediately adjacent to the wellbore can dissolve clays,
silica particles, and precipitates plugging rock flow channels.
However, precipitation of hydrated silica, fluoroaluminates, and
iron compounds (above pH 2.2) in acidizing can cause formation
damage reducing well treatment effectiveness (see above).

Reduced injectivity due to formation damage can be a
significant problem in injection wells. Precipitate formation due
to ions present in the injection water contacting counterions in
formation fluids, solids initially present in the injection fluid
(scaling), bacterial corrosion products, and corrosion products
from metal surfaces in the injection system can all reduce
permeability near the wellbore (153). The consequent reduced
injection rate can result in a lower rate of oil production at
offset wells. Dealing with corrosion and bacterial problems,
compatibility of ions in the injection water and formation fluids,
and filtration can all alleviate formation damage.

Formation damage can also be caused by chemical and physical
interactions of fluid and rock. Low salinity fluids can cause
swelling of water-expandable clays. The resulting larger clay
dimensions can reduce the fluid carrying capacity of rock flow
channels. The expanded clay particles are more susceptible to the
shear forces of flowing fluids. In addition, clays act as the
cementing medium in many sandstone formations. Swelling weakens
this cementation and can cause the release of mineral fine
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particles. Fines migration in Berea sandstone occurs when the
salinity of the flowing phase drops below a critical salt
concentration (CSC) (155,156). The CSC varies for different
monovalent cations in solution and decreases with increasing ion
exchange affinity of the clay for the cation. The CSC of
multivalent cations is very low (157). Flowing fluids can carry
these fine particles to constrictions in the flow channels where
they form a plug.

Inorganic salts: KC1l, NH,Cl, CaCl,, or high concentrations of NaCl
have been used in wellbore fluids, fracturing fluids, and injection
fluids to temporarily reduce formation damage by converting the
more water-expandable smectite and mixed layer clays to less
swelling forms through ion exchange processes. However, the
potassium, ammonium, or calcium ions on the clays are themselves
subject to ion exchange processes and the clays may later be
converted back to the more water-expandable sodium form. Once clay
swelling has occurred, injection of salts will not reverse forma-
tion damage. An acidizing treatment to partially dissolve the
clays is required for this.

The addition of potassium hydroxide to injection waters has been
used to stabilize clays and maintain injectivity (158). Some
degree of permanence appears to result from this treatment since
injectivity appeared to be substantially maintained during
subse-quent injection of low salinity water.

More permanent stabilization of water-swelling clays may be
achieved by bonding the clay surface cation exchange sites together
so that simultaneous ion exchange at a large number of sites is
required for desorption of the clay stabilizer. This may be accom-
plished by injection of hydroxyaluminum, zirconyl chloride, or
certain quaternary ammonium salt polymers. A 6-12 hour well
shut-in period is required to allow polymerization of hydroxyalumi-
num on formation surfaces to occur (159). Because hydroxyaluminum
is removed from mineral surfaces by fluids at pH<3, it cannot be
used in conjunction with acidizing treatments. However, treated
clays are stable to high temperatures and hydroxyaluminum can be
used in 500°F steam injection wells.

Zirconyl chloride can be used to stabilize swelling clays in
both acidic environments and in the presence of 600 F steam (160).
No well shut-in time is required for polymerization to occur so
zirconyl chloride may be used in conjunction with hydraulic
fracturing treatments (161).

Quaternary ammonium salt polymers are more versatile and have been
used in drilling fluids, completion fluids, acidizing treatments,
and hydraulic fracturing. No well shut-in period is required.
Care in choosing the particular polymer to be employed in a
frac-turing treatment is needed because some polymers can interfere
with the function of the crosslinker. Some of these polymers are
also stable to high temperature steam and have been successfully
used to treat high temperature steam injection wells. Recent
developments in organic polymer formation damage control polymers
are discussed in chapter 10 of this book.

Fine particle migration can occur in the absence of water-swelling
clays. Migrating fines can include the migrating clays kaolinite,
illite, chlorite, and some mixed layer clays and fine silica
particles (162,163). Fine particle migration is promoted when the
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flowing phase is the rock wetting phase (162), is affected by
flowing fluid salinity (155-157) and pH (164), and is accelerated
by rapid flow rates (165). A critical flow velocity exists below
which fines migration is greatly reduced (166).

Conventional inorganic and cationic organic polymer clay sta-
bilizers have been shown to be effective in substantially prevent-
ing permeability damage due to clay swelling and consequent fines
migration (see Table 1, Chapter 10). However, most of these
polymers are much less effective at preventing fines migration in
the substantial absence of swelling clays. Recently developed
quaternary ammonium salt polymers have been shown to be effective
in reducing migration of a variety of mineral fine particles in the
absence of swelling clays (see Chapter 10).

Adsorption of corrosion inhibitors or cationic surfactants can
reduce sandstone formation permeability. Alcohols can be used to
remove corrosion inhibitors from rock surfaces. 0Oil-soluble
corrosion inhibitors may be dissolved by organic solvents such as
xylene or toluene containing a mutual solvent, most often ethylene
glycol monobutyl ether, EGMBE (167). Aqueous fluids containing
5-10% EGMBE can be used to dissolve cationic surfactants.

Paraffin deposits adjacent to production wells can greatly reduce
productivity by plugging fluid flow channels. Deposition of these
waxy crude oil deposits can also occur in perforations and produc-
tion tubing. Scraping has been used to remove deposits from
production tubing. Hot oil washes have been used to dissolve
paraffins above the perforations. Washing with organic solvents
such as xylene or toluene has been used to remove paraffins from
perforations and the formation (167). Addition of amines to these
solvents can aid in solubilizing asphaltene deposits (167).
Emulsion blocks within the formation can form as a result of
various well treatments and are more easily prevented (by using
surfactants in conjunction with well treatments, see above) than
removed. Aromatic solvents can be used to reduce the viscosity and
mobilize oil-external emulsions (167). Low molecular weight urea-
formaldehyde resins have been claimed to function in a similar
manner in steam and water injection wells (168,163). Water-
external emulsion blocks can be mobilized by injection of water to
reduce emulsion viscosity.

Gypsum scaling (calcium sulfate precipitation) can occur as aqueous
formation fluids cool and experience pressure drops near and in the
production wellbore. In wells producing from more than one
oil-bearing formation, mixing of different formation waters can
also give rise to this scaling problem. The most common solution
is washing the wellbore with basic solutions of potassium acetate,
potassium glycolate, potassium citrate or potassium hydroxide.
Scale deposits are converted to dispersed particles which can be
circulated out of the wellbore. A chelating agent such as
ethylenediamine tetraacetic acid can aid in dissolving calcium
sulfate deposits. Hydrochloric acid following the basic treatment
can also be used to dissolve calcium sulfate (167).

Injectivity can be reduced by bacterial slime which can grow
on polysaccharides and other polymer deposits left in the wellbore
and adjacent rock. Strong oxidizing agents such as hydrogen
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peroxide, sodium perborate, and occasionally sodium hypochlorite
can be used to remove these bacterial deposits (143,170,171).

Rock Wettability

Wettability is defined as "the tendency of one fluid to spread on
or adhere to a solid surface in the presence of other immiscible
fluids" (145). Rock wettability can strongly affect its relative
permeability to water and oil (145,172). Wettability can affect
the initial distribution of fluids in a formation and their
subsequent flow behavior. When rock is water-wet, water occupies
most of the small flow channels and is in contact with most of the
rock surfaces. The converse is true in oil-wet rock. When the
rock surface does not have a strong preference for either water or
oil, it is termed to be of intermediate or neutral wettability.
Inadvertent alteration of rock wettability can strong alter its
behavior in laboratory core floods (172).

In water-wet reservoirs being waterflooded, oil is displaced ahead
of the water. The injection water tends to invade the small and
medium-sized flow channels (or pores). As the water front passes,
the remaining oil is left in the form of spherical, unconnected
droplets in the center of pores or globules of oil extended through
interconnected rock pores but completely surrounded by water. This
oil is immobile and there is little oil production after injection
water breakthrough at the production well (145).

In a strongly oil-wet rock, water will tend to invade the
larger pores as oil is found in the smaller pores or as a film on
rock surfaces. Because the water preferentially flows through the
larger pores, flow channels to the producing well develop and water
only slowly invades the smaller flow channels. This results in a
higher produced water:oil ratio and a lower oil production rate
than in the water-wet case.

Care must be taken in all well treatment and injection
operations not to alter rock wettability in an undesired manner.
Use of carefully selected surfactants in well treatment fluids is a
way to accomplish this. Rock wettability can be altered by
adsorption of polar materials such as surfactants and corrosion
inhibitors, or by the deposition of polar crude oil components
(173). Pressure appears to have little influence on rock
wettability (174). The two techniques used to study wettability,
contact and and relative permeability measurements, show
qualitative agreement (175-177). Deposition of polar asphaltenes
can be particularly significant in carbon dioxide enhanced oil
recovery.

Primary and Secondary Oil Recovery

Primary oil recovery is the production of oil driven to wellbores
by the energy of fluids under pressure in the reservoir. As
reservoir pressure is reduced by oil production, additional
recovery mechanisms may operate. One is natural water drive as
water from an adjacent more highly pressured formation is forced
into the oil-bearing formation by the pressure differential between
the formations. Gas drive, expansion of a gas cap above the oil as

21
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o0il pressure declines can also drive additional oil to the
wellbore. Additional oil may be produced by compaction of the
reservoir rock as this pressure is reduced by oil production.
Generally the additional oil produced by reservoir compaction is
small. As the natural pressures in the reservoir decrease, oil
production declines. The oil well may then be placed "on pump" to
maintain production at economic levels; the pump is used to draw
o0il to the surface and keep the production well relatively free of
fluid. (The pressure of a column of fluid can decrease the rate of
fluid entry into the wellbore.)

Primary production typically recovers 10-25% of the oil
originally in place in the reservoir. The efficiency of primary
production is related to oil properties, reservoir properties,
geometric placement of oil wells, and the drilling and completion
technology used to drill the wells and prepare them for production.
Waterflooding or secondary oil recovery is a means of adding energy
to the reservoir. Water injection through some wells results in a
pressure differential across a reservoir resulting in the movement
of o0il and injected water to offset production wells. The
geographic arrangement of production and injection wells is
critical to maximizing oil recovery and can be related to the
geology of the reservoir (145). Salinity of the available
injection water can have an important effect on the efficiency of
oil recovery. Scaling, the formation of insoluble precipitates
when the saline injection water contacts a formation brine, is a
particularly common problem and many scale inhibitors have been
developed to reduce precipitation near the injection wells where
permeability reduction can greatly reduce injection rate (see
above) .

Injection rate can have a major effect on the economics of
secondary oil recovery. Acidizing or carefully designed hydraulic
fracturing treatments can be used in increase injection rates.
More recently well treatments that do not interrupt normal water
injection operations have increased in frequency. Addition of
surfactant to the injection water (144,146) can displace the oil
remaining near the production well. The lower oil saturation
results in an increase in the water relative permeability (145).
Consequently a greater water injection rate may be maintained at a
given injection pressure or a lower injection pressure. Thus
smaller and cheaper injection pumps may be used to maintain a given
injection rate. While the concentration of surfactant in the
injection water is relatively high, the total amount of surfactant
used is not great since it is necessary only to displace the oil
from a 6-10 foot radius around the injection well.

Extensive waterflooding began in the 1940's. Currently
waterflooding accounts for about 40% of domestic oil production.
Waterflooding typically recovers 15-25% of the oil originally in
place.

Organic _and inorganic polymers have been used to improve the
results obtained in waterflooding. Crosslinked polymers (see
below) have been used to reduce the permeability of fractures and
high permeability streaks so that injected water flows through a
larger fraction of the reservoir volume. The polymer is injected
with a crosslinker or the crosslinker may be injected after the
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polymer. In either case, crosslinking occurs in situ. Sodium
silicate gelation has also been used in this application (178,179).
The use of organic polymers in injection wells is discussed below.
Both in situ crosslinking of partially hydrolyzed polyacrylamides
(180) and quaternary ammonium salt polymers with long sidechains
(181) have been used to reduce the permeability of water producing
zones adjacent to production wells and decrease the produced
water:oil ratio.

Enhanced 0il Recovery

Primary and secondary oil recovery together recovery only 25-507 of
the oil originally in place in a reservoir. Cumulative U.S. produc-
tion of 133 billion barrels of oil and remaining reserves of 27.5
billion barrels account for only 337 of the 488 billion barrels of
oil discovery to date (182). In a more recent reference (183),
recoverable reserves as of Jan. 1, 1989 were estimated to be 26.5
billion barrels. The increasing cost of discovering major new oil
reserves in the U.S. (which most likely exist in frontier regions
of Alaska and deep water offshore) make unrecovered oil in known
fields an attractive target. Its location is known and much of the
infrastructure: wells, storage tanks, pipelines, roads, etc. are
already in place.

Major disincentives to enhanced oil recovery are the lack of
tax incentives and a substantial decline in the price of oil since
the end of 1981. All the investment in new wells and surface
facilities and injectants must take place before any incremental
oil is produced.

This decline in the price of o0il has resulted in major changes
in the types of enhanced oil recovery (EOR) being studied in the
laboratory and field tested. Steam injection and injection of
miscible gases, primarily CO,, remain of great interest due to the
relatively low cost of the ifnjectants (although they are quite
expensive as compared to water). More expensive injectants such as
used in micellar polymer flooding can often efficiently recover
oil. However, the large concentration of surfactant (often as much
as 2-57 wt plus the additional cost of the polymer used to provide
mobility control (see below), usually used in concentrations of
100-1000ppm, have made these fluids prohibitively expensive.

Recent research and field tests have focused on the use of
relatively low concentrations or volumes of chemicals as additives
to other oil recovery processes. Of particular interest is the use
of surfactants as CO, (184) and steam mobility control agents
(foam). Also combinitions of older EOR processes such as
surfactant enhanced alkaline flooding and alkaline-surfactant-
polymer flooding have been the subjects of recent interest. Older
technologies: polymer flooding (185,186) and micellar flooding
(187-189) have been the subject of recent reviews. In 1988 84
commercial products: polymers, surfactants, and other additives,
were listed as being marketed by 19 companies for various enhanced
oil recovery applications (190).

Other important issues influencing the economics of oil
recovery include methods of determining fluid movement and behavior
within the reservoir (191); the effect of oil composition on oil
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recovery, particularly in miscible flooding (192); and corrosion

control (193). Seismic, geotomographic, controlled-source audio
magnetotelluric, and pressure analyses as well as tracer chemical
injection and analyses are all used to understand fluid movement

within the reservoir and monitor EOR processes (191).

0il Recovery Mechanisms

The amount of oil recovery promoted by an injected fluid is related
to its ability to displace the oil it contacts in the reservoir,
termed the oil displacement efficiency (ODE), and to the relative
amount of the reservoir invaded by the injected fluid, termed the
volumetric sweep efficiency (VSE). Total oil recovery may be
expressed as:

0il Recovery = VSE x ODE

For example, consider a reservoir which has produced 40% of the oil
originally in place. If an injection fluid contacts 70% of the
reservoir and has an oil displacement efficiency of 70% of the
remaining oil (42% of the oil originally in place) then the maximum
enhanced oil recovery is 49% of the oil remaining in place or 29%
of the oil originally present in the reservoir. (Trapping and
other oil loss mechanisms are neglected in this simplified
treatment.) Total oil recovery has increased to 69%.

This example illustrates the importance of using chemicals to
improve both the volumetric sweep efficiency and the oil displace-
ment efficiency. Although the greatest attention has been given to
increasing the oil displacement efficiency, primarily though the
use of surfactants, a government study indicated that volumetric
sweep efficiency is the greatest obstacle to increasing oil
recovery (194).

Improving Volumetric Sweep Efficiency

Volumetric sweep efficiency is determined by the permeability and
wettability distribution in the reservoir and by the properties of
injected fluids. Waterflooding characteristically exhibits poor
volumetric sweep efficiency. The more expensive the injection
fluid, the more important it is to have a high volumetric sweep
efficiency so that the injected fluid contacts and thus mobilizes a
larger volume of oil. High permeability streaks or layers (thief
zones) and natural or induced rock fractures can channel the
injected fluid through a small portion of the reservoir resulting
in a low volumetric sweep efficiency.

Crosslinked polymers have been widely used to substantially seal
these thief zones and fractures thus directing subsequently
injected fluids to different parts of the reservoir increasing VSE
in waterflooding and chemical flooding. The most commonly used
polymers are partially hydrolyzed polyacrylamides (195) although
field applications of crosslinked xanthan gum have also been
reported (196). These are generally injected at concentrations of
1000-5000 ppm and crosslinked in situ. Treatments are restricted
to the near-wellbore region due to the kinetics of the crosslinking
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process. The most commonly used crosslinkers are AL(III) (196-198)
and Cr(III) compounds(199). The injected fluid preferentially
enters the thief zone. The well is shut in to allow crosslinking
to occur. After 1-7 days depending on the treatment, normal
injection operations are resumed.

Aluminum (III) citrate and sodium aluminate have been used as
crosslinkers. The polymer and crosslinker solutions are injected
as alternate slugs. A layer of adsorbed polymer is built up which
is then crosslinked to subsequently injected polymer (200).
Cationic polyacrylamide may be used in the initial treatment stages
to promote rapid polymer adsorption (201). Adjustment of the pH
may allow deeper penetration of the fluids in an aluminate
crosslinking system prior to gelation (202). A process involving
injection of alternate slugs of stoichiometrically equivalent
amounts of partially hydrolyzed polyacrylamide and Al (504)3 has
been evaluated in the laboratory; permeability of san% packs were
reduced by more than 967 (203). Mixtures of A1(III) and Zr(IV)
have also been evaluated as partially hydrolyzed polyacrylamide
crosslinkers (204).

Sodium bisulfite and thiourea have been used to reduce
injected Cr(VI) to the reactive Cr(III) species that promotes
crosslinking (205,206). Kinetic studies suggest that the crosslink
stucture includes two chromium atoms bridged by oxygen (205).
Gradual dissolution of colloidal Cr(OH)., has been used to delay
crosslinking to permit deeper polymer pénetration in the formation
prior to crosslinking (207) as has the use of Cr(III) propionate
(208). Injection of unhydrolyzed polyacrylamide followed by in
situ hydrolysis delays Cr(III) crosslinking (209). The rate of the
hydrolysis reaction is dependent on temperature but not on
injection and formation water salinity (g;g). Studies suggest that
5-10Z hydrolysis is the optimum to produce a crosslinked
polyacrylamide (211).

Occasionally it may be desirable to have a rapid crosslinking
take place. Blends of chromium triacetate and hydrochloric acid
have been used in this situation (212). Gelation time decreases
substantially as applied shear increases (213,214). Thus, static
laboratory gelation time experiments should not be used to predict
gelation time in actual well treatments.

Organic crosslinkers have also been used. These include
glyoxal (215) and formaldehyde. Use of hypohalite salts (216,217)
and epichlorohydrin (218,219) have been found to increase gel
stability.

Copolymers of sodium acrylate with sodium 2-acrylamido-2-
methylpropane sulfonate (220) or N,N-dimethylacrylamide (221) have
been found useful for preparing crosslinked systems that must
function at high temperatures and relatively high salinity.
Chromium crosslinked gels prepared from a 3:1 blend of partially
hydrolyzed polyacrylamide and guar gum have been found to have a
higher strength and stability than gels prepared from the partially
hydrolyzed polyacrylamide alone (222).

Crosslinked xanthan gums have also been used to reduce the permea-
bility of thief zones. Trivalent chromium and aluminum have been
used as crosslinkers (223,224). While crosslinker effectiveness is
reduced at high salinity, Cr(III) has been used in the field at




Publication Date: July 10, 1989 | doi: 10.1021/bk-1989-0396.ch001

26 OIL-FIELD CHEMISTRY

salinities as great as 166,000 ppm total dissolved solids (224).
Xanthan gum can be precipitated by quite high concentrations of
divalent metal ions to plug thief zones (225). Xanthan gum plus a
partially methylated melamine-formaldehyde resin has been used to
form a gel (226).

Carboxymethylhydroxyethyl cellulose has been gelled by hydra-
ted lime (227). Succinoglycan has been crosslinked by Cr(III),
A1(III), Zr(IV), Ti(IV), and other trivalent metal ions (228,229).

Careful sizing of the treatment and choice of injection rates
is required to prevent inadvertent overtreatment i.e., excessive
treatment of oil-containing rock. The post-treatment fluid
injection rate is usually significantly less than that prior to
treatment. While successful applications of this technology in
waterfloods and in surfactant polymer floods have been reported,
temperature and pH stability limitations of the polymer and the
crosslinking chemistry result in few if any applications in steam
and CO, injection wells.

ReactiVe monomers such as acrylamide in concentrations of 2-57%w and
various additives including a free radical polymerization initiator
may be used to form polymers in situ (230-232). An optional
reactive difunctional monomer such as N,N'-methylenebis(acrylamide)
can be added to the formulation to form a cross-linked polymer in
the high permeability zone. The low viscosity aqueous fluid may be
injected at relatively high rates and preferentially enters the
high permeability zones to a greater extent than do non-Newtonian
polymer solutions (233). Polymerization takes place forming a high
permeability mass that greatly reduces rock permeability. If no
difunctional monomer is used, this mass may be slowly dissolved by
injection water. This process increases injection water viscosity
(see below).

If the two functional groups of the difunctional monomer
differ substantially in reactivity, the difunctional monomer may be
injected without any comonomer. An example is 2-hydroxyethylacry-
late which can polymerize rapidly through the carbon-carbon double
bond and form crosslinks more slowly through hydrogen atom
abstraction from the hydroxyl group. Less reactive monomers such
as 2-hydroxyethyl acrylate and the use of less reactive
polymerization intiators permit the use of this technology in
somewhat higher temperature formations.

Lignosulfonates may be crosslinked in situ using Cr(III) (234,235)
or an acidic gas such as CO, (227) to promote crosslinking.
Crosslinked lignosulfonate %as been reported to be quite effective
at high formation temperatures. Lignosulfonate concentration is
usually 2-37 by weight. This gelation technology has been
evaluated in field tests in both waterflood and steam injection
wells. An advantage of this technology appears to be the ability
of this system to crosslink at long distances from the injection
well bore. Chemical reactivity at formation temperatures and in
situ dilution effects can limit the effective treatment radius of
the crosslinked polymer systems described above. Blends of
lignosulfonate and sodium silicate have also been evaluated in the
field (236).

Phenol-formaldehyde resins (237, 238), urea-formaldehyde
resins (239,240), melamine-formaldehyde resins (241), furfuryl
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alcohol resins (242) and resins of formaldehyde plus sulfonated
tannin extract (243) or alkali Kraft lignin (244) have been
evaluated to seal thief zones near water and steam injection wells.
Polymer gels formed in situ from polyvinyl alcohol and aldehydes
(245) and by Cr(III) crossllnklng of alkylene oxide - styrene
block copolymers (246) have also been evaluated.

Surfactant precipitation may be used for in-depth permeability
reduction of thief zones (247). This process is based on the
sequential injection of a slowly propagating ionic surfactant
followed by an aqueous spacer containing no surfactant, and then a
more rapidly propagating ionic surfactant of the opposite charge
type. In a sandstone reservoir, one would initially inject a
cationic surfactant and then an anionic surfactant. The oppositely
charged surfactants gradually mix in the high permeability portions
of the reservoir resulting in the formation of precipitates. These
precipitates plug flow channels and the cumulative effect is to
reduce permeability in the most flooded portions of the reservoir
diverting injectant to rock zones containing higher oil
saturations. The economically limiting factors in the use of this
process would probably be the cost and propagation rate of the
cationic surfactant.

The use of polyethylene glycol ethers in a process in which a
high viscosity emulsion is formed on contact with residual crude
oil has also been tested as a means of plugging thief zones using
surfactants (248-250). Precipitation of sodium pectate when fresh
water solutions contact brine has been proposed as a method of
plugging high permeability zones (251).

Polymer Flooding (186,187,252)

Even in the absence of fractures and thief zones, the volumetric
sweep efficiency of injected fluids can be quite low. The poor
volumetric sweep efficiency exhibited in waterfloods is related to
the mobility ratio, M. This is defined as the mobility of the
injected water in the highly flooded (watered-out) low oil
saturation zone, m , divided by the mobility of the oil in
oil-bearing portioﬁs of the reservoir, m _, (253,254). The mobility
ratio is related to the rock permeability to oil and injected water
and to the viscosity of these fluids by the following formula:

M = mw/m (k /;.c )/(kro/uo)
wherein k_ and k__ represent the relative permeability to water
and oil respectiveiy and u_ and p_ represent the viscosity of the
aqueous and oil phases respectively.

The displacing fluid may be steam, supercritical carbon
dioxide, hydrocarbon miscible gases, nitrogen or solutions of
surfactants or polymers instead of water. The VSE increases with
lower mobility ratio values (253). A mobility ratio of 1.0 is
considered optimum. The mobility of water is usually high relative
to that of oil. Steam and oil-miscible gases such as supercritical
carbon dioxide also exhibit even higher mobility ratios and
consequent low volumetric sweep efficiencies.

27
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The first mobility control agents were partia%ly hydrolyzed
polyacrylamides having molecular weights of 1-5x10° (254-259) and
xanthan gum (biopolymer) (1,34,260). Virtually all field projects
have used polymers from one of these two classes although varia-
tions in polymer molecular weight and structure have been made to
improve performance properties (see below). Relatively low polymer
concentrations (down to ca. 100ppm) can significantly increase
injected water viscosity. The increase in apparent viscosity in
porous media was often sigificantly greater that that exhibited in
conventional laboratory viscosity measurements (259). Another
benefit of both polyacrylamides and xanthan gum is a long-lasting
decrease in rock permeability to aqueous fluids that persists even
during long periods of water injection. This residual resistance
effect has been observed in laboratory tests and some field trials.
After termination of polymer injection, the North Stanley Field and
North Burbank Unit 29 polymer field tests exhibited injected water
permeability reductions attributed to residual resistance effects
that lasted for more than three years and more than seven years
respectively (261,262).

Each polymer type has important advantages and significant
disadvantages. These are summarized in Table I and discussed below
for polymers representative of those presently used.

Table I. Properties of Polyacrylamide and Xanthan Gum EOR Polymers

Property Polvacrylamide Xanthan Gum
Brine tolerance very ;}mitegzesp. to good tolerance
Ca ", Mg to mono- and

divalent cations

Transition metal cations easily crosslinked easily
crosslinked
Shear stability undergoes irreversible reversible
shear degradation shear thinning.
Thermal stability maximum use T 225°-250°F  maximum yse T
160-170°F

Hydrolytic stability hydrolysis promoted by hydrolytic
acid or base. Partially depolymerization
hydrolyzed prodgst mors promoted by acid
sensitive to Ca =, Mg or base esp. at

high T
Oxidative stability susceptible particularly
susceptible esp.
at high T
Microbial degradation susceptible to attack very susceptible
by yeasts, fungi, in aerobic

bacteria conditions
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Compared to partially hydrolyzed polyacrylamide, xanthan gum
is more expensive, more susceptible to bacterial degradation, and
less stable at elevated temperatures (1). However, xanthan gum is
more soluble in saline waters, particularly those containing
divalent metal ions; generally adsorbs less on rock surfaces; and
is substantially more resistant to shear degradation (1,34). The
extensional viscosity of the semi-rigid xanthan molecule is less
that that of the flexible polyacrylamide (263).

In addition to the normal problems of completely dissolving
particles of water-thickening polymers, xanthan gum contains
insoluble residues the cumulative effect of which is to decrease
polymer injectivity. Fermentation broths containing 8-15% by
weight xanthan can be used to prepare solutions which contain no
undissolved polymer particles (264). Flash drying of polymer
broths can produce a solid product which dissolves more readily in
injection waters (264). Other means of inproving xanthan solution
injectivity include brief (30 sec) ultrasonic treatment at 60-80
MHz (265), solid polymer hydration in solutions of metal complexing
agents such as sodium citrate (266) or low concentrations of boron
species (266), heat treatment (267,268), bentonite treatment
followed by filtration through diatomaceous earth (266,269),
passing xanthan solutions through a colloid mill (270), treatment
with methylenebis(isocyanate) (271), cellulase enzymes (272,273),
proteases (272,273), polysaccharide hydrolases (274), or caustic
agents plus an enzyme (274). Flow channels adjacent to the well-
bore which have been plugged with solid xanthan residues may be
reopened by treatment with oxidizing agents such as hydrogen
peroxide.

Use of oxygen scavengers (275,276,277) and bactericides (278)
is common parctice in field operations. Among the oxidation
stabilizers used are thiourea (279), sodium dithionite (280),
guanidine acetate (281), and a blend of sodium sulfite, thiourea,
and 2-propanol (282). Among the other chemicals studied as xanthan
gum and polyacrylamide stabilizers are: sodium bisulfite, sodium
2-mercaptobenzothiazole and benzoimidizol (283), 2-thioimidazoli-
done (284), 1-tolylbiguanide (285), 2-thiazoline-2-thiolate (286),
dithiocarbamates (287), methionine (288), thiosulfuric acid (289),
and phosphonic acid esters (290), and mixtures of isobutanol,
sodium 2,4,6-trichlorophenate, and sodium diethylenetriaminepenta-
acetic acid (291).

When dissolved in more saline waters, xanthan gum produces a
higher apparent viscosity than the same concentration of polyacryl-
amide (292). Prehydration of xanthan in fresh water followed by
dilution in the saline injection water has been reported to provide
higher viscosity than direct polymer dissolution in the same injec-
tion water. Optical rotation and intrinsic viscosity dependence on
temperature indicate xanthan exists in a more ordered conformation
in brine than in fresh water (293).

Although high concentrations of pyruvate ring-opened polymers
exhibit increased tolerance to divalent metal ions in high density
completion fluids (294), at low polymer concentrations, xanthan
containing the intact pyruvate ring exhibits higher brine solution
viscosity and better filterability than its ring-opened analog
(295). A xanthan gum containing pyruvate rings in most of the
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polymer repeat units has been produced by a proprietary strain of
Xanthamonas campestris (296) and evaluated for polymer flooding
applications (295).

Other microbial polysaccharides have also been evaluated for use in
enhanced o0il recovery. These include scleroglucan (299-300) which
is thought to exist in solution in a rigid helical conformation,
polymers produced by the bacterium Pseudomonas methanica (301), by
Leuconostoc mesenteroides (302), by Aerobacterium NC1B11883 (303),
the alga Porphyridium aeruginium (304), and nonionic glucose
homopolysaccharides produced by fungi (305). Xanthamonas bacteria
have also been used to produce a polysaccharide comprising glucose
and mannose units in a 2:1 ratio. This polymer has been claimed to
be a better water viscosifier than xanthan gum (306). Saccharide
polymers may be prepared by the polymerization of
3-0-methacryloyl-D-glucose (307).

Most polyacrylamides used as mobility control agents are actually
partially hydrolyzed or are acrylamide - acrylic acid (or sodium
acrylate) copolymers produced by emulsion copolymerization (308).
Emulsion polymers are used to avoid the high shear degradation and
undissolved solid particle problems often associated with solid
polyacrylamide dissolution. Another method of avoiding problems
associated with hydration of solid polymer particles is acrylamide
solution polymerization at the wellhead. The polymerization can be
designed to proceed at adequate rates and in saline injection
waters to provide polymers of adequate viscosity characteristics
(309). Polyacrylamide is usually hydrolyzed in base to produce a
random distribution of acrylate groups. This random distribution
is similar to that obtained in a copolymer having the same acrylate
group content (310). Acid hydrolysis rgﬁults in a more block-like
distribution of acrylate units (311). Co irradiation has been
used to initiate polymerization and prepare particularly high
molecular weight polyacrylamides (312).

Electrostatic repulsion of the anionic carboxylate groups
elongates the polymer chain of partially hydrolyzed polyacrylamides
increasing the hydrodynamic volume and solution viscosity. The
extensional viscosity is responsible for increased resistance to
flow at rapid flow rates in high permeability zones (313). The
screen factor is primarily a measure of the extensional (elonga-
tional) viscosity (314). The solution properties of polyacryl-
amides have been studied as a function of NaCl concentra-tion and
the parameters of the Mark-Houwink-Sakaruda equation calculated
(315). Maximum freshwater viscosity gseurs at ca. 357 hydrolysis
(316) while maximum viscosity in a Ca ‘-containing brine occurs at
10-157 hydrolysis. Metal ions interact with carboxylate groups
reducing their mutual repulsion and thus decreasing hydrodynamic
volume and solution viscosity. Divalent metal ions reduce viscosi-
ty more than monovaiﬁnt ones (311). Above 33-357 hydrolysis,
interaction with Ca ° causes polyacrylamide precipitation (318).
The major mode of polyacrylamide decomposition at elevated
temperature (in the absence of oxygen) is hydrolysis (319,320).
Thus, the concentration of divalent metal ions has an effect on
viscosity retention at high temperature. Chelating and
sequestering agents have been used to reduce the adverse effect of
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divalent (316) and multivalent metal ions on polyacrylamide
solution viscosity (321,322).

Proper well completion, particularly perforation design, can
reduce polyacrylamide shear degradation during entry into the
formation (313).

Acrylamide copolymers designed to reduce undesired amide group
hydrolysis, increase thermal stability, and improve solubility in
saline media have been synthesized and studied for EOR applica-
tions. These polymers still tend to be shear sensitive. Acryl-
amide comonomers that have been used include 2-acrylamido-2-
methylpropane sulfonate, abbreviated AMPS, (1,321-324), 2-sulfo-
ethylmethacrylate (325,326), diacetone acrylamide (324, 326), and
vinylpyrrolidinone (327,328). Acrylamide terpolymers include those
with sodium acrylate and acrylamido-N-dodecyl-N-butyl sulfonate
(329), with AMPS and N,N-dimethylacrylamide (330), with AMPS and
N-vinylpyrrolidinone (331), and with sodium acrylate and sodium
methacrylate (332). While most copolymers tested have been random
copolymers, block copolymers of acrylamide and AMPS also have
utility in this application (333).

Acrylamide terpolymers having a heterocyclic ring in the
polymer backbone have been shown to exhibit improved viscosity and
shear degradation properties (334,335). A disadvantage of acryl-
amide copolymers is their greater cost as compared to partially
hydrolyzed polyacrylamides. Acrylamide graft copolymers have been
studied in an effort to reduce copolymer costs. These include
acrylamide graft copolymers with starch (336), dextran (337), and
lignin (338).

Polymer association complexes (38-43, see above) including those
which form micelle structures by association of hydrophobic groups
such as nonylphenoxy polyethylene glycol acrylates (339),
acrylamide terpolymers containing hydrophobic alkylacrylamides
(340-343), and poly(styrene-co-maleic anhydride) vinylbenzylpoly-
glycol ethers (344) substantially increase water viscosity at quite
low polymer concentrations. Similar hydrophobically modified
polysaccharides such as hexadecyloxyhydroxyethyl cellulose (345)
may be suitable for use in enhanced oil recovery. These polymer
association complexes exhibit much higher solution viscosity than
equal concentrations of conventional polymers.

The substantial decrease of polyacrylamide solution viscosity
in mildly saline waters can be utilized to increase injection rates
by adding a quaternary ammonium salt polymer to the polyacrylamide
mixing water (346,347). If the cationic charge is in the polymer
backbone and substantially shielded from the polyacrylamide by
steric hindrance, formation of an insoluble interpolymer complex
can be delayed long enough for polymer injection. Upon contacting
formation surfaces, the quaternary ammonium salt polymer is adsor-
bed reducing solution salinity and thus increasing viscosity away
from the wellbore where it will not adversely affect injectivity.
By using a clay stabilizing quaternary ammonium salt polymer,
formation damage associated with low salinity polyacrylamide
solvents can be reduced (348).

Propagation of enhanced oil recovery chemicals through rock is
critical to the success of an EOR project. Polymer retention in
permeable media has been the subject of considerable study (349)
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and mechanical entrapment as well as adsorption has been identified
as a cause of polymer loss (350,351). Sacrificial adsorption
agents may be used to reduce the adsorption of expensive polymers
and surfactants. Lignosulfonates and their derivatives have been
extensively evaluated for this application (34,352-356). Other
chemicals tested for this application include poly(vinyl alcohol)
(357), sulfonated poly(vinyl alcohol) (358), sulfonated poly(vinyl-
pyrrolidinone) (358), low molecular weight polyacrylates (359), and
sodium carbonate (360).

Surfactants for Mobility Control

Despite its relatively high mobility, water has been used to
decrease the mobility of even higher mobility gases and
supercritical CO, used in miscible flooding (361). While water
mobility can be Up to ten times that of oil, the mobility of gases
can be 50 times that of oil (362). The following formula is used
to calculate gas:oil mobility ratios (363):

M= (kg/ pg) + (e /) / (ke / p) + (k/w)

wherein k refers to permeability, p to viscosity, and g, s, o, and
w to gas, miscible solvent, o0il, and water respectively. The water
may be injected simultaneously with the gas or in alternate slugs
with the gas (WAG process). X-ray computerized tomography of core
floods has demonstrated the increased volumetric sweep efficiency
attained in the WAG process (364).

The WAG process has been used extensively in the field,
particularly in connection with supercritical CO, injection and
some success have been reported.(365-367). HoweVer, it would be
desirable to develop a method to further reduce the viscosity of
injected gas, particularly CO,, the most commonly used gas
(actually injected as a supercritical fluid) in the U.S.. While
limited studies on increasing the viscosity of CO, though the use
of supercritical CO,-soluble polymers and other aaditives have been
reported (368, see dlso Chapter 29 and references therein), the
major direction of research has been the use of surfactants to form
low mobility foams or supercritical CO2 dispersions within the
formation.
The behavior of foam in porous media has been the subject of
entensive study and recently a collection of papers on this subject
(369), a review of foam rheology (370), and an extensive
bibliogra-phy (371) have been published. X-ray computerized
tomographic analysis of core floods indicated that addition of 500
ppm of an alcohol ethoxyglycerylsulfonate increased volumetric
?weep efficiency substantially over that obtained in a WAG process

364).

The role of various surfactant association structures such as
micelles and lyotropic liquid crystals (372), adsorption-desorption
kinetics at liquid-gas interfaces (373) and interfacial rheology
(373) and capillary pressure (374) on foam lamellae stability has
been studied. Microvisual studies in model porous media indicate
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that the predominant mechanisms of in situ foam generation are
snap-off at pore constrictions (375,376), lamellae leave-behind
(375), and lamellae division (375).

The reason for wide-spread interest in the use of surfactants
as gas mobility control agents (369) is their effectiveness at
concentrations of 0.1Zwt (377) or less (364). This low chemical
requirement can significantly improve process economics.

Another advantage is the wide range of surfactant classes and
chemical structure variations within each class of surfactant which
can be screened to optimize surfactant performance for a given set
of reservoir conditions. Any change in surfactant structure should
increase the propagation rate and the displacement efficiency. It
has been noted that this is possible only by decreasing surface
viscosity (378). Among the classes of surfactants studied for this
application are alcohol ethoxylates and their sulfate and sulfonate
(364,379-384), and carboxylate (385) derivatives, alkylphenol
ethoxylates (382), alpha-olefin sulfonates (383), and alkylated
diphenylether disulfonates (386). Increased linear hydrophobe
carbon chain length, decreased hydrophobe branching, and increased
ethoxy group chain length was found to increase foam stability
(380). When using mixtures of surfactants or surfactants plus an
alcohol, foam stability, injected breakthrough time at the core
outlet, and oil recovery were maximized when the two surfactants or
the surfactant and the alcohol had the same carbon chain length
(387,388). Addition of a water-thickening polymer to the aqueous
phase will stabilize the foam (389-391).

In addition to the mobility control characteristics of the
surfactants, critical issues in gas mobility control processes are
surfactant salinity tolerance, hydrolytic stability under reservoir
conditions, and surfactant propagation. Lignosulfonate has been
reported to increase foam stability and function as a sacrificial
adsorption agent (392). The addition of sodium carbonate or sodium
bicarbonate to the surfactant solution reduces surfactant
adsorption by increasing the aqueous phase pH (393).

Alcohol ethoxysulfates have been used in field tests as
foaming agents for nitrogen (394) and carbon dioxide (395).
Application of alcohol ethoxysulfates is restricted due to its
%imi;ed hydrolytic stability at low pH and elevated temperature

396).
High temperature steam has also been used in enhanced oil recovery,
for the recovery of highly viscous crude oils (397). In heavy oil
fields, water flooding is often omitted and steam injection begun
immediately after primary production. Steam injection temperature,
usually 350-450°F in California oil fields, can reach 600 F in
Canadian and Venezuelan projects. Heat is transferred from the
steam to the rock and crude oil reducing oil viscosity. This
increases oil mobility thereby enhancing oil production.

Gravity override is the migration of the steam to the upper
portion of the formation and is caused by the low steam density.
This results in channeling of the steam through the upper portion
of the reservoir and a low volumetric sweep efficiency.

Surfactants have been used as steam mobility control agents in both
laboratory and field tests to prevent this gravity override thereby
increasing volumetric sweep efficiency. Surfactants that have been
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used in field tests include 016- 8 alpha-olefin sulfonates,
alkyltoluene sulfonates, and neu%ralized dimerized alpha-olefin
sulfonic acid.

Careful screening procedures are required to evaluate surfac-
tants as steam foaming agents (398,399). Increasing the hydrophobe
carbon number in alpha-olefin sulfonates from 14-16 to 16-18 to >25
has been reported to improve foam strength (400,401). In alkylaro-
matic sulfonates, longer linear alkyl groups (402) or dialkyl
substitution (403) seem to have the same effect. Other alkylaroma-
tic sulfonates containing benzene, toluene, or xylene rings (402,
404); two fused aromatic groups (405); and the diarylether group
(406) have been favorably evaluated as steam foaming agents. The
neutralized dimer of an alpha-olefin sulfonate has also been used
(407).

The high temperature steam will cool and eventually condense
as it propagates through the o0il reservoir. In order to maintain
foam strength as the steam cools, a noncondensible gas, most often
nitrogen or methane, is usually added to the injectant composition
(408). A method of calculating the optimum amount of noncondensi-
ble gas to use has been reported (409).

Critical parameters affecting surfactant performance are sur-
factant propagation rate and surfactant stability at steam tempera-
tures that can reach more than 600°F. Surfactant propagation rate
can be reduced by adsorption, precipitation, and partitioning into
the oil phase. Adsorption increases with increasing salinity and
decreases with increasing temperature (410). A numerical model of
foaming agent transport has been developed which uses the surface
excess variable in describing surfactant adsorption (411).

Surfactant propagation can be improved by the use of
additives. Both surfactant partitioning and precipitation tend to
increase with increasing calcium ion concentration (412) so minimi-
zing divalent metal ion concentration in the surfactant solution is
desirable. Injection of a surfactant preslug containing NaCl will
convert clays to their sodium form reducing+}ater ion exhange
processes that result in the presence of Ca ions in the surfac-
tant solution (413,414). The use of a hydrotrope such as sodium
xylene sulfonate has been reported to increase oil recovery in
laboratory steam foam floods of sandpacks (415). The hydrotropes
may function as sacrificial adsorption agents or interact with the
foaming agent to stabilize lamellae and increase foam strength.
Thermal stability of the foaming agent in the presence of high
temperature steam is essential. While alkylaromatic sulfonates
possess superior chemical stability at elevated temperatures
(416-419), alpha-olefin sulfonates possess sufficient chemical
stability to justify their use at steam temperatures characteristic
of most U.S. steamflood operations. Decomposition is a
desulfonation process which is first order in both surfactant and
acid concentrations (417). Since acid is generated in the
decomposition, the process is autocatalytic. However, reservoir
rock has a substantial buffering effect. The addition of high pH
agents such as sodium hydroxide to the surfactant solution has been
reported to increase foam strength and stability (420). The sodium
hydroxide may function by precipitating with calcium ions to
improve surfactant propagation (421). This is also the mechanism




Publication Date: July 10, 1989 | doi: 10.1021/bk-1989-0396.ch001

1. BORCHARDT Chemicals Used in Oil-Field Operations 35

by which sodium carbonate and trona (Nazco /NaHCO,,) function when
used as steam foam additives (422). Thése additiVes can also
maintain the pH at a high enough value to reduce the rate of
surfactant decomposition. In addition, the added base may interact
with petroleum soaps naturally found in the crude oil to more
efficiently displace oil (420); the consequent lower oil saturation
can result in a more stable foam.

High sulfur content heavy crude oil may be recovered more
efficiently using transition metal ions such as Ti or V and
optionally carbon monoxide as steam additives (423).

Improving Oil Displacement Efficiency

The use of relatively large concentrations of surfactants, usually
2-57w, to substantially increase oil displacement efficiency has
been the subject of very extensive study (188-190,424-426). This
complex process usually involves the injection of a brine preflush
to adjust reservoir salinity followed by injection of a micellar
slug comprising the surfactant, a "cosurfactant" (usually a C,_
alcohol) and a hydrocarbon. A polymer solution is usually injected
after the micellar slug to reduce viscous fingering of the drive
fluid into and through the micellar slug. This viscous fingering
causes dilution of the surfactant, less contact of the micellar
slug with the crude oil, and trapping of some of the micellar slug
in the reservoir. Process effectiveness depends on maintaining an
ultralow interfacial tension (<0.01 dynes/cm) between the injected
surfactant slug and the crude oil (427). The surfactant-rich
microstructures involved in o0il recovery include vesicles as well
as micelles (428). Interfacial tension behavior is sensitve to the
presence of air and is both temperature and pressure dependent, it
can be different for stock tank oil and live (containing dissolved
gases under pressure) reservoir crude oil 174). Therefore
interfacial tension, phase behavior, and core flood tests should be
carefully designed.

By about 1980, the emphasis of research had shifted from inex-
pensive surfactants such as petroleum sulfonates to more expensive
but more effective surfactants tailored to reservoir and crude oil
properties. Critical issues are: surfactant performance in saline
injection waters, surfactant adsorption on reservoir rock, surfac-
tant partitioning into the crude oil, surfactant chemical stability
in the reservoir, surfactant interactions with the mobility control
polymer, and production problems caused by produced emulsions.
Reservoir heterogeneity can also greatly reduce process effective-
ness. The decline in oil prices dating from the end of 1981 halted
much of this research due to the relatively high cost of micellar
processes (also called surfactant polymer flooding). Since 1982
the number of field projects in progress evaluating this technology
has dropped from 20 to 9 (429). Only one field test since 1982 has
been successful enough that expansion of the project has been
considered (430).

The thrust of surfactant flooding work has been to develop
surfactants which provide low interfacial tensions in saline media,
require less cosurfactant, are effective at low concentrations, and
exhibit less adsorption. The optimal salinity concept and the
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salinity requirement diagram (431,432) are extremely useful when
screening surfactants. When comparing the performance of different
surfactants, it is important that the comparison be made at the
optimal salinity of each surfactant or, if it is not possible to
adjust injection water salinity, in the actual injection water to
be used in a given field project.

While nonionic surfactants such as alcohol ethoxylates,
alkylphenol ethoxylates (433) and propoxylates (434) and alcohol
propoxylates (434) have been studied, most recent work has been on
anionic surfactants: alcohol propoxysulfates (434), alkylphenol
propoxysulfates (434), alcohol alkoxyalkylsulfonates (435), alkyl-
phenol alkoxyalkylsulfonates (435), secondary alkane sulfonates
(436), alpha-olefin sulfonates (436), calcium or magnesium salts of
alpha-olefin sulfonates (437), internal olefin sulfonates (438),
blends of alpha- and internal olefin sulfonates (439), blends of
branched olefin sulfonates and polyoxyalkylene alkylphenyl ether
sulfates (440) or alkylaryl alkoxysulfate (441), sulfonated
Friedel-Crafts alkylation products of benzene, toluene, and xylene
with alpha-olefins (442), alkylalkoxyphenol sulfonates (sulfonate
group on the benzene ring) (443), styrylaryloxy ether ethylsulfo-
nates (ethylsulfonate group at end of the alkoxy chain) (444), the
ethoxyethylsulfonate salt of dicyclopentadiene (445), carboxy-
methylated linear alcohol ethoxylates (445-448), carboxymethylated
alkylphenol ethoxylates (448), carboxypropylated alcohol ethoxy-
lates and alkylphenol ethoxylates (449), and branched (twin-tail)
carboxymethylated alcohol ethoxylates (450). Increasing the length
of an ethoxy chain reduces the critical micelle concentration (380,
451). Cosurfactant requirements can be minimized using a surfac-
tant having a short branched hydrophobe or branched (vs. linear)
alkyl substituent on an aromatic group (452,453) and a long ethoxy
group chain (453).

Blends of surfactants optimized for seawater or reservoir
brine salinity include linear alkylxylene sulfonate/alcohol ether
sulfate mixtures (454,455). Alkyl- and alkylarylalkoxymethylene
phosphonates (456), and amphoteric surfactants (457,458) have also
been evaluated for use in surfactant flooding.

High concentrations (1-10%) of lignosulfonate have sufficient
interfacial activity to increase oil recovery from unconsolidated
sands (459) and have been shown to interact synergistically with
petroleum sulfonates to produce an ultralow interfacial tension
(460) and substantially increase oil recovery (461). Paper
industry spent suigite liggors function in a similar manner if they
are not in the Ca ~ or Mg ~ forms which precipitate the petroleum
sulfonates (462). Low molecular weight ethoxylated, sulfated, or
sulfonated lignin phenols have been used alone in surfactant floods
and found to recover more than 757 of the oil remaining after
waterflood (463). The use of alkylated oxidized lignins has also
been studied (464).

Of these surfactants, two classes are worthy of further note.
The alpha-olefin sulfonates have been found to possess good salt
tolerance, chemical stability at elevated temperatures, and appear
to exhibit good o0il solubilization and low interfacial tension over
a wide range of temperatures (438,465). While being less salt
tolerant, alkylaromatic sulfonates exhibit excellent chemical
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stability. The nature of the alkyl group, the aryl group, and the
ring isomer distribution produced in the Friedel-Crafts alkylation
of the aromatic compound (452,466) can all be adjusted to optimize
surfactant performance under a given set of reservoir conditions.

The effect of temperature, pressure, and oil composition have
all been the subjects of intensive study and only a leading
reference (467) will be cited. Surfactant propagation is a
critical factor in determining the economics of an oil recovery
process and has been the subject of many investigations (468).
Recently liquid flow microcalorimetry has been used to study
surfactant adsorption and determine the adsorption isotherm and
entropy of adsorption (469,470). The use of high pressure liquid
chromatography to analyze low surfactant concentration core flood
effluents has aided in determining which components of commercially
produced surfactants most rapidly propagate through rock (471).
Commercial surfactant synthesis synthesis can then be modified to
maximize the content of these rapidly propagating components. Mass
spectral analysis could also be applied to this problem to identify
chromatographic elution peaks and reduce the need to synthesize
model compounds. Surfactant retention due to partitioning into
residual crude oil can be significant relative to adsorption and
reduce surfactant propagation rate appreciably (472).

The use of sacrificial agents to increase the surfactant
propagation rate through reservoir rock has been proposed.
Lignosulfonates and chemically modified lignosulfonates
(34,352-356) and sodium saccharite wastes from wood pulping (473)
have been evaluated as sacriiicial adsorption agents. Injection of
solutions containing K', NH, , and zirconium ions prior to surfac-
tant injection has been found to decrease surfactant adsorption
(474). This is believed to occur by clay stabilization which
reduces later swelling and fines migration (processes which
increase the surface area exposed to the surfactant solution).
Alkaline chemicals (422,423), particularly sodium silicate (475),
which precipitate in the presence of divalent metal ions can
increase the surfactant propagation rate.

Intermixing of the polymer mobility control fluid with the
surfactant slug can result in surfactant - polymer interactions
which have a significant effect on oil recovery (476). Of course,
oil - surfactant interactions have a major effect on interfacial
behavior and oil displacement efficiency. The effect of petroleum
composition on o0il solubilization by surfactants has been the
subject of extensive study (477).

Caustic flooding involves the injection of high pH agents such as
sodium hydroxide, sodium carbonate or sodium silicate to generate
surfactants in situ by interaction with organic acids present in
crude oil (478,479). The crude oil acid number (the number of
grams of KOH required to neutralize one gram of crude o0il) should
be >0.5. A number of different oil recovery mechanisms are thought
to be operative: lowering of the capillary number (the ratio of
viscous to capillary forces) through interfacial tension reduction,
altering rock wettability (usually from oil-wet to water-wet), oil
emulsification and entrapment of oil which results in a lower water
mobility (in turn resulting in a greater injected water volumetric
sweep efficiency), oil emulsification and entrainment in the
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flowing aqueous phase, and possibly the solubilization of rigid
films that may form at the oil-water interface.

While the injected chemicals are relatively inexpensive, large
quantities must be injected due to reaction of the high pH agents
with reservoir clays (480) and by precipitation by divalent metal
ions present in formation waters. (This precipitation has been
used to reduce adverse surfactant and polymer interactions with
divalent metal ions by injecting a caustic preflush prior to a
micellar polymer flood (481)). The presence of a lignosulfonate
(482) or a polyacrylate (483) in the alkaline injectant has been
reported to reduce this precipitation. Ion exchange processes
promoting solubilization of divalent metal ions (484) limit the
effectiveness of preflushes injected prior to the caustic solution.
Which is the best of the three major alkaline agents used in this
process: sodium hydroxide, sodium carbonate, and sodium orthosili-
cate, is the subject of some dispute. At equivalent Na,O levels,
the three alkaline agents gave equivalent recovery of each of nine
different crude oils was obtained in laboratory core floods (485).
The inclusion of surfactant in the caustic formulation (surfactant
enhanced alkaline flooding) can increase optimal salinity of the
saline (NaOH is a salt) alkaline formulation thereby reducing
interfacial tension and increasing oil recovery (481,486,487).

Both nonionic and anionic surfactants have been evaluated in this
application (488,489) including internal olefin sulfonates (487,
490), linear alkylxylene sulfonates (490), petroleum sulfonates
(491), alcohol ethoxysulfates (487,489,492). Ethoxylated alcohols
have been added to some anionic surfactant formulations to improve
interfacial properties (486). The use of water thickening polym-
ers, either xanthan or polyacrylamide to reduce injected fluid
mobility mobility has been proposed for both alkaline flooding
(493) and surfactant enhanced alkaline flooding (492). Crosslinked
polymers have been used to increase volumetric sweep efficiency of
surfactant - polymer - alkaline agent formulations (493).

While this technology appears quite promising and a field
project is in progress (494), field pilot results are unavailable
as yet.

Miscible gas flooding is currently the preferred technology to
increase oil displacement efficiency. Supercritical CO, (361,495,
496) and various hydrocarbon injectants (361,497,498) uidergo
complicated physical interactions with crude oil that result in
stripping out of the low molecular weight components (which increa-
ses oil production). In addition, the rapid or gradual development
of miscibility with the remaining crude oil constituents results in
mobilization of at least some of the oil. Either partial or com-
plete miscibility with the oil may be developed depending on the
nature of the injectant, crude oil properties, and reservoir condi-
tions, particularly temperature. In addition, the interaction of
the injectant with the crude oil can result in changes in rock
wettability which can affect o0il recovery and reduce injectivity.
As noted previously, both surfactants and polymers may be used to
reduce the mobility of these low viscosity injectants.

Steam flooding (397,499,500) can greatly increase the recovery of
high viscosity crude oils through heat thinning processes. As
noted previously, surfactants can be used to reduce the mobility of
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the high temperature steam. Interfacial tension reduction promoted
by steam foaming agents can also increase oil recovery (see Chapter
18). Since heavy crude oils have relatively high acid numbers, it
is not surprising that addition of alkaline agents to high
temperature steam can increase recovery of these oils (501,502).
The in situ combustion method of enhanced oil recovery through air
injection (397,503,504) is an exceeding complex process chemically.
However, because little work has been done on the effect of
chemical additives to oil recovery efficiency, this process will
not be discussed herein.

Summary and Conclusions

Current and projected oil prices have resulted in oil recovery
processes based on organic chemicals as the primary oil recovery
agent being uneconomic. As a result, both R&D and commercial
activities have been redirected to the use of relatively low
quantities of chemicals to increase the effectiveness of
waterflooding, supercritical CO, and gas injection EOR, and steam
flooding. The recent emphasis ﬁas been on the use of chemicals to
increase the volumetric sweep efficiency of these EOR processes.
While a number of crosslinked polymer systems have been shown to be
effective in substantially reducing the permeability of thief
zones, methods for achieving greater treatment radii (from the
injection well) are desirable. Experience with surfactant foams or
dispersions as mobility control agents is more limited so the
potential of this technology in economically improving volumetric
sweep efficiency is less clear. Additional field tests are needed.
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Chapter 2

Application of Chemistry
in Oil and Gas Well Fracturing

Weldon M. Harms

Halliburton Services, P.O. Drawer 11431, Duncan, OK 735360428

Hydraulic pressure stimulation (fracturing) of oil and gas wells has
now accumulated 40 years of history and experience. The actual
practice and application of this technique supports a multi-billion
dollar service industry which annually utilizes in excess of 130
million pounds of chemical additives. This chapter will describe
the fracturing fluids that are used and some of the additives, their
purpose, and the principles that make their use effective as well as
necessary. Information presented will update a body of review
literature that covers the prior years of fracturing(l). Chemicals
are added for specific purposes which are identifiable by their
descriptive title. Veatch(2) has compiled a thorough general list
of the additives added to fracturing fluids.
Typical Functions or Types of Additives Available
For Fracturing Fluid Systems

Antifoaming agents

Bacteria control agents

Breakers for reducing viscosity

Buffers

Clay stabilizing agents

Crosslinking or chelating agents (activators)

Demulsifying agents

Dispersing agents

Emulsifying agents

Flow diverting or flow blocking agents

Fluid-loss control agents

Foaming agents

Friction reducing agents

Gypsum inhibitors

PH control agents

Scale inhibitors

Sludge inhibitors

Surfactants

Temperature stabilizing agents

Water-blockage control agents

To better understand the need for chemical additives we first

0097—6156/89/0396—0055$12.50/0
© 1989 American Chemical Society
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must become familiar with the physical and engineering aspects of
fracturing. The process is ordinarily conducted with viscous fluids
that are prepared by introducing gelling agents or viscosifiers to
the fracturing fluid. Fracturing of gas and oil wells is performed
for one primary reason: to increase the rate of production of fluids
held by a localized zone beneath the earth's surface. Generally the
zones that require treatment to attain acceptable flow rates consist
of hard, consolidated rock. Rock does contain pores and some rock
has cracks along layers (natural fractures). Rock also possesses
interconnective channels (permeability) through which fluid can flow
under pressure. If permeability is low and flow is not substantial
then fracturing must be considered. Low flow rates usually mean a
well is not profitable.

Fluids, both liquids and gas, readily transmit pressure. By
pressuring up fluids (called frac fluids) on the surface with high
pressure pumps and discharging them into the wellbore of a well at
high rates, the parting pressure of a rock zone can be exceeded and
a crack (a fracture) created. After the well is drilled, wellbores
usually are lined with high pressure-resistant steel pipe which is
cemented into place to protect and isolate sensitive formations,
water zones, or strata of little interest. The entry point of the
pressurized fluid is controlled by perforating the steel pipe lining
opposite the zone of interest, usually with explosive shape charges
or by high pressure jetting(3). Perforating creates small holes
that penetrate through the steel casing. The holes generally are
0.25-0.5 inches (6-13mm) in diameter.

These holes (1-4 per foot of pipe) provide access to the
earthen formation of interest but also create a restriction to fluid
flow and subject the frac fluid to high shear forces. This shear is
in addition to laminar or turbulent shear forces experienced in
transit through the pipe. Well pipes are generally 0.3-5 miles
(0.48-8 Km) in length which requires a fluid transit time of 1-20
minutes at the high rates necessary to fracture a well. Therefore
it is important that the chemical additives contained in the
pressurized fluid be tolerant of high shear. Intramolecular bonds
of polymers can be cleaved by high shear which can drastically alter
molecular weight, and subsequently viscosity. Chemical
intermolecular bonds (crosslinkages) also can be broken, destroying
the fluid colligative properties conferred by crosslinkages;
therefore, chemical additive packages must be carefully tested and
designed to derive optimal performance under shear. Once the
fracturing fluid exits through the perforations and enters the rock,
it then encounters much reduced shear in the fracture, except at the
very leading edge where the crack is being propagated. After the
fluid enters the fracture a new problem other than shear is
encountered: fluid leakoff. The rock formation adjacent to the
induced fracture is capable of accepting fluid as a result of the
permeability and the natural fractures that are present. This loss
of fluid can result in insufficient fluid being available to extend
the fracture. Fluid loss control agents therefore are added(4).

The formation may also contain minerals that are chemically or
physically sensitive to the fluid. For that reason clay stabilizing
agents, surfactants(5), etc. are also added to the fluids. Fluids
that will be produced from the well may contain problem-causing
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contaminants which require the addition of demulsifiers, mineral
deposition (scale) inhibitors(6), or paraffin deposition preventives
to the fracturing fluid.

Flow in undisturbed rock normally is radial toward a site of
lower pressure (the wellbore). The fracture crack created by high
pressure injection usually forms perpendicular to the least
principle stress that exists in the rock. The induced fracture
intersects and disrupts the radial flow pattern such that flow
becomes linear and more direct to the well. This phenomenon has
been intensively examined and discussed by authors working in the
discipline of rock mechanics as applied to hydrocarbon reservoirs.
Hydraulic fractures created in oil and gas wells grow mainly
vertically, parallel to the wellbore as depicted in Figure 1 and
extend on either side of the perforated wellbore as "wings"(7-11).
It is common for these wings to exceed 100 ft in height and hundreds
of feet in length (Figure 2), but width remains comparatively
narrow. At the wellbore it usually is less than 0.25 in. (6 mm) and
for the vast majority of the fracture area width never exceeds 0.5
in (13 mm) wide (Figure 3).

The shape and exact dimensions of induced fractures remains a
topic of lively interest. Researchers who model fracture behaviors,
or their shapes and dimensions, disagree as to which mathematical
expressions best predict the job results(12). Other than rate of
fluid leakoff, the two most important parameters that a good model
should predict are height and fracture width. The growth of
fracture height usually determines whether the fracture will stay
within the desired zone, or extend down into a water-bearing zone (a
costly and undesired occurrence), or upward away from the
hydrocarbon saturated layer. Prediction of induced fracture
characteristics is important because a single fracturing treatment
requires a considerable monetary investment ($10,000-2,000,000). If
the prediction of the induced fracture is inaccurate, the fracture
too small or in the wrong place, then hydrocarbon production may
remain inadequate; if the fracture is too massive the additional
hydrocarbon production may not offset the greater expense of the
large-scale treatment. If the model is incorrect then the
fracturing treatment may have to be terminated early and additional,
expensive, remedial formation and wellbore cleanout steps taken
before the well can produce hydrocarbons. It may be necessary to
treat the well a second time(13,14).

Width assumes a great importance when one realizes that to
maintain conductivity through the induced fracture it is nearly
mandatory that the crack be filled with a solid spacing agent
(called proppant) which will prevent the crack from closing
completely after the hydraulic pressure on the well is released.

The fracture must be wide enough to permit entry of proppant

to a distance sufficient to stimulate production. Tons of proppant
are normally required to fill this void. Therefore the fracturing
fluid must suspend the proppant long enough for it to be transported
and placed, by flow, throughout the fracture. To preserve the
maximum accessible flow area, the proppant should be uniformly
suspended inside the entire propped fracture area while the fracture
closes. Kaspereit(l5), as well as Smith(16), has made the point
that fracture conductivity can be a limiting factor. If the
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Figure 1. Fracturing process, equipment, and growth of vertical “wings”. (Reproduced
with permission from ref. 2. Copyright 1983 Society of Petroleum Engineers.)
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proppant falls before closure, production increase can be
drastically reduced. Simplistically, viscosity controls the width
of the fracture and to a large degree the time of proppant settling.
Wider fractures result from increased pressure drops within the
fracture. More viscous fluids cause greater pressure drops. Width
can be increased by increasing fluid viscosity and/or fluid
injection rates. These two variables usually work at odds with one
another, since viscous fluids often resist high pumping rates.

Chemicals must yield fluids with improved viscosity and flow
properties and must provide proppant transport and suspension
properties for the many hours required for a well treatment. This
may be difficult to achieve since temperatures inside the fracture
can range between 60°- 500°F+ according to depth. Without the
correct physical fluid properties it is not possible to place much
proppant before excessive pressure resistance is generated (typical
steel pipe and pumping equipment can operate between 4,000-15,000
psi; special equipment allows treatments to 20,000 psi) and pumping
has to be terminated due to well "screen out" or "pressure out."
Three years (and 10,500 fracture treatments) after fracturing was
introduced, it was clearly recognized by Clark, et al.(9), that
successful fracturing treatments demanded effective viscosifiers as
well as fluid loss control agents.

Fracturing Fluids

Gelled Oils. The first pressurized fluids used to fracture
stimulate wells were hydrocarbon liquids. Credit for conception of
well stimulation by hydraulic fracturing generally has been given to
Clark(7,9,17,18) or alternately to Farris(19), both of whom worked
for Stanolind 0il Co. and filed for patent protection simultaneously
on May 28, 1948. Other authors(20) place the conception and use as
early as 1925. The first recorded application was conducted by
Stanolind 0il (now Amoco Production Co.) in 1947 in Grant County,
Kansas in the giant Hugoton gas field(7). One thousand gallons of
gasoline without any proppant was used. The treatment design
involved multiple stages. Typical results of this type of treatment
were later presented by Clark(9). The gasoline was viscosified by
use of napalm(21,22). Napalm is a specially precipitated, granular
aluminum soap(23) prepared from a mixture of oleic, naphthenic, and
coconut fatty acids. Gelled hydrocarbons remained the preferred
hydraulic fracturing fluids for about 10 years. These fluids could
carry moderate quantities of proppant (1-3 1b/gal) and viscosity
could be adjusted by changing the oil used or the gelling agent
concentration.

Refinements in napalm chemistry were introduced throughout the
industry (1950-1960) using other fatty acid aluminum salts as well
as sodium or potassium tall oil mixtures(23-26), which are rosin and
fatty acids derived from digested, pulped pine wood. Gelling agent
chemicals were selected and formulated to give best performance with
different hydrocarbon liquids such as kerosene, diesel No. 1, diesel
No. 2, residual oils, "refined o0il," and some crude oils according
to customer preference and acceptance. Performance can be achieved
with these metallic soaps but the very viscous gels created are
limited in temperature application (S150°F) and most are very
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sensitive to moisture contamination. The gels can be intentionally
broken by the introduction of chelating agents(27), by acids, or by
brine water. -

In 1970, Monroe and Rooker(28) claimed the use of aluminum
salts of acid orthophosphate esters as viscosity builders for use in
fracturing fluids. The application of these materials began a new
era of hydrocarbon gelling agents. Monroe(29) later claimed the use
of Feg0, as a metal activator of phosphate esters and in 1971
described several other metals(30) that could be used with amine
neutralization agents. Numerous metallic ionic derivatives can be
used as effective "activators" or crosslinkers to prepare a gel.
Most of these metals exist as several species in equilbrium.
Aluminum is ordinarily used. Ryles(3l) commented on the properties
of aluminum species as has Arnson(32), Lauzon(33), Schecher(34), and
Baes and Mesmer(35). The distribution of aluminum species is very
sensitive to pH (Figure 4).

Phosphate esters can function as friction pressure
additaments(36) as well as viscosity builders in hydrocarbon
fracturing liquids. A bothersome feature of pumping fluids in
narrow steel pipe at the high rates and pressures necessary to
fracture rock is that friction is created and a significant pressure
drop in the pipe occurs. Friction pressure drop is proportional to
the square root of the fluid velocity. A high enough pressure to
cause a fracture to open and elongate must be applied by pumps on
the surface at all times during the treatment. Additional rate and
subsequently more horsepower is required to overcome pressure losses
due to friction. More horsepower increases treatment costs and can
be a limiting factor in whether a well can be successfully treated.
Therefore "friction reducers" are a very important class of
additives routinely added to fracturing fluids to lower costs and
improve treatment efficiency.

Aluminum crosslinked orthophosphate esters are still the major
hydrocarbon gellants used today. Typically 1% by volume acid
phosphate ester (ca. 100 moles) plus the stoichiometric equivalent
of 33 moles of sodium aluminate or aluminum chloride in solution are
added to 1000 gallons of hydrocarbon. Sufficient alkaline solution
(caustic or amine) is then added to neutralize the acid phosphate
ester and create a viscous gel. Viscosity development depends on
the correct degree of neutralization. Excess acid or alkali will
result in much lower viscosities. In large industrial applications
such as fracturing chemistry it is usually not economically
practical to use isolated, highly purified materials. Instead the
phosphate ester product mixtures have been adapted. The esters can
be prepared from several routes such as phosphorous pentoxide,
phosphorous pentachloride, phosphorous oxychloride, or ester
exchange. Different product mixtures are obtained from these
routes. Zangen(37), et al. and Moule and Greenfield(38) have
commented on some of the complexities of phosphate ester products.

0il Gel Breakers. Many fracturing gels remain too viscous inside the
fracture after placement, thereby preventing flow of hydrocarbons
from the well. Fracture fluids should eventually lose their
viscosity after the fracture job has been completed. Breakers are
chemicals intentionally added to fracturing fluids to decrease or
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destroy their viscous properties to permit recovery of fluids after
the well has been fractured and propped. Since breakers are
preferably added during treatment it is necessary that their action
be delayed during the job duration, often 1-8 hours long. Hill(39)
described various formate, acetate, benzoate, etc derivatives that
are useful to break gelled oils. McKenzie(40) published data on the
use of selected acids as gelled oil breakers. Daccord, et al.(4l)
claimed that addition of a partially neutralized acidic aluminum
salt provides a one stage preparation of oil gels which can be
broken by the addition of 4-nitro-benzoic acid. Since gelled oils
contain little water it takes a period of time before these
additives change the "non-aqueous" pH of the oil gel and break it.
Numerous improvements(42) in orthophosphate gellants have been
reported during the 19 years since their introduction.

Mechanism of 0il Gelation by Orthophosphate Esters

The mechanism of how these viscosifiers alter the properties of
hydrocarbon fluids has not been intensively examined but some
results and proposals have been published. In 1970 Baker, et al.
summarized their findings on the friction reduction properties of
metallic soap derivatives(43) and proposed a colloidal association
configuration of the molecules in micelles as the operative
mechanism. Earlier Rose and Block(44-46) had proposed a bridged
associational model between metal and phosphate molecules to explain
the high intrinsic viscosity development and low-temperature
flexibility imparted by mixed alkyl phosphates with Zn(II) or Co(II)
ions. This association structure is thought to be operative in
poly (phosphonatoalanes) (47) and aluminum orthophosphate ester gels,
as per Burnham, et al.(48) McKenzie(40) proposed a similar,
three-dimensional associated structure involved in a dynamic
chemical equilibrium (Figure 5) that could assimilate all the
modifying agents known to affect these type gels.

Fendler (49) published regarding his pursuit of "surfactant
vesicles" as a mimic of biological membranes. These are defined as
smectic mesophases of synthetic surfactant bilayers containing
entrapped water(50,51). Dihexadecyl phosphate was the surfactant
used. This molecule bears a resemblence to the dialkyl phosphate
esters used in oil gelation technology. It may be that some of the
oil gels used as fracturing fluids consist of micelles having
associated hydrophobic layers that surround the water contained in
the oil gel. O0il fracturing fluids are never entirely water-free.
Humidity contributes significant moisture and the metallic
"activator" is usually added as an aqueous solution. It is known
that micelles require shear or sonication energy in order to form.
0il gels must be sheared in order to form. Micelles are dynamic
species possessing interior viscosities. Micelles can maintain
substantial pH gradients between the bulk liquid phase and the
entrapped phase. O0il gels are viscous and can maintain stability
for hours in the presence of acids or alkalis which are added as
breakers. One representation of a vesicle(51) consists of a
three-dimensional equilibrium specie —- similar in some respect to
the suggestions presented by McKenzie.

Whatever the active mechanism is, from these publicatioms it
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can be concluded that orthophosphate ester gels exist as a dynamic,
associated network in equilibrium. Since the network is formed by
associative attractions rather than rigid covalent bonds it has the
ability to eventually reheal if destroyed by physical shear forces,
an attractive property for a fracturing fluid. At the same time
equilibrated associative attractions can be altered by numerous
polar molecules, much more easily than covalently bonded gels can be
altered. Associative oil gels are sensitive to polar contaminants.
The gels can be broken by water, alcohols, acids, bases, and
surfactants,

Water Gelling Agents

Fracturing effectiveness was quickly proven in 1947 using
hydrocarbons as the pressurized fluid(9). Well owners were
reluctant to use water as a fluid because of the massive damage to
hydrocarbon flow and recovery that can occur when untreated water is
contacted with water-sensitive formations(52,53). Certain clays and
shales are notorious for sloughing and swelling in fresh waters.
Microscopically clays consist of deposited mineral layers which act
as ion exchange sites (Figure 6). The tiny clay particles shrink or
expand depending on the cation to which they are exposed. Even if
the localized swelling at the point of contact doesn't completely
close all permeability tiny disturbed clay solids may be released by
ionic or mechanical shock and transported by flow as "fines" which
can accumulate and plug rock permeability.

Acids were an early exception to the no water rule. It was
recognized that aqueous solutions of acids would inhibit swelling of
clays and shales as well as dissolve any acid-soluble minerals
contained in a formation. By 1933 commercial well stimulation with
hydrochloric acid was of great interest. A whole separate
methodology and treatment chemistry has since evolved around
acidizing and fracture acidizing(gi). Water emulsions, mainly
emulsified acids, and gelled acids thickened with polymeric
additives were applied early in the history of well treatment.

By 1953 gelled water fracture treatments were used to improve
injectivity in water injection wells in waterflood projects.
Frictional pressures with water or brine fluids generally were lower
than with hydrocarbon fracturing fluids and could be lessened
further by the addition (0.1 to 0.5% W/W) of natural polysaccharide
or synthetic polymers. Flammability problems and cost were minimal
with water and viscosity thinning due to increasing temperature
often affected water gels to a lesser degree than hydrocarbon gels.
Yet interest in fracturing oil and gas wells with water-based gels
remained subdued until 1957.

Clay Stabilizers

Perhaps the key development that began to tip the balance in favor
of water-base fluids was recognition that formation damage by water
could be controlled. Control was first provided by inorganic salts
dissolved in the water. Operators knew that native brine solutions
(usually 6-37% NaCl) caused little or no damage to the formations
they were produced from.
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Figure 6. Scanning electron microscope photos of the troublesome clay
minerals: kaolinite, chlorite, smectite, and illite. (Reproduced with
permission, Halliburton Services.) Continued on next page.
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From 1958 to 1970 inorganic salts such as CaCl,(53,55,56),
MgCl,(57), KC1(55-58), hydroxyaluminum chloride (59-63), and zirconyl
chloride (64-67) were introduced and found acceptance as clay
protection additives. Each salt has its own peculiar set of
advantages and disadvantages. It is now routine to include 2% KCl
by weight of water as a clay treatment chemical in nearly all
fracture waters.

Each of these cations participates in an ion-exchange reaction
with protons on the surface of clay particles. Aluminum and
zirconium are said to form polynuclear complexes with multiple
positive charge centers that can exchange with more than one proton
site and therefore possibly provide more effective protection than
can simple monovalent or divalent cations. Multiple bonding is
belived to offer some benefit in preventing the migration of fines.
All the benefits derived from treating with metal salts can be
largely nullified by treating the formation with HC1l solutions.

This can be a disadvantage since acidization is a common practice
employed to economically increase hydrocarbon production from
depleted wells.,

In 1956 Brown, in a series of patents(68-75), disclosed that
clays could be treated with di-, tri-, or tetra-substituted ammonia
derivatives. Later, McLaughlin, et al.(76,77), introduced cationic
polymers as permanent clay protective chemicals. A series of
published results describing laboratory and field applications soon
became available(78-81). Structural details of the cationic
polymers appeared in patents(82-85). In general the polymers are
polyamine derivatives, mostly quaternary in nature. Theng(86,87)
has discussed how the multiple cationic centers in these polymers
can interact and permanently protect clays. Callaway(88) et al. has
noted that cationic polymers may interfere with the performance of
crosslinked fracturing fluids.

The effect of pH on both clay swelling and fines production has
been widely discussed(89-95). Little consensus is found in this
literature. Suggested treatments range from application of
fluoboric acid(96) to 15% KOH(92) solutions -- both treatments are
believed to create a protective silicate film that inhibits release
of fines. Polyacrylate polymers can provide protection against
swelling of smectite clays and shales(97-100).

Several articles with informative bibliographies covering
formation protection additives have appeared recently(97,101,102).
The exact rock formation sample in question, the ionic strength of
the treatment fluid, the preventive additives that are present, the
pH of the fluid, and the test procedure employed all have
significant effects on the test results. However, with careful
experimentation using representative materials a preventive additive
package can be administered as part of a water-based fracture
treatment to allow effective stimulation of most hydrocarbon
reservoirs. Because of this, water-based fracturing fluids are used
in approximately 90% of all fracture treatments performed today.

Gelling Agents (Viscosifiers)

During the 1950-1965 era, a number of water viscosifying agents were
examined and introduced in rapid succession. Anderson and



Publication Date: July 10, 1989 | doi: 10.1021/bk-1989-0396.ch002

2. HARMS Oil and Gas Well Fracturing 67

Baker(103) state that Karaya gum was the first to be used.
Synthetic products, e.g., polyethylene oxides(104), polyacrylates,
polyacrylamides, and polyetherglycols were in competition with
natural polymers like starch, guar, cellulose derivatives,
alignates, carrageenan, and locust bean gum. The basic physical and
structural properties of the various polysaccharide thickeners have
been compiled and reviewed by numerous authors and editors(105-109).
Cost and performance effectiveness of the natural
polysaccharide thickeners quickly established these materials as
preferred water gelling agents over synthetic polymer viscosifiers.
Synthetic polymers were found to be more cost effective as friction
reducers(110) and remain in routine use as such. Generally these
friction reducers are acrylamide (for cost effectiveness) copolymers
that contain up to 40% of a second monomer (for improved
performance) to impart anionic or cationic properties; such as
acrylamidopropanesulfonate (AMPS), acrylic acid, or
dimethylaminoethylmethacrylate (DMAEM), etc. The greater
effectiveness of synthetic polymers as friction reducers as compared
to polysaccharides is related to high molecular weight as well as
the size of the extended, hydrated synthetic polymer chain. Monomer
identity and ratio alone do not tell the whole story on
effectiveness since other parameters can result in divergent
friction reducing performances(lll).

Guar Viscosifiers

Guar gum, a heteropolysaccharide, introduced in 1953(103), quickly
became the most widely used aqueous viscosifier. Its viscosifi-
cation capability ranks ahead of the other natural gums (Table 1).
Guar is a branched galactomannan found in the interior portion of
the bean seeds of the guar plant (cyamopsis tetragonolobus). The
beans are harvested and then processed by grinding away the outer
seed hull (to remove proteins and trash material) to obtain the
relatively pure interior endosperm that is practically all
water-soluble polygalactomannan. Molecular weight of the polymer
has been estimated as 440,000 to 1.6 million(112,113).

Derivatized guars are also in common use. Derivatization
usually lowers insoluble residue content, improves rate of viscosity
yield, and increases the high temperature stability of the polymer.
The most prevalent derivatized guar in use is hydroxypropyl guar
(HPG) prepared by caustic treatment of guar with propylene
oxide(l14). Field introduction of this polymer was described by
various authors(115-117). Carboxymethylhydroxypropyl guar (CMHPG)
also has found general acceptance(118-120). The presence of a
carboxyl group allows access to crosslinking chemistry not available
with hydroxyl groups alone. The structures of guar and some other
commonly used polysaccharide gelling agents are represented in
Figure 7. Chatterji and Borchardt(l121) have assembled a chart of
the general applications of these materials (Table 2).

Numerous other derivatives of guar have been prepared by
attaching modifying molecules to the guar backbone. Illustrative of
the modifying molecules are chloroacetic acid(122), acrolein(123),
ethylenimine(124), acrylamide(125), aminomethylphosphonic acid(126),
and methyl bromide(lgz) None of these have achieved widespread use
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Table 1. Relative Viscosities of Natural Polysaccharide Gelling Agents

Gum cps
Gum arabic (20% by wt) 50
Locust bean gum 100
Methylcellulose 150
Gum tragacanth 200
Carrageenan 300
High-viscosity sodium carboxymethylcellulose 1200
Gum kaiaya 1500
Sodium alginate 2000
Guar gum 4200

NOTE: Reproduced with permission from ref. 105. Copyright 1973 Academic Press.

Table 2. General Properties of Common Oil Field Gelling Agents

viscosity® (cps) a c Residue”
40 1b/1000 gal Shear sale® Acid Enzyme?  in Broken

Pplymer cost® _at 300 rpm Stability Tolerance Stability Stability Gel Applications

Guar Gum 1 34 3 c N.S. N.S, R Drilling fl\fids, spacers, i;ic-

tion reduction, in stimulation,
fracturing and lost circulation
(crosslinked guar gum gels),
fluid loss additive in drilling,
spacer and fracturing fluids

Hydroxypropyl 1 36 3 c N,S. N,S, R orilling fluids, spac:rs,
Guar

completion and workover fluids,
friction reducer in fracturing,
fracturing and lost circulation
(crosslinked HPG gels), fluid
loss additive in drilling spacer
and fracturing fluids

CcMC 2 55 3 Ic N.S. N, S, RF Drilling fluids

HEC 2 37 3 c N.S. N.S. RF Fluid loss addit?ve for cementing

spacers, completion and workover
fluids, fracturing fluids, fric-
tion reduction in stimulation,
enhanced recovery

CHMHEC 2 32 3 c N.S. N.S. RF Fluid loss additive and retarcder

for cementing, spacers, gelling
weak acids, temporary diverting
agents in fracturing (crosslinked
gels)

Xanthan Gum 4 34 1 c M,S. M.S. RF Drilling, completion, fracturing

and enhanced oil recovery

Polyacrylamide 3 34 2 Ic s s RF Fluid loss additive in cement-
(Partially ing, drilling fluids, friction
Hydrolyzed) reduction in fracturing,

enhanced oil recovery, scale
inhibitor

Copolymer of 3 25 2 MC s s RF Fluid loss additive in cement-
Polyacrylamide ing, drilling fluids, friction

reduction in fracturing,
enhanced oil recovery, water-
oil ratio reduction, improvement
of injection profile (usually
crosslinked)

Ta mo

« These properties were determined using representative polymers of each class. Chanqgnq the lpgclgic polymers could
substantially alter the properties listed here. This table is meant to be a generalized description and not a rigid
list of specifications.

- The order of cost per pound of polymer, 1 being the cheapest and 4 being the costliest. The cost will vary with
the supplier and the amount of order.

viscosity data reflect the numbers obtained with a particular polymerin fresh water. Changing the molecular weight,
degree of substitution, moles of substitution or the nature of monomers in the copolymer will drastically alter the
viscosity.

- The order of shear stability, 1 being the least shear stable and 3 being the most. Xanthan gum solution viscosity
is not permanently reduced by shear.

- C = compatible, IC = Incompatible.

+ N.S. = Not Stable, M.S.: Moderately Stable, S = Stable.
+ N.S. = Not Stable, M.S. = Moderately Stable, S = Stable.
= R = Residue present, RF = Residue Free.

NOTE: Reproduced with permission from ref. 121. Copyright 1980 Society of Petroleum
Engineers.
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in fracturing fluids. Cationic derivatives are prepared by treating
polysaccharides with vinyl monomers such as 3-chloro-2-hydroxypropyl
trimethyl ammonium chloride. Cationic guar was used as the gelling
agent in one high temperature crosslinked fracture fluid(128,129).

Cellulose Viscosifiers

Cellulose polymer has also been studied extensively as has its
derivatives. Cellulose is a linear homopolysaccharide of glucose
units linked via B(1-4) glycoside bonds. It is highly crystalline
in nature and insoluble in water. Derivatization is required to
render the polymer water soluble. The most common cellulose
derivatives used in fracturing fluids are hydroxyethylcellulose (HEC)
prepared by ethoxylation of cellulose, and carboxymethylhydroxyethyl
cellulose (CMHEC) prepared by treatment of cellulose with ethylene
oxide followed by treatment with chloroacetic acid to provide
carboxymethyl substitution on the backbone(130). Similar in many
respects to CMHPG, this anionic, doubly-derivatized cellulose gains
the valuable properties of the carboxymethyl group (water solubility
and complexation ability) while the presence of the hydroxyethyl
group improves salt tolerance and acid resistance. These properties
make the use of HEC or CMHEC preferred over guar when preparing
viscosified acids or brines.

Carboxymethyl cellulose (CMC) is widely used as an additive to
prepare drilling fluids and certain specialty fluids but failed to
maintain acceptance in fracturing fluids because of its salt
sensitivity and narrow temperature application range(131).

Cellulose derivatives are widely used as viscosifiers but do not
command the volume of usage of guar and guar derivatives. This
preference is due in part to the stereochemical and structural
difference between guar and cellulose and in part due to the higher
cost of cellulose derivatives. Guar has a mannose backbone with
numerous branches of galactose sub-units, which contain cis
3,4-hydroxyl groups. Cellulose is composed entirely of glucose
sub-units, where all adjacent hydroxyl groups are trans to each
other. Branching provides guar with different characteristics than
the more linear cellulose derivatives and the presence of
cis-hydroxyl groups in the galactose moieties promotes interaction
of the guar molecules with many metal cations which do not interact
with the trans-hydroxyl groups of cellulose derivatives.

Xanthan is a natural, highly-branched polysaccharide produced
by the bacterium Xanthomonas campestris(132). The backbone consists
of a cellulose chain with attached trisaccharidic side chains. The
terminal saccharide of the branch is a pyruvic acid derivatized
mannose unit (Figure 7). As such this terminal unit provides both a
carboxyl group and cis-hydroxyl moieties. These groupings provide
interactive sites that endow xanthan with special properties in
solution as well as providing sites for crosslinker interactions to
occur. Xanthan self-associates to form helical structures. For
this reason an accurate molecular weight is difficult to determine.
Southwick(133) et al. believeg the base molecular weight of
individual strands to be 2x10°. Salamone(134), et al. reviewed the
overall uniqueness of xanthan. Most applications of xanthan seek to
take advantage of the suspending properties of the polymer or its
ability to interact with other polymers(135,136).
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Xanthan has several undesirable properties. It ordinarily
forms microgel particles that can plug permeability(137), it is
expensive relative to other natural polysaccharide gel agents, and
it resists degradation by ordinary gel breaker additives. These
features have kept xanthan applications in fracturing gels to a
minimum. Some literature(138) on xanthan has appeared.
Carico(139-140) has published comparative information about the
various gelling agents. Xanthan has been adapted to foam fracturing
gels. ZXanthan gels can be broken by the addition of lithium
hypochlorite(141).

Selection of a gelling agent to prepare viscous fluids is
determined by many factors. Cost and performance are primary
properties to be respected. Secondary properties can change
original choices based solely on cost and viscosity performance
alone. Factors such as pH stability, interaction with metal
crosslinkers, response to brines, rate of hydration, temperature
susceptibility, dispersibility, compatibility with other additives,
and residue left after break often(l42) influence the ultimate
selection. Derivatization of polysaccharides is done to enhance
certain performance features. Variations in moles of substitution
and degree of substitution can cause very pronounced changes in
behavior(143). These differences can arise because of crosslinking
density as well as changes in the binding sites.

Effective complexation chemistry with metal ion complexing
agents is highly desirable and is a most important feature of the
majority of fracturing fluids used today. Crosslinking ordinarily
increases the viscosity of a polymer solution 5 to 20 fold (Figure
8) and therefore offers a cost effective method of providing highly
viscous polymer gels. Complexation by many metal crosslinking ions
is a function of multiple interactions with hydroxyl groups and is
dependent on hydroxyl spatial orientation. Cis-hydroxyl groupings
appear to provide increased crosslinking abilities. Angyal(l44,145)
attributes complexation effectiveness of polyhydroxy materials to
the ability to assume a sequence of axial, equatorial, axial
hydroxyl groups. Cis-diol characteristics can be conferred on
cellulose polymers by derivatization with appropriate dihydroxy
monomers(146,152). Ordinary derivatized cellulose fluids used in
gravel packing or fracturing fluids are useful only to about
220°F(149,150). The presence of the cis-dihydroxy grouping
increases the operating temperature range of cellulosic polymers
beyond 220°F.

Dispersion of Gelling Agents

Dispersion of polymeric viscosifiers is often difficult because the
initial contact of the untreated polymer with water results in very
rapid hydration of the outer layer of particles which creates a
sticky, rubbery exterior layer that prevents the interior particles
from contacting water. The net effect is formation of what are
referred to as "fish eyes" or "gel balls." These hamper efficiency
by lowering the viscosity achieved per pound of gelling agent and by
creating insoluble particles that can restrict flow both into the
formation and back out of it. The normal remedy for this behavior
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is to control particle size and provide surface treatment
modifications to the polymer. One seeks to delay hydration long
enough for the individual polymer particles to disperse and become
surrounded by water. Then no dry particles are trapped inside a
gelled coating. This can be achieved by slightly reacting or
coating the polymer with borate salts(155,156), glyoxal(157,158),
non-lumping HEC(159), sulfosuccinate(160. 0;, metallic soaps(161;
surfactants(162), or materials of opposite surface charge to the
polymer(163) Polymers have also been dispersed into a water-in-oil
emulsion which is then inverted after addition to water(164).

Another recent innovation to improve the efficiency of polymer
addition to water and derive the maximum yield from hydrophylic
polymers was introduced by Briscoe(165,166). The method involved
the preparation of a stabilized polymer slurry (SPS) to be added to
water. Briscoe used water as the suspension liquid, usually also
containing dissolved KCl as a clay stabilizer, and formulated a
package of inhibitors (borate and caustic) to prevent the polymer
from hydrating until the pH was lowered. These concentrates remain
in routine use today.

Aqueous concentrates can suspend a limited quantity of polymer
(ca 0.8 1b/gal) due to the physical swelling and viscosification
that occurs in a water-based medium. Higher quantities (up to 5
1b/gal) of solids can be suspended in a diesel fuel carrier fluid.
This fact and a desire for greater efficiency of equipment use led
to the development of diesel-based SPS concentrates. First used in
1985(167-170), use of these SPS concentrates has spread
rapidly(171-173).

Suspension of water soluble solids in oil can be achieved by a
variety of chemical additives. Chemical suspension additives that
have been suggested include alkyl mercaptophosphonic acids(174),
organophylic clay plus hydroxypropyl cellulose(l75), polyols(176),
aluminum stearate(l77), organophylic clay plus ‘surfactant (178-181),
aluminum phosphate esters(182), and acrylate copolymers(183-184).
The most commonly cited suspending agent employed to prepare oil
dispersions is organophylic clay. This material is prepared by
treating smectite-type clays with fatty-quaternary amines.
Organophylic clays were first described by Hauser(185-188) and
Hauser (189,190) and have routinely been used to viscosify oil-based
drilling fluids(191). Improvements have been claimed in preparing
these materials(192-195). Since organophylic clays are insoluble
solids their use in preparing SPS concentrates should be minimized
and generally restricted to applications where their presence is not
objectionable. The presence of solid residues can lower fracture
conductivity and therefore production(142,196). SPS concentrates
can be prepared using residue-free synthetic polymers(184) that will
not affect fracture conductivity.

Crosslinked Fracture Fluids

Historically, as wells are drilled deeper and operating temperatures
increased, new methods are sought to improve fluid properties to
suspend proppant at the higher temperatures. The use of very high
loading levels of gelling agent soon reaches a practical economical
and operational limit. High viscosities developed from large
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polymer loadings in the surface mixing equipment leads to poor
mixing efficiency of additional polymer solids into an already
thickened gel. Also excessive frictional pressure resistances can
be encountered during placement.

Distinctly different approaches to avoid these problems and
still achieve high viscosities were conceived and applied. The
different approaches can be categorized as 1) preparation of
emulsions or foams and 2) addition of crosslinkers to the polymer.
Two separate processes which utilized crosslinking of polymer
gelling agents were pursued. These are the use of secondary (or
delayed) gelling agents and the use of metallic crosslinkers added
on-site.

All the methods involve preparation of an initial, primary,
hydrated, viscous solution referred to as base gel or linear gel.
The viscosity of this base gel at surface_ionditions is between
25-100 centipoise (as measured at 511 sec = shear rate with a Fanmn
viscometer). Base gel viscosity is then caused to increase even
further for performance at higher temperatures. How this viscosity
increase is achieved distinguishes the two processes that utilize
crosslinking of a gelling agent. Ely(197), employed addition of a
second polysaccharide that had been treated (crosslinked) with a
difunctional aldehyde or other chemical coating agent to render the
polysaccharide very slowly hydratable below 140°F. This crosslinked
polysaccharide can be added to the viscous base gel as a secondary
gelling agent to be activated by solvation at higher temperature.
The use of a secondary gelling agent delays the initial hydration of
a major portion of viscosifier and protects it from degradation for
a period of time. Eventually it hydrates and provides extended
viscosity in the formation. Horton(198) has provided a brief
overview of secondary gelling agents compared to a primary
crosslinked fluid. Field application data and well treatment
results after use of this technique have been reported(199-201).
Refinements have been made to improve the characteristics of the
secondary agents(202,203). This technique can provide viscosity for
long periods of time at high temperatures but suffers from the
requirement of large amounts of total polymer (up to 2%), and higher
amounts of residue(142).

The second type of crosslinked gelled fluid, the one most
widely used today, involves the addition of a metal crosslinking
agent to a fully hydrated base gel to create exceptionally viscous
fluids. These types of gels were being pursued in other industrial
applications(204) besides oilfield. The first use of a crosslinked
fluid as a fracturing gel(205-207) was introduced by Holtmyer, et
al. in 1969. It took advantage of the ability of antimony(V) to
crosslink guar related materials at pH 5. The onset of antimony
crosslinking can be somewhat delayed by control of pH(208). Insight
into the rheological behavior of antimony crosslinked gels has been
provided by Chakrabarti, et al(209). Nearly simultaneously(205-207)
with the introduction of antimony crosslinked guar gels a sodium
dichromate plus sodium sulfite crosslinked guar gel system employing
in situ reduction of Cr(VI) to Cr(III) was also field tested. In
response other groups introduced fluids(153,210-213) based on
Kern's(214) preparation of viscous borate crosslinked fracturing
gels at pH greater than 8.
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Boron gels had been known for many years. Boeseken and
coworkers(215) in 1913-1933 had examined in detail borate
crosslinked gels prepared from polysaccharides that contained
cis-diol (galactose) sugar moeities. Deuel and Neukom(216) verified
Boeseken's work and proposed a three-dimensional network structure.
Roy, et al.(217) reviewed the complexation ability of tellurate,
borate, and arsenite ions and found that the complexes formed were
decreasingly stable in that order. Slate(218) determined that
borate-contaminated fluids could be viscosified by guar gum after
treatment of the water with polyols (e.g. sorbitol, mannitol,
glycerol, etc) that had superior complexation ability with borates.
McIrvine(219) noted that the effect of borate crosslinking could be
delayed by addition of MgO as a delayed-action caustic agent.
Similarly Chrisp(220) would later suggest this technique for use
with transition metal crosslinkers. Conner and Bulgrin(221)
published complexation constants for borate and 15 simple polyols
and concluded that the capability to delay crosslinking depended on
the ease of the polyol to attain coplanarity of hydroxyl carbons and
oxygens when entering the complex. This ability was affected by
degree of substitution of the carbon atoms. Savins(222) examined
the rheological behavior of polyvinylalcohol (PVA) -— borate
complexes and commented on several postulated mechanisms to explain
the "bizarre rheological properties of shear thickening complexes."
He preferred the mechanism proposed by Bourgoin(223) as the source
of the rheological effects. Schultz and Myers(ggi) employed dynamic
oscillatory rheometry to examine PVA-borate gels and found that the
borate crosslink density dropped with increasing temperature, that
the borate bond required 5.8 Kcal/mol to break, and that effective
borate crosslinks create a network four-fold the mass of the
original polymer. The low activation energy probably explains why
borate gels are useful only as relatively low temperature fracturing
fluids, generally used at temperature lower than 150°F. Another
possible cause is the change in boron species(gé) created by
increasing temperature (Figure 9).

Gorin and Mazurek(225,226) used 13C-NMR to monitor the effects
of borate complexation on carbon atoms of polyols and categorized
the cyclic complexes into four types. The type of complex observed
was dependent on borate concentration as well as the stereochemical
configuration of the hydroxyl groups on the polyol. Nickerson(227)
also commented on the mechanism of borate crosslinking. Ochiai et
al(228,229). reported ionic strength effects on borate crosslinking
density. The sensitivity of borate crosslinking to polyhydroxyl
stereochemistry has also been extensively studied by Moore, et
al.(230). Maerker and Sinton(231) found borate/PVA gels to be both
shear-thickening and shear-thinning fluids. Only mesohydroxyl dyads
were capable of complexation with boron and hysteresis studies
indicated that shear could change intramolecular and intermolecular
bonding. Sinton(232) extended this examination by 1B NMR to
conclude that two complexed species may exist and that possibly
these represent intrachain and interchain bonds. The gel behavior
under shear would reflect elongation of the bonded polymer
molecules. Knoll and Prud'homme(233) suggested that crosslink
formation was a result of electron sharing through pi-orbital
overlap as had been described by Noll(234) in silicon polymers.
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In 1971, Rosene and Shumaker(235) described the field
application of borate crosslinked fracturing gels. Free(213,236)
taught an improved "continuous" application of borate crosslinked
fracturing fluids by incorporation of a delayed onset alkaline agent
(Mg0). During preparation of borate crosslinked fluids, the
crosslink occurs very rapidly once the pH and borate concentration
becomes high enough(237). The performance of the fracturing gel is
dependent upon borate concentration and pH(263). At pH 8 to 10, a
vigorous thickening of the polymer gel is noticed. Mondshine(234)
has accomplished the design of a delayed onset borate crosslinked
fracturing fluid by selecting appropriate buffers and natural borate
ores to provide a slowly soluble borate source. Application of this
type borate crosslinked fluid allows useful viscosity development
even at temperatures as high as 220°F.

Use of boron crosslinked fracturing gels in low temperature
applications remains commonplace as they have the reputation of
being inexpensive and also can re-heal after being sheared. This
re-healing and their high pH nature can also lead to difficulty in
obtaining a break in the gel after it has been placed in the
fracture. The enzyme breakers normally used to break
polysaccharides do not perform very well at elevated pH. If
oxidative breakers are applied they provide limited effectiveness
since borate gels are used mainly for lower temperature applications
where the oxidative breakers have difficulty with thermal
initiation, unless special activaters are included(239-241). These
activators require extra attention to detail to achieve the correct
break times.

The use of other crosslinking metals developed simultaneously
with the use of antimony, chromium, and boron(borate). Tiner, et
al.(242) introduced titanium (IV) crosslinkers in 1975 as ammonium
tetralactonate or bis(triethanolamine)bis(isopropyl)titanium(IV).
Upon contact with water soluble titanium (IV) derivatives ordinarily
form orthotitanic acid, Ti(OH)4, which rapidly forms oligimeric
metatitanic acid, [Ti(OH)2] and titanium dioxide. Electron donors
such as the hydroxyl groups” of polysaccharides, if properly
oriented, can participate in the sequence of titania reactions and a
crosslinked gel network results. Various titanium metal
crosslinkers remain in common use today. More will be said about
titanium crosslinked gels later.

McDaniel, et al. in 1975 published(243) a description of the
crosslinking chemistry of Cr(III), reduced in situ from Cr(VI),
which apparently had developed from the work of Clampitt (244-247).
This system, similar in many respects to the previously mentioned
Cr(III)-guar gel, used sodium dichromate and sodium hydrosulfite as
a redox couple activated by HCl to complex CMC or CMHEC.
Davidson(248) has also adapted chromium crosslinked gels.
Significant effort has been recently expended to understand the
nature of in situ Cr(III) formation with the ultimate goal being to
control the time of crosslinking. Willhite and
collaborators(249-252) have published (1981-84) a series of
findings. Prud'homme, et al.,(249,250) recently examined the
rheological behavior of this type crosslinking with polyacrylamide.
Interpretation of storage modulus (G') rheology behavior indicated a
sequential increase in crosslink sites by an olation mechanism. The
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use of chromium crosslinkers in fracturing gels has declined because
of environmental concerns.

Aluminum(III) continues to be used in crosslinked aqueous
fracturing fluids as well as EOR fluids(255-259). Al(III) is more
environmentally acceptable than Cr(III)(gégi. Crosslinking polymers
with aluminum can be achieved at pH up to 4.5 or in the transition
region near 9.5(255). Aluminum chemistry is very pH dependent since
the distribution of aluminum species changes from solubilized Al(3+)
cations at low pH (e.g. aluminum citrate) to insoluble A1(OH)g in
the neutral regions, to soluble A1(OH), at higher pH regions (Figure
4). The use of partially hydrolyzed polyacrylamides crosslinked by
A1(III) in citric acid to prepare viscous fluids was claimed by Gall
and Johnston(260). Aluminum crosslinked fracturing gels are
normally restricted to temperatures less than 225°F(153,261).

The antimonate, borate, and titanate crosslinked gels as
already described have remained in general use. Modifications of
buffers, ligands, and accessory additives were made as necessary to
improve and regulate performance. By the late 1970 the industry
became aware that delay of the crosslinking reaction was a much
desired behavior. Fully crosslinked gels can generate significantly
more frictional resistance to flow than uncrosslinked base gel.
Frictional resistance is costly in injection pump horsepower
requirements and represents an undesirable property that needs to be
minimized whenever possible. One can lessen frictional resistance
if the fluid being pumped does not begin crosslinking until it nears
the perforations of the well pipe. Even more undesirable is the
fact that crosslinked gels are sensitive to high shear and most do
not recover from the destructive effects of shear. To determine
shear susceptibility one can run a rheogram, where shear stress vs
shear rate is determined as shear is methodically increased and then
methodically decreased. Any change in fluid behavior between the
increasing shear regime vs decreasing shear response is called
hysteresis. Hysteresis is a reflection of the shear sensitivity of
a crosslinked fluid. If a fluid has not been altered or damaged by
shear it will give identical performance in the downward regime as
it did in the upward shear regime. A practical way of minimizing
the effects of high shear on a crosslinked fluid during the
fracturing treatment is to delay the onset of crosslinking until the
fluid reaches a region of lower shear (i.e., beyond the well pipe
and inside the fracture). Turbulence in the pipe and shear
encountered when the fluid passes through the perforations are the
primary sources of high shear. Once the fluid exits the pipe into
the formation, shear forces drop to a lower level, usually 10-100x
less.

Early methods of delaying the metal crosslinker additive
centered on mixing an additional chemical with the crosslinker or in
the fracture mixing water to cause a delayed activation. For example,
undiluted titanium triethanolamine crosslinks aqueous polymer base
gels nearly instantaneously upon addition. The reaction can be
delayed by up to 2 minutes by diluting the titanate with water(262).
This approach provides a workable system but not an ideal one since
the actual length of delay is affected by numerous factors such as
temperature, concentration of water, time of contact with water,
alcohols, and any chelating agents present(263-269). This type
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"delayed" crosslinker also suffers from the lack of long term
stability. Titanium triethanolamine water solutions have to be
discarded after aging a few hours.

Small quantities of 2,4-pentanedione (acetylacetone) added to
the polymer gel solution can regulate the crosslink onset(263-269)
from organo-Ti(IV) and organo-Zr(IV) crosslinking agents.
Elphingstone and Dees(269) achieved delay from titanium bis
acetylacetone enolate dihydroxide by virtue of the presence of the
complexing ligand as well as adding the crosslinker as a solid. The
use of secondary complexing agents suffers from unpredictable
response behaviors because of the same variables that affect the
"water-delayed" crosslinkers. Also, increasing the concentration of
chelating agents can quickly maximize the delay threshold and
completely prevent the metal from creating a crosslinked gel.

In 1980 a new concept in the application of delayed metal
crosslinkers appeared--the concept of using a storage-stable,
delayed onset crosslinking agent to avoid the undesirable effects of
instantaneous or early crosslinking on the surface was introduced.
Conway (270,271) prepared these agents by chemically reacting equal
volumes of titanium triethanolamine, water, and polyhydroxyl
compound (such as glycerol, mannitol, xylitol). The length of delay
was regulated by the selection of polyhydroxyl compound. These
delaying effects of various polyols upon titanium triethanolamine
paralleled the much earlier results of Lagally and Lagally(272),
Mills(273), and Russell(274).

Zirconium Crosslinkers. The history of the discovery of new oil and
gas reserves shows a clear trend toward deeper drilling, where
temperatures are very hot. In order to provide better fluids to
withstand these temperatures more effective crosslinkers and gelling
agents have gradually been introduced. Thus, antimony and boron
complexes gave way to chromium and titanium crosslinked gels. Use
of zirconium(IV) crosslinkers for preparation of improved high
temperature fracturing gels began about 198l1. Rummo

reported (263-265) on acetylacetonate delayed titanium(IV) and
zirconium(IV) complexes. Baumgartner, et al.(275), compared their
Zr(IV) high temperature fracturing gel to a Ti(IV) gel(1983).
Additional details were later made available (1985) by LaGrone, et
al.(276) and Williams(277,278). This crosslinker apparently is a
zirconium(IV) triethanolamine mixture (1:8.9)(277). Kucera(279)
claimed the usefulness of a "water-activated" mixture of
Zr(IV):triethanolamine chelate (1:3). Field application of this
type system was described(280) by Walser (1985). Baranet, et al.,
taught that these type gels had better temperature stability if the
triethanolamine ratio was increased; also the crosslink time became
more delayed(281). Payne(282) described techniques whereby control
of crosslinking onset of Zr(IV) and Ti(IV) metals could be
accelerated by polyamines or delayed by glyoxal or triethanolamine.
Horton formulated a '"one-bag" gelling mixture(283) that contained
guar derivatives along with solid Zr(IV) acetylacetonate and a
regulating amount of buffering agent. A similar "one-bag"
formulation for acid fracturing gels was developed by Githens(284).
Almond (1984) was issued a series of patents claiming Zr(IV) delayed
crosslinking agents with a-hydroxyacid ligands which were found
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useful to crosslink CO,-containing fluids(285-287). Applications of
these type fluids were described by Almond and Garvin(288), and
Sandy, et al.(120) Zhao(289) used ZrOCl, to prepare inexpensive
crosslinked polyacryalmide or guar gels. He also claimed simple
Ti(IV) salts for prepartion of fracturing fluids used in the Peoples
Republic of China. Hodge(290,291) claimed hydroxyacetic acid
mixtures of Zr(IV) for use with CMHPG gelling agents, with or
without CO, being present. Anderson and Paktinat(199) preferred a
mixed metal crosslinker containing Zr(IV) lactate and Al(III)
chlorohydrate for use with CMHPG.

Titanium Crosslinkers. Improved Ti(IV) crosslinkers for high

temperature application were also introduced during this period.
Hollenbeak and Githens(292) prepared delayed Ti(IV) complexors by
adding sorbitol or other saccharide agents. Putzig claimed Ti(IV)
amine chelates treated with monosaccharide delaying agents could be
prepared(ggg) as solids which were useful for fracturing gel
crosslinkers as well as creating thixotropic properties to cementing
slurries. Wadhwa found that mixed titanate crosslinkers that
contained boric acid(294) could give early crosslinked gel strength
as well as provide high temperature performance as the titanate(s)
activated. Putzig(295) similarly claimed that mixtures of several
Ti(IV) chelates could be used to achieve regulated crosslink onset.
Smeltz(296) examined mixed ligand Ti(IV) derivatives by
incorporating o-hydroxyacids and polyols.

As more stable crosslinked gels for application at high
temperatures have been developed efforts have also been made to find
additives that extended the life of gels at high temperatures. The
incorporation of alcohols (5-30%) helps but suffers several
disadvantages, such as cost, hazardous handling, and behavorial
interferences. Thiosulfate and thiourea salts have found routine
application(297-299). Use of 0.5% triethanolamine(300) is claimed
to provide protection as has been 1sothiazolones(301),
dolomite, (302) borohydride,(303) aminoacetamides, (304)
dithiocarbamides, (305) iodates, (306) benzoquinone (307-308), and
alcohol plus thiourea(309) Researchers such as Shupe (310),
Wellington(311), Thomas(312), Glass(313), Braga(314), and
Ryles(31,315 315) have examined the high temperature stability of
polymers.

The level of interest in crosslinked gels continued at an
accelerated pace. Conway et al.(316-318) discussed (1980) the
instrumentation and evaluation procedures commonly in use at that
time and compared crosslinked gel systems at high temperature. They
discussed and ranked the performance capabilities of various metal
crosslinkers Ti(IV), Sb(V), Cr(III), B(III), Sb(III). A chemical
model for crosslinked fracturing gels was proposed
(transesterification) and it was mentioned that crosslinked fluid
rheology performance was dependent upon early shear history. The
model represented a covalent metal ester intramolecular bridge
between strands of polymer. Rummo(263) invoked a similar
description. Clark(319) introduced the use of a pressure rheometer
to examine the behavior of crosslinked fracturing fluids. This
instrument employed parallel plate instrumentation to measure fluid
viscosity as opposed to a Couette geometry rheometer in general use
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throughout the oil field laboratories(320). The use of the parallel
plate device in a dynamic oscillatory mode allows one the ability to
measure fluid stress response to an applied in-phase shear and an
out-of-phase strain. It also allows characterization of viscous
fluids at very high shear(321) The in-phase stress measurement
provides information about the elasticity of the fracturing gel and
is defined as the storage modulus, G'. The stress component that is
out-of-phase with the applied strain (but in-phase with the velocity
gradient) is designated the loss modulus, G''. This parameter
offers a measure of the viscosity provided by the gel system. Gel
performance can thus be tested and expressed as two fundamentally
different parameters, elasticity and viscosity. Since viscosity of
a gel can be characterized by a variety of methods including
determination of G'' most researchers have since focused their
attention on the changes observed in the storage modulus G'. An
increase in G' indicates formation of a greater gel network with
more three-dimensional structure, and hence represents a direct
correlation to the extent of crosslinking. Careful analysis of G'
and G'' behavior offers clues to the molecular interactions that
occur. Prud'homme (322-324) and several
collaborators(143,233,253-255,325-329), Acharaya(330),
Menjivar(331), and Jiang(332) have probed the mechanism of how
crosslinkers interact with polymer gels.

The mechanistic description provided by Conway(317,318) was
modified (262,323) after observing the behaviors of three
crosslinkers [boron (sodium tetraborate, pH "9), titanium
acetylacetonate (1:9 with isopropanol, pH ~5) and titanium
triethanolamine (1:9 with water, aged 30 min, pH *9)] with two model
sugars; methyl-f-D-galactopyronose and methyl-a-D-mannropyranoside.
The borate solution interacted with the sugars as expected.
Unequivocal 13C NMR shifts attributed to formation of complexes were
observed. Neither titanium crosslinker solution caused an
observable 13C NMR shift with the model sugars(262). Still it is
well known that these crosslinkers cause a dramatic change in the
properties of polysaccharide base gels. It was concluded(262,323)
that the vast bulk of both of the organotitanate crosslinkers
rapidly formed unreactive, collodial Ti0,. It was reasoned that
this left only a few reactive TiOH sites exposed on the outer
surface of the colloidial TiO, spheres. These sites were
insufficient in number to signigicantly interact with the model
sugars to cause an observable ~~C NMR shift; below the level of
detection of the instrument, but are effective enough to crosslink
polysaccharide polymers. Kramer and Prud'homme concluded(262) that
crosslinking of polysaccharide gels by addition of organotitanate
complexes is by TiO, sols, not by a monomeric Ti(IV) cation.

Dynamic light scattering (DLS) experiments(327) with water aged
titanates indicated several important features of these colloidial
TiO, sols; A) their size is important to their crosslinking
behavior, B) their size is regulated by the amount of water added
and the length of time aged after mixing with water, C) the
colloidial TiO, particles are in equilibrium with the
organo-titanate precursor, and D) pH affects the equilibrium.
Because pH, ionic strength, time-of-aging, and water content are
widely variable parameters in a field preparation of polysaccharide
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fracturing gels it is not surprising that the final fracturing gel
properties can sometimes be difficult to control(268,333,334).
Buffering agents are commonly added to regulate pH and 2% KCl is
ordinarily added to prevent clay swelling but its presence also
provides a more uniform ionic strength. Unfortunately the addition
of KCl cannot overcome the undesired effects exerted on crosslinking
chemistry by the natural contaminants of many field waters. The
effectiveness of buffering agents is more than a pH effect alone.
Factors that can affect crosslinking rates and fracturing gel
performance include surface temperature, polymer concentration, salt
concentrations, fluid loss additives, surfactants, mutual solvents,
alcohols, and also the anionic identity of buffering agents. For
this reason, quality control procedures have been established and
are routinely followed to help ensure optimum fracturing gel
performance(335).

Zasadzinski, Chu, and Prud'homme, by use of transmission
electron microscopy (TEM) of freeze-fractured samples of gels,
observed ionic strength effects on the microscopic physical gel
structure(336). Increased salt content resulted in a higher degree
of association of polymer molecules, condensation occured, and the
polymer chains appeared much thicker. The presence of salt is
believed to strengthen polymer hydrogen bonding at the expense of
hydroxyl group water of hydration. The effect makes the polymer
more hydrophobic and likely accounts for their observation that the
presence of salt made the guar gels more susceptible to mechanical
shear degradation. Shearing resulted in the appearance of ruptures
in the crosslinked gel network along weak zones. The gel network
bounded inside by the rupture lines appeared unaffected. The TEM
procedure also showed that the colloidial TiO, crosslinks appeared
to weld together polymer strands already associated by hydrogen
bonding.

Kramer, et al.(262,327) and Knol1(233), on the basis of G', G''
response concluded that gels kept in continuous motion during the
crosslink formation period have completely different 3-D networks
than gels allowed to stand in a quiescent state prior to analysis on
the rheometer. This observation confirmed the early comments of
Conway(317) and has had important implications for fracturing gel
research and modeling since crosslinked fracturing gels as applied
in the field ordinarily do not experience a quiescent period, yet
nearly all test data accumulated prior to 1986 was collected from
samples that had experienced at least a momentary quiescent period.

Emulsions. Emulsion fluids and foams came into routine use in
competition with crosslinked fluids during 1970-80. Simple, barely
stable emulsions had been used early in fracturing. These were
mainly emulsified acids that "broke" when the acid spent on the
formation surfaces. In the late 1960's Kiel became a proponent of
very high viscosity oil fluids as a method to place exceptional (at
the time) amounts of proppant(337,338). To avoid the frictional
resistance typical of gelled oils he advanced the concept of
preparing a very viscous oil-external emulsion with one part fresh
water, 0.1% sodium tallate surfactant, and two parts oil. The
viscous emulsion had to be pumped simultaneously with a water stream
to minimize frictional pressure. This process was clumsy and still
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created frictional problems. A better emulsion fluid using a
quaternary amine surfactant and brine water was developed. Also the
inclusion of a polymer in the aqueous phase caused a significant
increase in emulsion viscosity(339-341). These emulsions reportedly
had very low fluid loss properties, and the field data published
suggested that wells treated with the emulsion cleaned up with
greater production than from wells treated with other contemporary
fluids. A variety(342) of emulsion fluids (usually 70% water)
continue in use today(338) and are preferred by some on the basis of
causing minimal damage to conductivity(343-346). Even so, emulsion
treatments usually are more costly than crosslinked aqueous
fracturing fluids.

Foamed Frac Fluids. Foams have properties very similar to

emulsions. Both fluids consist of a dispersed phase carried inside
a continuous phase(347). In foams the dispersed phase is a gas.
Emulsions are liquid-in-liquid dispersions. Both types of
dispersions provide large increases in viscosity when higher
percentages of dispersed phase are introduced. This viscosity is
useful to create fracture width and suspend proppant. Figure 10
illustrates the viscosity behavior of a typical foam. Operationally
foams and emulsions are ordinarily applied with 55-907% internal
dispersed phase, where the enhanced viscosity properties are
unmistakeable. The placement of a pressurized gas into a
hydrocarbon bearing formation offers a significant advantage over
other fracturing fluids. When pressure is released on the surface the
gas expands and rises, carrying liquids, fines, and debris with it.
Foams generally are excellent well clean-out fluids. In some
instances, foam fluids cause much less conductivity damage to
fracture channels than other stimulation fluids. Several recent
articles (which include useful bibliography references) on oil-field
foam applications are available(348-352).

Chemically, the preparation of a "stable" foam or emulsion
requires the use of a surfactant to aid in dispersion of the
internal phase and prevent the collapse of the foam (or emulsion)
into separate bulk phases. The selection of a surfactant is made on
the basis of severity of conditions to be encountered, the gas to be
entrained (N,, CO,, LPG, CH,, or air), the continuous phase liquid
(water, alcohol, or oil), and half-life of foam stability desired.
Foam viscosity and stability can be enhanced viscosifying the
continuous phase with thickening agents. These are mostly the same
thickening agents used to prepare viscous fracturing base gels.
Public information about the specific chemical identity of the
surfactants and stabilizers in use is scant(353-355) (Figure 11).
Performance of foamed fluids is heavily dependent upon the size and
distribution of the individual foam cells that are present,
therefore the generator, testing apparatus, pressure and procedures
employed are critical parts of the evaluation and the observed
results. Contaminants (salts, acids, alkalies, etc) in the liquid
phase also can cause drastic changes in foam performance.

Aqueous fracture foams are the least expensive not only because
of the low cost of water but also due to the availability of
inexpensive surfactants that foam water and brines easily and
effectively. 0il and alcohol foams are much more costly due to the
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Figure 10. Foam viscosity depends on percent internally dispersed gas (Mitchell quality).

(Reproduced from ref. 363. U.S. Patent 3 937 283, 1976.)
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expense of the hydrocarbon or alcohol and the requirement for high
performance (and expensive) surfactants. Fluorinated surfactants
are normally required(356-359). These materials are noted for their
ability to drastically lower the surface tension between phases
which makes them effective foamers for oil or alcohol.

Summagz

This chapter has presented an overview of some major areas of
fracturing chemistry from a historical, functional, mechanistic, as
well as bibliographical viewpoint. Space constraints dictated that
other very important fracturing chemistry topics be only lightly
addressed. Notably absent is the chemistry of numerous surface
active fracturing additives. Surface active chemicals play major
roles in antifoaming agents, clay stabilization, de-mulsifying
additives, dispersing agents, emulsifying agents, foaming agents,
sludge inhibitors, and water-blockage control additives(5,360,361).
Some of these have been discussed but many were not. A limited
bibliography for de-mulsifying (non-emulsifiers) agents, sludge
inhibitors, and water blockage control chemicals is provided in the
Appendix (361).
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Chapter 3

Effect of Anionic Comonomers

on the Hydrolytic Stability of Polyacrylamides

at High Temperatures in Alkaline Solution

R. W. Dexter and R. G. Ryles

American Cyanamid Company, Chemical Research Division, Stamford,
CT 06904—0060

Hydrolysis of amide groups to carboxylate is a major
cause of instability in acrylamide-based polymers,
especially at alkaline pH and high temperatures. The
performance of oil-recovery polymers may be adversely
affected by excessive hydrolysis, which can promote
precipitation from sea water solution. This work has
studied the effects of the sodium salts of acrylic acid
and AMPS*, 2-acrylamido-2-methylpropanesulfonic acid,
as comonomers, on the rate of hydrolysis of polyacryl-
amides in alkaline solution at high temperatures.
Copolymers were prepared containing from 0-53 mole % of
the anionic comonomers, and hydrolyzed in aqueous
solution at pH 8.5 at 90°C, 108°C and 120°C. The
extent of hydrolysis was measured by a conductometric
method, analyzing for the total carboxylate content.

It was found that the rate of hydrolysis decreased as
the mole ratio of the anionic comonomers increased, and
that AMPS was more effective in preventing hydrolysis
at all of the temperatures studied.

Polymers designed for the enhancement of oil recovery must remain
in solution throughout the predicted life of the flood to provide
the required viscosity for oil displacement. During polymer
flooding using brines or sea water as solvents, the hydrolysis of
amide groups present in polyacrylamides to form carboxylates
limits the useful lifetime of the polymer due to the formation of
complexes with magnesium and calcium ions [2,3]. These may be
precipitates or gels. The objective of this work was to investi-
gate copolymers of acrylamide having greater resistance to hydro-
lysis at high temperatures, and with a lower tendency to form
insoluble precipitates in sea water.

AMPS* is a registered trademark of the Lubrizol Corporation

0097—-6156/89/0396—0102$06.00/0
© 1989 American Chemical Society
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The hydrolysis of polyacrylamide and acrylamide/sodium acrylate
copolymers has been extensively studied [1,2,3,5,6,7,8,-9,10], in
relatively strongly alkaline conditions, above pH 12. These
studies demonstrated that the hydrolysis of the amide groups is
hydroxide-catalyzed and that neighboring ionized carboxyl groups in
the polymer inhibit the hydrolysis by electrostatic repulsion of
the hydroxide ions. Senju et al. [6] showed that at temperatures
up to 100°C, there is an apparent limit to the extent of hydrolysis
of polacrylamide when approximately 60% of the amide groups are
hydrolyzed.

The hydrolysis of acrylamide copolymers in dilute alkaline
conditions for long periods at high temperatures up to 120°C, as
found in barsh reservoirs, has not been extensively studied.
Metzner et al. [1] have considered the chemical stability of
acrylamide copolymers with various proportions of sodium acrylate
in sea water at 90°C. They showed that precipitation of the poly-
mers occurred when approximately 40% of the polymer was in the
carboxylate form, and attributed this to the formation of magnesium
and calcium complexes. Nonionic polyacrylamides are unsatisfactory
in polymer floods because of their low viscosity and high
adsorption. Anionic polyacrylamides containing 20-30% acrylic acid
can be obtained with higher viscosity and lower adsorption, and are
generally quite effective. However, even moderate increases in the
hydrolysis of these polymers raises the carboxylate content to a
level at which precipitation of calcium and magnesium complexes
occurs, thereby shortening the effective lifetime of the polymer.
(The separate and independent instability due to chain scission of
polyacrylamides by oxidation has been shown to be minimal in
reservoirs in the absence of molecular oxygen [4]).

EXPERIMENTAL

Materials. Monomers used in the preparation of the copolymers were
as follows: acrylamide as a 50% solution in water, stablized with
cupric ion, supplied by American Cyanamid Company; acrylic acid
supplied by BASF; and AMPS*, 2-acrylamido-2-methylpropanesulfonic
acid, (recrystallized grade) obtained from Lubrizol. The sodium
salts of acrylic acid and AMPS were prepared by gradual neutrali-
zation of the monomers with sodium hydroxide solution, maintaining
a temperature of O to 5°C, to give a final concentration of 50%.

All copolymers were prepared by solution polymerization, under
adiabatic conditions, giving at least 99.9% conversions. The
polymer gels were granulated and then dried at 90°C to a residual
water content of 10 to 12%. The active polymer content of each
sample was calculated from the initial weight of the comonomers and
the weight of the dried gel. Hydrolysis of the polymers was
determined by conductometric titration to be less than 0.2% of the
acrylamide charge. The molecular weight of the polymers was 8-10
million as determined by intrinsic viscosity measurements.

The composition and concentration of polymers in the test
solutions for hydrolysis are shown in Table 1. The concentration
of the sodium acrylate and sodium AMPS copolymers with acrylamide
were calculated to provide 0.025 molar solutions of amide units, to
simplify the kinetics.
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Table 1. Composition and Concentration of Polymers

Mole % Anionic Comonomer % w/w Active Polymer in Solution
in Copolymers Sodium acrylate Sodium AMPS
Copolymers _Copolymers

0.00 0.178 0.178

7.70 0.197 0.226

15.40 0.222 0.286

22.40 0.254 0.349

33.50 0.296 0.467

43.00 0.355 0.609

53.30 0.444 0.803

Solutions of each copolymer were prepared by dissolving the
appropriate amount of copolymer in deionized water and rolling the
solutions for 16 hours.

ANIONIC ACRYLAMIDE COPOLYMERS

SODIUM ACRYLATE

0"NH,0” " Pyg0

SODIUM AMPS®

0" °N
0" NH, ><\so,0

HYDROLYSIS EXPERIMENTS

Conditions for hydrolysis experiments were selected to simulate
harsh reservoir environments. Moderately alkaline (pH 8.5)
solutions, high temperatures, and long reaction times up to 120
days were used. The pH of the solutions remained at 8.5 or
slightly higher, ensuring that all anionic groups were fully
ionized.

A portion of each solution was retained for analysis of carb-
oxylate content at zero time. Samples of the polymer solutions
were weighed into glass jars, the pH adjusted to 8.5 and the jars
were sealed with tightly fitting screw caps. The jars were placed
in thermostatted ovens at 90°, 108°, and 120°C. After the appro-
priate time, the jars were removed, cooled and weighed to ensure no
loss of contents, prior to analysis for hydrolysis.

The extent of hydrolysis of the copolymers was determined by
conductometric titration. The increase in carboxylate content was
determined by difference, before and after hydrolysis. (The AMPS
content of the polymers, where measured, was determined by colloid
titration with poly [diallyl dimethyl ammonium chloride].)
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KINETICS

The rate of hydrolysis of acrylamide is assumed to be equal to the
rate of formation of carboxylate groups in the early stages of
reaction, for both sodium acrylate and AMPS copolymers.

d[000"] = - d[AMD] = K'[AMD][OH]

dt dt

d[000"] = K[AMD] at zero time and constant pH

a K = d[0007] [AMD] = 0.025 at zero time
Com

Plots of the concentration of carboxylate formed vs. time were
drawn for each copolymer, and the initial rates of hydrolysis were
determined by measurement of the slope of the tangent to the curve
at zero time. The pseudo-unimolecular rate constant (K) is given
by:

K = initial slope
0.025

Confirmatory values of K were obtained from plots of log
0.025 vs. time in the early stages of the reaction,
0.025-[000 ]

although deviations from a straight line occurred in later stages.
RESULTS

The rate of hydrolysis of acrylamide in copolymers with sodium
acrylate or AMPS, 2-acrylamido-2-methylpropanesulfonic acid,
decreased as the proportion of the anionic comonomers was
increased. This effect was much more marked with AMPS than with
sodium acrylate, and occurred at 90°, 108°, and 120°C. Typical
results at 108°C [Figs. 1 and 2] show the increase in carboxylate
content of acrylamide copolymers containing sodium acrylate and
AMPS respectively.

The calculated pseudo-unimolecular rate constants (k) for the
hydrolysis reaction [Fig. 3], clearly show the inhibiting effect of
AMPS, relative to sodium acrylate at all three temperatures.

The total carboxylate content in a range of sodium acrylate
copolymers is shown in Fig. 4, calculated as the sum of the initial
carboxylate and carboxylate formed during hydrolysis. These values
may be compared with the total carboxylate content in AMPS
copolymers [Fig. 2].
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Figure 1. Hydrolysis of amide in sodium acrylate (A) copolymers at 108 °C, pH 8.5, 0.025

M amide.
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Figure 2. Hydrolysis of amide in AMPS (S) copolymers at 108 °C, pH 8.5, 0.025 M amide.
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Figure 3. Initial rate constants for hydrolysis of acrylamide copolymers at 90, 108, and 120
°C.
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Figure 4. Total mole percent carboxylate in sodium acrylate (A) copolymers at 108 ° C, pH
8.5, 0.025 M amide.
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DISCUSSION

The mechanism of base catalyzed hydrolysis of either homopoly-
acrylamide or of copolymers of acrylamide and acrylic acid has been
studied extensively. It is well known that the rate of hydrolysis
of amide groups in such copolymers decreases significantly as the
charge on the polymer is increased [2,3,5,7]. This phenomenon has
been mainly attributed to electrostatic effects, repulsion between
charges on the macroion and on the approaching hydroxide anion. It
is generally believed that specific neighboring group effects,
inhibition by adjacent pendant carboxyl groups, dominate [7].
However, Morowetz [5] has proposed that the total charge on the
polymer does play an important role.

The data presented here confirms the work of these previous
authors showing that the rate of amide group hydrolysis decreases
as the level of anionicity is increased. This was found to be true
for both carboxylated and sulfonated copolymers. However, the rate
of amide group hydrolysis in the AMPS copolymers was found to be
further inhibited for any given level of anionicity, e.g., at 30
mole % anionicity the rate of hydrolysis of amide groups in the
AMPS copolymers was found to be ca. 1/2 that of the corresponding
acrylate copolymer at all of the temperatures studied. Since the
total charge on these copolymers was the same and all groups were
fully ionized under these reaction conditions, this difference
cannot be attributed to a macroion charge effect.

As far as neighboring group inhibition is concerned, sequence
distribution can play an important role, e.g. Morowetz [5] showed
that partially hydrolyzed polyacrylamide hydrolyzes more slowly
than an acrylic acid copolymer of the same charge. The former has
a more even distribution of groups leading to a greater proportion
of the least reactive BAB triad (where A are the acrylamide and B
are the acrylic acid moieties).

Also, Higuchi and Senju [7] have proposed that the overall
rate constant is composed of three distinct rate constants corres-
ponding to the hydrolysis of the three possible triad configura-
tions, AAA, AAB, and BAB, and have found that the relative reac-
tivity is 1:0.25:0.005. Thus, the overall rate is determined by
the relative proportions of these configurations and a relative
composite rate constant K can be derived as follows:

KINETIC SCHEME FOR THE HYDROLYSIS OF ACRYLAMIDE COPOLYMERS

A AMIDE
B COMONOMER

Ry = 025k ky = 0.005k
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k [AAA] + 0.25 k [AAB] + 0.005 k [BAB] where k is the
K= rate for AAA
[AAA] + [AAB] + [BAB] hydrolysis

The relative proportions of triads is determined by the synthetic
conditions chosen as described above for acrylic acid copolymers of
acrylamide derived by either direct copolymerization or by
hydrolysis. Also, the polymerization pH has a considerable effect
on the reactivity in acrylamide/acrylic acid copolymerization.
Table 2 shows the triad distribution, integrated to full
conversion, for 30 mole % ahionic copolymers of acrylamide using
the reactivity ratios taken from Ponratnam [11] for acrylic acid
and from McCormick [12] for AMPS. From these data (the acryl-
amide/acrylic acid copolymer prepared at pi = 4 is shown for com
parison) composite relative rate constants K were obtained assuming
equal reactivity for the acrylic and AMPS based triads of the same
sequence. These data show that K for the sodium acrylate copolymer
should be ca. 17% lower than for the sodium AMPS copolymer. Since
our experimental data show a significant reduction, ca. 50%, for
the sodium AMPS copolymer, we can only conclude that sequence
distribution effects on neighboring group inhibition cannot be the
dominant controlling factor in the hydrolysis of these copolymers.
However, the pendant group of the AMPS monomer does possess a
geminal dimethyl group which may associate more strongly with the
hydrophobic polymer backbone. Such a configurational arrangement
may place the negatively charged sulfonate group in very close
proximity to any neighboring amide group resulting in increased
repulsion of hydroxide anion. The carboxyl groups in acrylic acid
copolymers are bonded directly to the polymer chain and are
therefore, unlikely to form associations over several bond lengths.

Table 2. Triad Distributions and Composite Rate Constants (K) for 30
Mole % Anionic Acrylamide Copolymers

Monomer Polym. rg T, Triad Distribution K
B pH AAA AAB BAB ABA ABB BBB

Acrylic 4.0 0.57 0.32 0.30 0.28 0.12 0.22 0.07 0.01 0.53k
Acid

Sodium 8.0 0.12 0.63 0.25 0.34 0.11 0.27 0.03 O 0.47k
Acrylate

AMPS Na 9.0 0.49 098 0.310.31 0.08 0.18 0.10 0.02 0.55k
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Chapter 4

Predictions of the Evolution with Time
of the Viscosity of Acrylamine—Acrylic Acid
Copolymer Solutions

Houchang Kheradmand and Jeanne Frangois

Institut Charles Sadron, CRM—EAHP, CNRS—ULP, 6 rue Roussingault,
67083 Strasbourg-Cedex, France

This work deals with an attempt to predict the
evolution at long term of the thickening properties of
acrylamide-acrylic acid copolymer solutions, from
their hydrolysis and degradation kinetics. A Monte-
Carlo method is proposed to simulate hydrolysis
process. By introducing at each step of this
calculation the molecular weight deduced from
degradation equations and wusing semi-empirical laws
for the molecular weight and charge density
dependences of the intrinsic viscosity, we have
obtained some tendencies for the variations of the
thickening power with time, under various conditions
of temperature, pH and salinity.

One of the main problem encountered when hydrosoluble polymers are
used in chemical tertiary process of oil recovery is the prediction
of the evolution of the thickening properties of their solutions.

In the case of acrylamide-acrylic acide copolymers, such a
prediction requires a good knowledge and understanding on the three
following aspects:

i) the hydrolysis of amide groups which leads to the
enhancing of the polyelectrolyte character of the polymer.
Different experimental works have dealt with the dependence of this
kinetics on pH ,temperature and initial polymer composition(1l-6).
More recently a Monte-Carlo simulation method has been proposed in
order to predict the variation of the hydrolysis degree under
different conditions(7-8).

ii) the chemical degradation of the chain which can be due to
various mechanims according to the pureness of the samples,the
method used for its synthesis,the nature of the ions present in the
brine (oxidizing or reducing ions),the oxygen content of the brine
and the temperature.

0097—6156/89/0396—0111306.00/0
© 1989 American Chemical Society
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iii) these two chemical processes leading to changes in the
polymer charge and molecular weight respectively are expected to
strongly modify the solution viscosity. Then the relation between
viscosity and these two parameters must be known for the given
conditions of application.

In recent works, we have studied the kinetics of both
hydrolysis and degradation of a acrylamide-acrylic acid copolymer
containing 17% of acrylate groups. The purpose of this paper is to
give some predictions of the thickening properties evolution based
upon semi-empirical viscosity laws.

Hydrolysis kinetics

It is well known that the base hydrolysis of polyacrylamide is
catalyzed by OH ions (first order reaction) and obeys autoretarded
kinetics due to the electrostatic repulsion between the anionic
reagent and the polymeric substrate(3-5). In the range of slightly
acid pH (3 < pH < 5), Smets and Hesbain(6) have demonstrated a
mechanism of intramolecular catalysis by undissociated neighbouring
carboxylate groups analogous to that observed in low molecular
weight compounds such as phtalimic acid(10). By assuming that
Hydrolysis simply results from these two mechanisms no reaction was
expected in the range of pH near neutrality. However, Muller(2) has
shown that the modification of already partially hydrolyzed
polyacrylamide cannot be neglected if one considers reaction times

of several months. A more recent systematical study(7,8) of the
reaction at different pH ,temperatures and initial carboxylate
contents led us to propose the simple following model ,for 3 <

pH < 9. We have considered two types of reacting monomer units:

- the wunits which have an undissociated neighbouring group
which catalyses the reaction with a rate constant k, independent on
pH (units X)

- the other units (units Y) whose hydrolysis rate k, is not
simply proportional to (OH) concentration (as in the range of high
pH) but varies with pH according to an empirical rule:

log k, = log k, + pH ( C, - Coa 1 - G, (a 7)?) (¢9)

where 7 is the fraction of carboxylate groups in the polymer, a is
their ionization degree and C,,C,,C. are constants. This expression
corresponds to the following experimental observations:

i) for the unhydrolyzed polyacrylamide ,only units of type Y
must be considered in the initial step of the reaction and
intramolecular catalysis has not to be taken into account. In

relation (1), we have obtained a rate constant ka varying as :
log k, = log k,, + C, PH (2)

This shows that pH increase favors hydrolysis reaction of Y units.

ii) for partially hydrolyzed polymers ( or polyacrylamide in a
second step), the increase of ka with pH is lowered when the charge
density (a 1) increases (see fig.1l0 of ref.8 ). This retardating
effect is expressed by the terms (CB a 7) and (CC (ar )2).
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At each reaction time , and for a given polymerization degree
N, the number of units X is:

N =N ,(l-a) (3)

where N is the number of diades AB ( acrylamide :A; acrylic acid
:B). The number of Y units is N-N_.

Then the modelization of the hydrolysis kinetics requires at
each time the knowledge of o and N,,. a can be calculated by writing
the different relations of dissociation equilibria of water,polyacid
and NH, (produced by the hydrolysis reaction). We have proposed to
determine N, at each reaction step and simulate the whole kinetics
by using a Monte-Carlo method .(see ref.8 ).

In Figure 1 we compare the calculated and measured variations
of r for a copolymer of initial r = 17%. Let us remark that in
these experiments, the pH has not been adjusted at a constant value
and the hydrolysis process induces a change of pH in the solution.
We have taken into account this effect in our calculations. In
fig.2, we give the predicted hydrolysis kinetics for the same
polymer sample but in the case where pH remains constant.
Degradation kinetics
We have previously performed a systematical study of the degradation
of a acrylamide-acrylic acid copolymer called sample C( of acrylate
content 7 = 174 and molecular weight M = 6%10° ) prepared by
photocopolymerization by using benzyl methyl ketal as catalyst(1ll).
The observed behaviors have been compared with those of a sample
obtained by base hydrolysis of polyacrylamide called sample H (
approximately same M and 7 = 30%), in some particular cases.

In the practicai application, the chemical stability of these
polymers at high temperature will essentially depend on the content
of oxygen and ions of transition metals in the brine. It is the
reason why we have investigated their behaviors for several months (
at least 3) ,at 80°C and under three main conditions (see fig.3).

-without oxygen and salts of transition metals
Under such conditions , sample C is not degradated ,M, measured by
light scattering remaining constant for 6 months. A slight increase
of reduced viscosity (n,,) will be later explained by the
hydrolysis of amide groups.

- in the presence of oxygen and without salts of transition

metals

After 3 months of ageing, n_, is reduced by a factor 6 while
M  is 10 times lower than initial M 0y We have observed that the
degradation follows a random process of link breaking since the
linear expression¢!?:13):

In (1 -M ) -1In(1l-M )=kt %)
has been obtained. Moreover, the degradation leads to the formation
of shorter linear chains and at each time the intrinsic viscosity
(n) can be obtained from relation (4) and the classical Mark-Houwink
law:

(m= K M (5)
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Figure 1. Calculated and experimental (@ ) hydrolysis kinetics
Copolymer C, T=80°C , different initial pH
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Figure 2. Calculated hydrolysis kinetics for Copolymer C at
80°C at different constant pH
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Under these conditions, the degradation kinetics of sample H is
similar,with a different value of k in relation (4). However, the
origin of the phenomenon is different: for sample H, the degradation
is due to the decomposition of chain hydroperoxides by traces of
Fe'!. The sample C does not contain peroxides nor Fe'! and we have
explained its instability by the presence of catalyst residues.

The purification by precipitation in methanol of both samples
allows to obtain a very good stability for 6 months.
-in absence of oxygen and with salts of transition metals

In fig. 3, we compare the evolutions of n_ . of free oxygen
solutions of copolymer C with and without 5 ppm of Fe' . As
confirmed by light scattering measurements, the presence of ferrous
ions induce a quasi instantaneous degradation of this polymer
followed by a much slower reaction.

The purified sample C is not degradated under such conditions
while degradation is measured before and after purification of
sample H. This results confirms the difference of degradation
mechanism according to the method of preparation of the polymer.

Oxidizing ions ( Cu™ or Fe'™) as well as reductants ions (
Cu* or Fe'") induce the degradation of these polymers.

Dependence of the viscosity on molecular weight and charge
density of the polymer

If the polymer concentration c_is 1lower than c * ,the critical
concentration of chain overlapping , one can express the viscosity n
of the solution by:

no=ny+m, (n) e + K ny (mie? (6)

where n, 1s the solvent viscosity

K'is the Huggins constant which varies with the thermodynamical
quality of the solvent ( salinity and temperature)

For the calculation of n of a solution of copolymer of given 7
,a and M_under given conditions of salinity and temperature , one
must know the variation laws of (n) and K’ with these parameters.

- intrinsic viscosity (n)

In the classical theories of polyelectrolytes , the chain
expansion is characterized by the electrostatic excluded volume
parameter ,z_; with:

z, = MY/ ¢, )

where i is the ionization degree and c_the concentration of added
electrolyte(l4). A dependence of the intrinsic viscosity with 1/C_
is then predicted while experiments show that (n) varies as l/chZ.
Fixmann et Al.(15) have proposed an expression which gives a better
account for experimental data (( a’®-1) varying as 1/csuz, a’' being
the chain expansion). Nevertheless, in spite of the numerous
expressions proposed, they generally do not take into account the
strong interactions between counter ions and polyions for the high
values of the charge parameter £

€=e¢2/DkThb (8)

where e 1is the proton charge, D the dielectric constant, k the
Boltzamm constant, T the absolute temperature and b the average
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distance between two charged groups along the chain, varying as
l/ar.

The Manning theory(16,17) predicts a critical value ¢ above
which councerions are condensated on polyion. In the case of
monovalent ions , § =1 and for §¢ > £ , the chain expansion
predicted by the classsical theories is overestimated if the
ionization i is not corrected by a fixation term. Koblansky et Al
have shown(18) that ion condensation occurs for values of § much
lower than £ in the case of partially hydrolyzed polyacrylamide.
They have found for Na' that the activity coefficient vy does not
vary with £ as predicted by the Manning theory (16,17) but according
to a empirical law:

v =0.96 - 0.42 ¢/? 9

in the absence of simple electrolytes.

Kowblansky et Al (19) have also measured the intrinsic
viscosity of hydrolyzed polyacrylamide of a given molecular weight
as a function of r for a = 1 and their results can be fitted by the
expression:

(M) = (), +k, *€&%y*M (10)
where (n), is the intrinsic viscosity of the uncharged polymer

(M g5y = 9-3%107° * M O7° (em’g™)  at 25°C 9 (11)

and k_ is a coefficient which depends on the salinity:
k, = 4.7%¥107/c V2 - 1.33%107 (12)

¢, is the molar concentration of monovalent salt ( NaCl)

Such empirical expressions have been also verified by Kulkarni
et Al.(21) and Kheradmand(7) but they have been established for
room temperature. In fact, we have to know the temperature
dependence of the two terms of relation (10):

-For the first non electrostatic term, such a dependence can
be calculated from the classical Flory theory and the value of the
theta temperature of unhydrolyzed polyacrylamide ( ® = 265°K (22))

Moy = Mogsy * (1-8/T)/(1-6/298))*/° (13)

-For the electrostatic term, there is a lack of reliable data
and predictions dealing with the variation of the ions -polyion
interactions with temperature. If one considers the relation (8),
the product D * T is a decreasing function of temperature but the
term £ * y decreases for the high values of £ and increases for the
low values of £. Nervertheless, these variations are negligeable and
we have considered |, in a first approximation, that the
electrostatic term remains constant for 20 < T < 80°C,
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The final expression for (n) is:
(n) = 9.33%107% * M° 7> % ((1 - 265/T)/0.11)%3
+ (4.7%¥107%/c V2 - 1.3%107) * £ % 4y * M, (14)

(em®/g ™) ( see examples of results in Figure 4)
- Huggins constant K’

Let us remark that relation (6) is given for polymer

concentration ¢ lower than the critical overlapping concentration c”
above which higher terms in ¢ must be considered. In fact, the
concentration practically used ( around 107% g/cm®) corresponds to
the semi-dilute regim for which the behavior is not well known in
the case of polyelectrolytes. We have however kept relation (6) by
introducing for K’ a mean apparent value determined from our
experiments ( K’ =1 )

By combining expressions (6) and (14), one can obtain an
approximative value of the solution viscosity if only monovalent
ions are present in the solution.

In the presence of alkalno-earth cations, one must take into
account not only viscosity decrease due to electrostatic screening
and condensation which theoritically occurs at lower values of ¢
(.= 0.5) but also phase separation (23-25). We will take the case
of Ca?* as example.

- Kowblansky et Al.(26) have obtained for activity coefficient
of Ca?*

v =0.43 - 0.26 ¢ (15)

We have recently performed systematical measurements of the
intrinsic viscosity of acrylamide-acrylic acid copolymers for large
ranges of 7 and a ,in the presence of CaC1,(26). Our results show
that the empirical relation (14) can be extended to the case of
divalent cations by using the value of y given in relation (15). It
should then possible to predict the variation of intrinsic viscosity
at infinite dilution ,but at finite concentration the formation of
aggregates makes difficult the determination of the Huggins
constant.

- It is now well known that the addition of Ca?' in aqueous
solutions of these copolymers induces phase separation with
precipitation of a phase constituted by a polymer-Ca complex. From
turbidity measurements, it is possible to define a critical
concentration c, above which this phenomenon occurs(23-25).

* decreases with c_for c <c_* and increases for c_>c_ "
is an decreasing function of temperature ,the demixing is
obtalned by heating
ca increases by addition of NaCl
decreases by increasing r for 7 < 50%

Some aspects of this behavior are given 1in Figure 5 and more
details can be found in ref. 24 and 25;

Viscosity evolution
- in absence of degradation

We have seen that such polymers are not degradated in absence

of oxygen. On an other hand, it is possible to avoid degradation
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Figure 4. Calculated variations of (n) as a function of a * 7
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Figure 5. Solubility limit of different copolymers (1000 ppm)
in the presence of Ca?" as a function of temperature
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either by purification or by addition of stabilizing compounds
(7,9,27) under all the practical conditions. We have then calculated
the variations of viscosity with time by combining the hydrolysis
kinetics and viscosity expressions ( at constant M) under different
conditions of constant pH and salinity.

The Figure 6 corresponds to the predictions for the coplymer C
of 17% of acrylic content at 80°C. For pH>7 , an increase of
viscosity can be expected but the form of the curves changes with
pH: at high pH , the initial hydrolysis rate is higher than at pH 7
and this leads to a higher initial increase of viscosity. But in the
second step of the hydrolysis, the kinetics is strongly autoretarded
at ph>9 and the slow variation of 7 corresponds to a slight
increase of viscosity while at pH 7 , complete hydrolysis can be
reached and a higher viscosity is expected for a long aging time.

For pH<7 , the hydrolysis is very fast ( see figure 2) and a
limiting value of viscosity can be reached after 1 month but the
polymer is slightly ionized : the product ar passes through a
maximum which also induces a maximum in the viscosity curves.

Finally, all these variations are strongly reduced by
increasing salt concentration.

We have reported in Figure 7 the expected variations of
viscosity at five temperatures for the same polymer in the presence
of 0.1NaCl at pH 7. Two opposite effects explain these curves: the
initial viscosity is a decreasing function of T while the hydrolysis
rate increases with increasing T.

Some remarks can be made about the evolutions in the
presence of Ca?*, although it is difficult to think that some brine
could contain only this type of cations without monovalent cations.
Before any aging, a copolymer of 17% of acrylate content begins to
demix for CaCl, > 2. 5%¥1072 M/1 and thls limit is lower for higher
initial values of r. If CaCl, <5 10 M/1 , no precipitation will
occur even if 7 reachs the value 1. For an intermediate
concentration of CaCl,, for instance IO'ZM/l, phase separation can
be expected after 50 months and 3.5 months at 60°C and 80°C
respectively.

-when degradation occurs

i) in the presence of oxygen
In this case, we must take into account the
variation of M_ through relation (4). An example of results is given
in Figure 8. It 1is obvious that the degradation is the main
phenomenon and a high loss of viscosity can be predicted. Since
hydrolysis has an increasing effect on the viscosity, it was
interesting to determine the M variation which could lead to a
constant value of viscosity (see Figure 5b). We can observe that M,
must remain higher than 3.7%10°

ii) in absence of oxygen and with ions of transition metals

In this case, the very fast degradation induces the high
initial loss of viscosity as already measured and predictions for a
long time do not present interest.

Conclusion

In this work, we propose a method based on different combined semi-
empirical laws to predict the evolution of the viscosity of a
solution of acrylamide - acrylic acid copolymer. In fact, it appears
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Figure 6. Predictions of viscosity evolution for Copolymer C
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that in absence of degradation, the behaviors must be rather
independant on the origin of the polymer and only depend on its
initial properties and on the pH , salinity and temperature of the
brine. When degradation occurs, it is generally due to
impurities, then the kinetics is not wuniversal and must be the
object of a specific study for each sample.

This work has benefited from grants from Compagnie Francaise des
Pétroles. The authors are indebted for fruitful discussions to
Doctor V.Plazanet.
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Chapter 5

Interactions Between Acrylamide—Acrylic Acid
Copolymers and Aluminum Ions in Aqueous
Solutions

Ramine Rahbari, Dominique Sarazin, and Jeanne Frangois

Institut Charles Sadron, CRM—EAHP, CNRS—-ULP, 6 rue Boussingault,
67083 Strasbourg-Cedex, France

Phase separation, gelation and viscosity of
acrylamide-acrylic acid copolymer solutions containing
aluminium chloride have been studied as a function of
pH, salinity and composition of the polymer. In the
range of polymer concentration investigated, the most
common behavior is phase separation with loss of
viscosity and formation of large agregates. At pH 5
gelation phenomenon can occur due to the presence of
polynuclear ions of aluminium and the conditions of
gel formation are studied as a function of salinity.
At pH 7, phase separation is due to flocculation of
AL(OH), particles by polymer bridges .

These behaviors are discussed from 2’Al NMR data
giving the fraction of Al ions bound on the polymer
and from of a model of electrostatic interactions.

The strong interaction of polyvalent cations with polyions is well
known to strongly alter the rheological properties of hydrolyzed
polyacrylamide used in the tertiairy oil recovery process (1-4).
The influence of divalent cations have already been studied(5-7)
but the réle played by the presence of small quantities of
aluminium ions has never been investigated.

In a first part of this paper, we will discuss results of a
%A1 NMR study of the binding of Al ions on acrylamide-acrylic acid
copolymers as a function of pH, at the light of a simple
electrostatic model. The second part deals with the phase diagrams
, physical gelation and precipitation phenomenon, for different
copolymer compositions and under various conditions of
concentrations , pH and salinity.
Experimental
in this study AD10,AD17,AD27 and AD37 (Rhéne Poulenc Industries(8)
of acrylate content 7 (mole %) equal to 1.5, 7, 17 and 27 , and

0097—6156/89/0396—0124306.00/0
© 1989 American Chemical Society
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of weight average molecular weight M approximately 5%10%, An
other sample (PAMNH) (7r=0.3% and Mw=106) has been prepared in our
laboratory by photopolymerization.

The details concerning the experimental methods wused in this

work can be found in ref. 9 and 10.
Solutions of Aluminium Chloride
The pure AlCl, solutions neutralized by NaOH contain ions of
general formula Al (OH)(akp”} which can be mononuclear (Al1*",
AL(OH)™,  AL(OH)," and’ AL(OH),)) or polynuclear (AL,(OH),* and
A113(OH)pw9'”+) and also non ionic species (Al(OH)s). Their
amounts depend on the neutralization ratio R ( R= (NaOH/AlCla)
according to six diferent equilibrium laws of constants K1p

’

+++ .
(AL")wR, HE

(A1 (0H) 4Py ~ e¥)

o+ +y i
fi,p * (H )x

where fip is the activity coefficient of Ali(OH)p“i‘p” which can
be obtained from Debye-huckel expression (11-13). The solubility of
Al" is limited by:

(AT™)* (0H)® < K (2)

By using a set of Ki_p and fip values found in literature, we have
calculated the compositions of AlCl, solutions (without polymer) at
two different concentrations (see figure 1).

If one considers the pH range of major interest in application
(4.5 < pH < 8) ,it appears:

-around pH = 5, for the low AlCl3 concentrations only
mononuclear species are present while at higher concentrations
,polynuclear ions and non ionic species are preponderant. The time
is also an important parameter since polyions (A11;+)
progressively disappear and after 6 months aging ,only non ionic
species are in equilibrium with monovalent ions Al(OH)2+. 15 days
aged solutions have been used in this study ; The composition of
the solutions given in Figure 1 have been confirmed by NMR and
correspond to this aging time ( 9,11-12).

- around pH = 7, Al(OH)3 is present at more than 90% and it
has been shown that the size of aggregates depend on concentration
and aging time. We have recently shown (14) by electrophoresis
measurements that the AL(OH), particles are positively charged and
become neutral only after a long time ( 6 months ) of heating at
80°C.Elastic and quasi-elastic light scattering measurements have
revealed that their size scales as CaL3: at 1 ppm of Al (or 3*10°

M/1) , the radius of gyration R is 500 A while at 12 ppm
R =15000 A. Moreover these particles have a form of plaquets as
aiready described(15,16)
Model of electrostatic interactions
It is well known that the concentration of ionized groups €00  on
the polymer chain obeys the classical law:

PK, = (COO)*(H") / (G, - COO") (3)

where Cipis the molar concentration of carboxylic groups.
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Figure 1 : AlCl3 solutions :Calculated fractions of Al ),
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In order to obtain a rough evaluation of the fraction of

aluminium bound on polymer, we have assumed in a first approach:

i) the polyelectrolyte effects due to the polymer are
negligible and the distribution of ionic species in the bulk can be
considered as uniform. Such an assumption can be considered as
correct if the polymer concentration c_ is higher than cp*, the
critical concentration of chain overlapping.

ii) among the different possible interactions between polymer
and aluminium species, the most important are the electrostatic
interactions between carboxylate groups COO and the Al trivalent
ions which are oppositively charged. Then we have taken into
account the equations corresponding to the following equilibria,
with constants K, and K;:

(A1™) + 3 ----(C00") = CO0,AL K, %)

(A1 ;") + 3 ----(C00") = CO0Al,  K; (5)
By using the expressions (1) to (5), it is possible to calculate
the concentrations of the different ionic (Ali(OH) (31-p)* 4nd COO-
) and non ionic (A1(0H)3, COOH, C003A1 and C003A 13) species in
the mixed AlCl,- polymer solutions as a function of pH and
composition.
As shown in Figures 2 and 3, we have found two maxima in the amount
of the "bound" monomeric ions or more precisely the difference
between the total monomeric ions concentration in absence and
presence of polymer ( NMR experiments give this quantity): for pH
=4 and pH = 4.6. Comparison with figure 1 indicates that these
maxima correspond to the formation of C00,A1 and CO0,Al,,
respectively. For very aged or very dilute AlCl, solutions where
polynuclear ionic species are absent, only one maximum is found,
around pH = 4.5.
a1 NMR
Bottero et Al.(11,12) have shown that 2’A1 NMR allows to
distinguish the mononuclear from the polynuclear species of
Aluminium ions in AlCl; solutions. We have performed the same type
of studies by adding different amounts of copolymers and we have
measured the decrease of monomeric Al 1ions concentration by
increasing the polymer content. Figures 2 and 3 give some examples
of results; "Al bound" as measured by NMR is plotted as a function
of pH, for two different systems and can be compared with the
values calculated for Ki=1014 and K0=1016.

As expected from the model, we observe:

i) Two reproducible maxima at pH slightly shifted with respect to
predictions ,ii) the amount of Al ions bound onto polymer increases
by increasiong 7 and the same couple of X, and K, values gives a
rather good account of experimental results for 1.5% < 7 < 30%.
This result shows that is reasonable to neglect other type of
interactions between aluminium ions and the polymer: for instance
coordination binding with amide groups,

This first study is very ilnportant: the good agreement
between calculation and experiments justifies the previous
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AL "BOUND" / AL TOTAL

0.41

0.3

5.5

Figure 2 : Interactions polymer-aluminium : concentration of
bound aluminium ions for ALCL, (27 ppm ) and AD27
(0.25 g/1 ) Full line : Calculated curve ; Dotted
line :NMR results

AL "BOunD" / AL TOTAL
0.4t

5.5

Figure 3: Interactions polymer-aluminium : concentration of
bound aluminium ions for AlCl, (27 ppm ) and AD37
(0.25 g/1) Full line : calculated curve; dotted line
:NMR results
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hypothesis. Moreover it clearly demonstrates that polynuclear ions
of Al strongly interact with polymers and will play an important
role in their stability ,particularly around pH 5. However, we must
point out that, by hypothesis, the interactions between non ionic
species of aluminium (Al(OH)3 are not taken into account in our
calculation and in NMR studies these Al species do not give any
signal. Thus , our model is rather good for pH<6é where non ionic
species are negligible and is predicted to fail for ph>6.

Phase diagrams and viscosity

This part deals with the stability of the polymer in the presence
of the different species of aluminium. For strongly charged
polyelectrolytes such as polyphosphate or sodium polyacrylate in
the presence of divalent cations (CdH,Ba++....),it has been shown

that precipitation occurs when a given fraction of charged groups
is "neutralized" by the binding of the cations and this situation
is realized for a molar concentration of cations of the same order
of magnitude than that of charged groups(17,18). In the case of
acrylamide-acrylic acid copolymers, the problem becomes more
complex since the distance between the charged groups is much
higher depending on 7. Truong(5,7) has recently shown that the
relative probability to form intra or inter molecular bridges must
be taken into account. If intramolecular fixation is preponderant,
precipitation can be expected while in the case where the
intermolecular bridgings are favoured physical gelation should
occur with or without syneresis effects.

From these qualitative considerations and taking into account
only electrostatic interactions according to our model, we could
expect the following features for the behavior of acrylamide-
acrylic acid copolymer in the presence of aluminium:

- no interaction with unhydrolyzed polymer (PAMNH) since only
electrostatic interactions are considered in the model
-for 7 > 0 , the maximum of instability should be observed at
the pH values where the interaction with ionic Al species has found
to be maximum in NMR experiments and no effect is expected at pH 7
if really only uncharged species of Aluminum are present. Moreover,
the high valency and great size of Al,, ions could lead to
gelation.

We will summarize the results of a systematical study of these
systems by phase titration, turbidimetry and viscosimetry, The
concentration ranges were 0<c_<20ppm for Al and 0<ci< 1000ppm for
the polymer, pH being ranging between 4 and 7.

Phase titration

In a first series of experiments, we have studied the phase
separation of a same composition (C, and c constant) ,for varying
pH. The fraction of precipitated polymer was determined by
potentiometric titration of the supernatant phase and from the
ratio of its viscosity n with the viscosity 5, of free aluminium
polymer solution. An example of results is given in Figure 4 for a
copolymer with 7=17%, c= 5 ppm, c = 500 ppm. . The experiments
show that instability is maximum at pH 4.7. The calculated fraction
of carboxylate groups neutralized by the formation of a specie
A1(C00), has also a maximum around the same pH. In fact, the good
agreemnt between calculation and experiment is limited to low Al
concentration, as we will see later.
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Figure 4: Phase titration of system AD27 (5 g/1) - Al ( 5 ppm )
(see test)
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Turbidimetry and viscosimetry
In a second series of experiments, we have maintained the pH at two
values 5 and 7 and changed the concentrations of Al and polymer.
i)" Unhydrolyzed" polyacrylamide (r=0.3%)
No  turbidity has been detected in the concentration ranges
investigated. However the reduced viscosity n , 1s a decreasing
fonction of C, at pH 5 and pH 7. This result shows that this
polymer interacts with aluminium although no phase separation has
been observed.
In fact this "unhydrolyzed" polyacrylamide sample is slightly
charged and its low polyectrolyte character is confirmed by a
slight difference of n ., values at pH 7 and 5, for salt free
solutions. A really neutral polymer should be necessary to
differentiate low effects of electrostatic interactions from non
ionic interactions ,coordination binding at low pH and hydrogen
bonds at pH 7. Nevertheless, at this pH, the adsorption of the
chain on A1(OH), aggregates can probably be considered as the main
origin of the loss of viscosity.
ii) Copolymer of low acrylate content : AD10
The behaviors are quite different at pH 7 and pH 5
pH 5: we have observed the phase diagram represented in Figure
5 where three domains must be distinguished:
- domain A for ¢ < 7%c, : transparent solutions (both
concentrations expressed in Mole/l)
- domain B for c>c " ( ¢ being the critical polymer
concentration of ° chain ‘overlapping) and 7’\'c1p<ca-<10%\'<:j_p
transparent gels
- domain C for c >10%c, : phase separation with dense microgels in
equilibrium with solution,
In the domain A, n_, increases by increasing c, and in the domain
B the gel formation has been confirmed by measurements of elastic
modulus. This phenomenon is due to the predominant presence of
polynuclear ions of Al (see Figure 1). The pH range where gelation
occurs is very narrow and at pH 4 and 6 only phase separations are
observed.
Gelation does not occur for high content of NaCl (20
g/1): only phase precipitation occurs at higher values of ¢, and
can be attributed to the interactions with the AL(OH), species.
pH 7: the turbidity of the solutions increases for aluminium
concentrations higher than a limit ,ca*, indicating phase
separation and this limit slightly increases with c_. In the range
of homogeneous solutions =7 ., decreases by increasing c . This
polymer is then less stable then PAMNH with respect to AL(OH),
particles and this phase separation was not predicted by our
electrostatic model.
iii) copolymers of r > 7%
pH 5 in pure water
In the absence of added salts (NaCl) and in the whole ranges
of pH and composition investigated, gelation has never been
observed with copolymers of r > 7%.
There is simply a domain ( c_<c, ") of transparent solutions
and a domain (c>c, ") of phase separatlon As shown in Figure 6 c
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slightly increases with c¢_and also depend on 7.The polymer which
appears to be the less stable 1is AD17. The values of ca* are very
low ( < 3ppm ) and the phase separation is clearly due to the
interactions with mononuclear trivalent ions Al™" because they are
preponderant at this Al conentration range.

Our calculation made for c =ca* shows that phase separation
begins when only 20 to 30% of the totality of carboxylate groups
are neutralized but one can deduce from phase titration that , at
ca*, only a low fraction of polymer is precipitated containing the
major part of Al. These different observations reveal for the
stability with respect to Al features very different from that
defined with alkalino-earth cations. For instance, in the presence
of Ca?*, the order of stability is inverse: AD17>AD27>AD37>AD60 and
the values of ca* are much higher(7).

The solution viscosity decreases in the presence of very low
number of aluminium species (sec examples on Figure 7). This
decrease is observed even for c_<c_ ' when the solutions are still
transparent and for all the values of c . The variation of 7 ., 1is
found to be faster for the lower polymer concentrations.
pH-5 with added NaCl

The phase diagrams of AD17,AD27 and AD37 have been studied in
the presence of 20g/l1 of NaCl. The same behavior as in pure water
was found again for AD17, with higher values of ca* ( see Figur%
6). On the contrary, AD27 and AD37 are able to form gels for c >c
with phase diagrams quite identical to that presented in Figure 5
for AD10 in pure water. The gel domain corresponds to the same Al
concentration range and gelation must also be attributed to
polyions Al %"

In the case of AD17, only decrease of viscosity is observed
while for c >c * ,the viscosity of AD27 and AD37 solutions measured
at the newtonian plateau is an increasing function of c,.
pH 7 in pure water

The stability of these copolymers is slightly better at pH 7
than at pH 5(see Figure 8). For instance for AD37, at ¢ >0.5 g/1,
separation begins for ¢ =7 ppm to be compared with 3 ppm at pH 5.
Nervertheless, they are less stable then PAMNH and AD10 and the
same order of stability is found : AD17<AD27<AD37. This confirms
the role played by the elestrostatic interactions.

Phase titrations have well confirmed that the precipitated
phase contains polymer ,then the turbidity cannot be due to a
flocculation of Al1(OH), particles without polymer adsorption.
pH 7 with added NaCl

As expected from electrostatic screening hypothesis, the
addition of NaCl has an increasing effect on the stability (see
Figure 8). Moreover, while c; increases with Cps in pure water,
the reverse is observed at 20g/l of NaCl.

Discussion
pH 5

The comparison between phase diagrams and composition of AlCl,
solutions shows that gelation occurs:
- ifec >c’
-when A51;+ %olyions are present. It seems that the size of these
ions ( diameter 20 A) favors intermolecular bridges: for the same
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calculated fraction of neutralized carboxylate groups, at lower pH,
only phase separation is observed with mononuclear ions Al%.

-for a narrow range of hydrolysis degree depending on the ionic
strength

-if the carboxylate groups are completely neutralized (results of
our calculation and of electrophoresis measurements) (14)

We can then deduce that gelation requires well defined
conditions corresponding to suitable respective probabilities of
intra and intermolecular bridges:

-for ¢, < c*, 1in all cases only intramolecular bridges can be
expected and then phase separation occurs when a fraction of
carboxylate groups is neutralized at an Al concentration increasing
with increasing salinity and effects of screening out of the

electrostatic counter ions-polymer interactions. The same
phenomenon was observed with Ca®* cations(7).
-for ¢. < ¢, , the formation of intermolecular bridges becomes

possibie but it can lead to a tridimensional network only if the
probability of intramolecular bridges remains lower than that of
intermolecular ones: this is the case for 7> (1.5 + x)% , 1in pure
water or (7 +%x) % <7< (27 +x )% for 20 g/l of NaCl ( our
studies do not allow us to precise the values of x and the exact
limits). This means that the average distance between the
dissociated carboxylate groups inside a chain must be of the same
order of magnitude as the average intermolecular distance. This is
realized only for slightly charged polymers in pure water, where
all carboxylate groups are effective for fixation (case of AD10).
This become possible in large excess of salt which acts by
decreasing the number of groups able to bind AL counter ions : then
gelation occurs for polymers of higher hydrolysis degree but
disappears for AD10 because the binding is too weak and the number
of bridges too low.

On the other hand ,a stable gel can only be formed if all the
polymer charges are neutralized so that electrostatic repulsions of
polymer segments between reticulation points are weak enough.
pH 7

The problem is slightly different since the size of A1(0H)3
particles are much higher than that of A1133+ polyions. This is a
problem of flocculation of charged particles by polymer of opposite
charge. Nervertheless, it is well known that hydrogen bonds can be
formed between hydroxyl groups of Al(OH), and amide groups of the
polymer(19).

If only electrostatic effects are responsible for polymer
adsorption and flocculation, our results can be explained according
to the same scheme as that used by Furusawa et Al.(20) to
interprete the destabilization of negatively charged latex by a
cationic polymer. In a first step, the adsorption of the polymer
leads to the neutralization of the particles which are no more
stabilized by electrostatic repulsions and there is flocculation
(we have not studied this step since in our experiments polymer was
always in large excess with respect to AL(OH),). Ina second step
the adsorption inverses the charge and (we have indeed measured by
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electrophoresis a negative charge of the aggregates) the
electrostatic repulsion is established again leading to the
restabilization ( c, increases with c¢_ in pure water but there is
screening out of this repulsion at high ionic strength). This could
qualitatively explain the variations of ca* with Cpr T and ionic
strength.

In a second hypothesis, one can consider that the adsorption

is mainly due to hydrogen bonds and that electrostatic attraction
between polymer and particles only brings them together. In such
case, the influence of c_ and r on the stability should be related
to the number of amide groups available for hydrogen bounds and the
increase of salinity should lead to the collapse of the chain and
reduce the probability of interparticles bridging.
Only measurements of adsorption isotherms and determination of the
conformation of the adsorbed chains could help the interpretation.
One could indeed expect large loops in the first hypothesis and
more flatted conformation if hydrogen bonds are predominant.

This work has benefited from grants from Institut Frangais du
Pétrole and we thank Dr.J. Lecourtier and Dr. G,Chauveteau for
fruitful discussions
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Chapter 6

Gelation Mechanism of Chromium(III)

Paul Shu

Mobil Research and Development Corporation, Central Research
Laboratory, Princeton, NJ 08540

The chromium(III) ion is a common crosslinker of many
polymer gels used in reservoir permeability profile
control. It has been generally recognized that olated
chromium(III) species are involved in the crosslinking,
but the detailed mechanism is not fully understood.
Also, Cr(III) salts and redox generated Cr(III) species
do not always yield the olates. Furthermore, Cr(III)
olates can vary greatly in their crosslinking reactivity
and therefore result in gels of different properties.
After studying the gelation of xanthan gum with various
Cr(III) species ranging from simple salts to Cr olates
of varying degrees of hydrolysis, we propose that the
formation of Cr olates is the rate-determining step in
a gelation reaction and the simple binuclear Cr olate is
the most reactive species for crosslinking.

Chromium(III) is a commonly-used crosslinker for preparing profile
control gels with polymers having carboxylate and amide
functionalities (la,b). Cr(III) is applied in many forms. For
example, it can be used in the form of simple chromic salts of
chloride and sulfate, or as complexed Cr(III) used in leather tanning
(2), or as in situ generated Cr(III) from the redox reaction of
dichromate and bisulfite or thiourea. The gelation rate and gel
quality depend on which form of Cr(III) is used.

We have found that the Cr olates produced by hydrolysis of
Cr(III) ions are the reactive crosslinking species. The different
gelation rates are due to the different degrees of olation. Further-
more, by controlling the degree of hydrolysis, Cr(III) derived from
various sources mentioned above can exhibit the same gelation rate.

Hydrolysis of Cr(III)

Due to the high charge-to-radius ratio, a hexaaqua Cr(III) cation
loses protons to form olates (3a,b) in this hydrolysis process. One,
two and three protons can be lost from Cr-coordinated H 0 to yield
the mono-, di- and tri- hydroxides of hydrous Cr species,

0097—-6156/89/0396—0137306.00/0
© 1989 American Chemical Society
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respectively. These hydroxides then dimerize or polymerize to form
Cr olates (Equation 1) through OH or "ol" bridges. Isolation and
identification of dimer, trimer, and tetramer were reported by Stunzi
and Marty (42) and higher oligomers by Marty and Spiccia (4b).

3+ -H+ 2+ -+ + -H+
Cr (H,0) = [Cr (H,0) 0H] = [Cr (8,0) , (0H) ] = Cr (0H) 5 (H,0) 5

l O0lation l Olation Olation l

1
0H

0H
% 4+ ” -
[(8,0) 4cr\oﬂ>cr (H,0) 1** (8,0) 4CrL0H>Cr (1120)2]n\0H [czggn)s] .

n+

Dimer Linear Polymer 3-Dimensional Polymer

The hydrolysis reaction is very slow at ambient temperatures and
is accelerated by boiling chromium salt solutions (§5). The
hydrolysis reaction is chagacterized by the transformation of the
deep blue colored Cr(H,0) * %o green colored hydrolyzed olates.
Another indication is tfiat an aged or boiled Cr(III) salt solution
has a higher neutralization equivalent than a fresh one due to the
hydrolytically produced protons. One way to establish hydrolytic
equilibria quickly is to add appropriate equivalents of bases such as
NaOH to Cr(III) salt solutionms.

Olated Cr(III) reagents were prepared according to Equation 2 by
reacting Cr(N03) with a calculated equivalent of NaOH. Chromic
nitrate was used:Lecause the freshly prepared solution affords the
hexaaqua Cr(III) cationms.

Or(B,0)3" + nNaOH + Cr(0E)>™%; n = 0-3 (@)
The pH and UV-VIS spectral data are listed in Table I. For n=3,

the product Cr(0H), is a precipitate. Therefore, the UV-VIS
spectrum of Cr(OH)3 was not obtained.

Table I. UV-VIS of Olated Cr(III)*
(Cr(NOaf; + n NaOH *# Olates)

Al Al A2 A2 pH
n=0 406 1.367 574 1.159 2.48
1/3 410 1.551 576 1.256 2.66
2/3 414 1.811 578 1.372 2.78
1 418 2.080 580 1.498 2.87
2 420 2.75 584 1.837 3.25
3 NA NA NA NA 4.89

*0.088M

A gradual shift of absorption maxima to Jonger wavelength and an
increased absorbance were observed when Cr° reacted with more and
more NaOH. The shift of peak position and the change in absorbance
were also found by Ardon and Stein (6). The spectra of olated Cr
prepared by us agree with the literature.
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As increasing amounts of NaOH are added to the Cr(NO,), solution,
the hydrolyzed Cr forms dimeric, polymeric and three-dimensional
species. Gelled, amorphous and colloidal Cr(0H), is eventually
formed. E. Matijevic reported the preparation of “a monodispersed
Cr (0H)., sol by forced hydrolysis of Cr(III) salt at 90°C (7).
Becausé of the differences in structural features, each olated
species (n=1,2,3) should react differently with polymers and form
gels of different properties.

Gelation Mechanism and Rate of Cr(III) Olates

The gel time of a 2000 ppm Flocon 4800 (a Pfizer xanthan polymer) in
2% NaCl solution was measured with various Cr(III) crosslinkers at
room temperature (Table II). In this series of experiments Cr (III)
concentration was 90 ppm. The most reactive Cr(III) species were
olates derived from Cr(NO ) with one and two equivalents of NaOH.

Gels formed within 5 minuges and the reaction rate appeared to be
diffusion-controlled. Cr(N03)3 without NaOH required 48 hours to
gel the polymer solution. This‘reflects the time needed to hydrolyze
Cr(N03)3 in Equation 3.

or(NO,) AN or @03 K> [or, (0B, (8,0),]4* Xenthan, o) (3
3’3 276 Slow L*T2'"™ala%4 Fast

Table II. Variation of Gelation Time by Different Cr(III) Sources

Polymer = 2000 ppm Pfizer Flocon 4800 in 2% NaCl

Cr = 90 ppm

_ Cr_Source Gel Time
Simple Cr olate

0 /Cr = 1,2 <5 Minutes
Cr (III) salts™ 24-48 Hours
Redox Cr, Cr20; + 8205=* 1-2 Weeks
Hydrous Cr(OH)3 colloid 3 VWeeks

*Without pH control.

Since low pH suppresses this hydrolysis process, xanthan/NaCl
mixtures with a pH lower than 3 did not gel at room temperatures for
over a month. The Cr(0H), colloid formed by forced hydrolysis at
90°C (7) takes 3 weeks to gel the xanthan solution. This could be
due to the slow dissolution of three dimensional networks of Cr(OH)
by polymer ligands. These results strongly suggest that olates are
the reactive crosslinking species and the hexaaqua Cr(III) is not.
The crosslinking reactivities are about the same for the olates of
various degrees of oligomerization. Because the rate of gelation
decreases due to heterogeneous reactions and to the reduction of
effective Cr concentration at higher degrees of polymerization, the
dimeric olate should be the most effective crosslinker.
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Prud’homme observed a second-order rate dependency of Cr in the
gelation of polyacrylamide and redox-produced Cr(III) (9). He
suggested that the binuclear Cr olate is involved in the crosslinking
reactions. It was not determined whether the olation reaction of Cr
occurred before or after the polymer ligands attached to Cr ionms
(Equations 4A and 4B). To determine this, we used Cr(NO,), and NaOH
in 1:1 molar ratio to gel Flocon polymer with different mixing
sequences. The mixing sequence markedly affected gel time. Based on
the following observations, we strongly favor the "B" gelatlon
scheme. Adding 90 ppm Cr olate prepared by pre-mixing Cr(NO and
NaOH to 2000 ppm Flocon in 2% NaCl led to rapid gelation (<§ min) .
Adding Cr(NO ) to the polymer solution first and followed by adding
an equivalen% amount of NaOH resulted in a much slower gel time of 6
hours. Adding an equivalent amount of NaOH to the polymer solution
and then Cr(NO,)., resulted in a gel time of 1 hour. These results
suggest that the Teaction between the polymer ligand and Cr olate is
much faster than that of forming Cr olate. Therefore the rate
determining step is the formation of olate which involves
deprotonation and dimerization. Since the gelation time of Cr(NO )
+ polymer without NaOH is the longest (1-2 days) among the react1on
schemes, the critical step of olation must be the deprotonation.

(V]
B0 3 P 3+
- Hy0 | H,0 B0 | _ HyD By
+ o > _Cr >
Hy0 ~ | H 0 E,07 | H,0
2 2
H,0 H,0
(4)
P 2+ P H20 4+
HZO\(';r/ ): ox Hzo\([;r/on\cl _ B
B0 | SN0 B0~ | ~0E- | ~ H0
2 2 2 2
H,0 H,0 P
Crosslinked
(B)
1,0 H,0 4
5,0 | _OH | _H,0
2P + 2 :Cr/ \Cr ~ 2
B0 | SOH— | S HD
2" m5po 0 2
2 2
P = Polymer
Gelation Reaction of Redox Generated Cr(IIT)
2- - 2-
20r,05 + 3s20§ +E0 + 2 "Cr,0." + 20" + 650) (5)

Gelation time of a 2000 ppm Flocon 2% NaCl solution with 90 ppm
Cr(III) according to Equation 5 was 2 weeks (Table II), which is in
the range of the Cr colloid gelation discussed earlier. Based on the
earlier discussion, the gelation reaction of redox generated Cr(III)
can also be accounted for with the olation mechanism. However it is
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very important to have a better understanding of Cr(VI) »+ Cr(III)
reduction, since the reaction rate and the reaction product are
highly dependent on the amount of acid present in the redox reaction.

The pH Dependence of Cr(VI) Reduction and Its Products

Chromate is a strong oxidizing agent in acidic media and produces
Cr(III) ions in the hydrate form, Equation 6. In neutral and basic
media, chromate is a rather weak oxidizer, as evidenced by its
negative oxidation potential (Equation 7), and the product is chromic
hydroxide (8).

Ory07 + 14 B + 6e” » 2 Cr>*(aq) + 7 B,0 E°=1.33V (6)
Crﬂz_ + 4 H20 + 3¢ = Cr(OH)s(s) + 500 E°=-0.13V (7

None of the Cr(III) products from Equations 6 or 7 are effective
crosslinkers since a chromic aqua ion must be hydrolyzed first to
form olated Cr to become reactive. Colloidal and solid chromium
hydroxides react very slowly with ligands. In many gelation studies,
this critical condition was not controlled. Therefore, both slow
gelation times and low Cr(VI) + Cr(III) conversion at high chromate
and reductant concentrations were reported (9,10).

By adjusting the reaction pH, one can achieve a thermal-
dynamically favorable redox reaction and produce reactive Cr olates
in the dimeric or linear polymer forms for crosslinking.

Gelation Reactions by Acidity-Controlled Redox Reactions

The approach is based on proper control of the acidity of the redox
reaction mentioned earlier. A general equat1on of the dichromate-
disulfite reaction as a function of acidity is expressed in Equation
8 where Cr(OH)3 and B are the hypothetical products.

2 Crg02” +3 8,027 n B + 7 K,

The regct1on of Cr(0H), and BH' is the reverse of the hydrolysis
of Cr(H 0) (Equation 1). " Therefore by adjusting the acidity of the
redox reacg1on (Equation 8), Cr olates of all oligomerizations can be
prepared.

At HC1 stoichiometries of n=0, 2, 6 and 10 (Equation 8), the
reduction product showed wide variations in gelation reactivity
(Table IIT). At n=2 and 6, the reaction products were very effective
in gelling a 2000 ppm Flocon 4800 xanthan polymer because dimeric and
linear polymeric Cr olates are formed. On the other hand, at n=0 and
10, gelation was very slow, because highly hydrolyzed material
similar to Cr(0H), is the product when n=0, and aqua ion of Cr(III)
with blue color is the product when n=10. Furthermore, in the n=10
case, where no gelation occurred after 24 hrs, a gel formed in one
hour after enough NaOH was added to yield the suggested dimeric Cr
olate. All the above results have shown the importance of acidity in
determining the reactivity of Cr(III) produced in a redox reaction.

0+ 4Cr(0H), + (+2) B' + 6 802 (8)
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Table ITI. Gelation by Acidity-Adjusted Redox Reactions
Polymer = Flocon 2000 ppm in 2% NaCl ; Cr(III) = 90 ppm

2- 2- 2-
20r,07" + 38,00 + EN: 7H,0 + 4Cr(0H) 5 + (n+2)H" + 6507

. Cr (III) Degree of Cr Gel?tion
nl Product Polymerization Time
0 Cr(OH)3 3-d Polymer No gel in 2 weeks
2 cr(on); 2-d Polymer 5 Minutes
6 cr(0m)2* Dimer 30 Minutes
10 Cr(H20)2+ Monomer 2-3 Days

Similar species are formed from both the acid-adjusted redox and
the Cr(III) salt - NaOH reactions. A comparison is given in Table
IV. The pH of each corresponding pair at the same Cr concentration
is very close, futher supporting this theory. The UV absorption at
~400 nm of the redox products shifted to shorter wavelength when the
starting redox mixture was made more acidic, suggesting that less
hydrolyzed Cr was formed at higher acidity. This trend was observed
in the preparation of Cr olates by the nNaOH + Cr(N03)3 reaction
(Table I).

Table IV. Similar Cr Olates Derived From Redox
and From Cr(N03)3+ xNaOH
Cr conc: 90 ppm

Redox Reaction Cr(IIT) Product Cr(NOsl, + xNaOH
o pH pH  xNaOH
() 5.5 Cr(0H),, 4.9 3

2 3.6 Cr(UH); 3.3 2

6 2.8 cr (0H) 2 2.9 1

10 1.5 o (B,0) 3" 2.5

Further Evidence on Acidity Influence of the Cr Redox Reaction

We noticed that the gelation of polymers by the redox method is
promoted if 2-3 times the calculated molar ratio of thiosulfite is
used (see half Equation 9 below). The gelation rate was very slow
when x=1 or x=4 (Table V).

2 Cr 02 + x(38,0)%" + B0 + Polymer + Gel (9)
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Table V. Gelation Rate as a Function of szog‘ Concentration

Polymer = 1500 ppm Flocon in 2% NaCl
2 Cr=90 ppm2
2 Cr207_ + x (3 8,05) ~ + Polymer

X Gel Time, hr. Color of Reaction Mixture
1 No gel in 2 weeks Yellow

2 4 Green

3 2 Green

4 24 Blue

Here, disulfite is functioning as a latent acid, releasing
protons and bisulfite upon hydrolysis (Equation 10). At the proper
proton concentrations, (x=2, 3), rapid Cr(VI) reduction and fast
gelation take place. Therefore at x=2 to 3, the redox reaction
should be the same as if acid were added at n=2 to 6 (Equation 9).
The gelation reactivity of the two are comparable under these
conditions.

2-
5205
At x=1, the redox reaction was very slow and the UV-VIS
absorption showed no change with time. The orange - yellowish color
persisted for weeks, indicating that there was little or no reduction
(i.e., poor conversion) of Cr(VI). At x=4 or more, development g{
blue color occurred instantly, which is evidence of Cr(H,0)
production via the acidic redox mechanism. At x=2 to 3, the green
color of olated Cr(III) developed in minutes, followed by gelation of
the polymer.

+H0 + 20 + 2802 (10)

Conclusions

* The reactive Cr(III) species in polymer crosslinking are the
olates derived from the hydrolysis of hydrated Cr(III) cations.

¢ The rateiggterming step is the deprotonation in the hydrolysis
of the Cr" hydrate.

e In the presence of NaOH or other basic materials, dimerization to
form olates becomes the rate-determining step.

¢ Various Cr(III) olates can be generated from the reduction of
Cr(VI) by controlling the amount of the acid.

¢ The gelation mechanism of redox-Cr(III) follows the same pathway
as Cr(III) salt gelation.
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Chapter 7

Electron Microscopy of Xanthan

Topology and Strandedness
of the Ordered and Disordered Conformation

Bjérn T. Stokke, Arnljot Elgsaeter, and Olav Smidsréd

Division of Biophysics and Division of Biotechnology, Norwegian Institute
of Technology, University of Trondheim, N—7034 Trondheim, Norway

Xanthan is a polyelectrolytic exopolysaccharide of potential
interest for polymer flooding in high salinity and high
temperature reservoirs. Optical rotation dispersion measure-
ments reveal that xanthan undergoes a temperature- or salt-dri-
ven cooperative order-disorder conformational transition. Here
we present electron micrographs of vacuum-dried and heavy-metal
replicated dilute aqueous =xanthan solutions. In the ordered
conformation xanthan appears as highly elongated molecules with
uniform thickness. Observed weight average contour length
combined with experimentally determined molecular weight yield
a mass per unit length of (1900:200) Dalton/nm for xanthan from
several different sources. This finding is consistent with
xanthan being double-stranded in the ordered conformation.
Electron micrographs of xanthan under disordering conditions
show a mixture of species ranging from purely single- and
perfectly matched double-stranded species, to double-stranded
chains branching into their two subchains as well as different
degrees of mismatched chains.

The usefulness of xanthan in polymer flooding for enhanced oil
recovery is based on its ability to yield large increase in vis-
cosity at low polymer concentrations under high-temperature and high
salinity conditions. This important property of xanthan is deter-
mined both by its molecular weight and by the conformation adopted
in solution (1).

Xanthan is reported to undergo a chiroptically detected tempera-
ture or salt-driven conformational change from an ordered conforma-
tion at high salt and low temperature to a disordered conformation
either associated with lowering the salt concentration, or with
increasing the temperature (2-5). The primary structure of xanthan
has been known for about a decade (6,7), but different structures
have been suggested both for the ordered and disordered conforma-
tion. Some workers (8-13) conclude that the ordered conformation is
double-stranded or double-helix, whereas others (14-17) claim that a
single stranded description can account for the observed data under

0097—-6156/89/0396—0145$06.00/0
© 1989 American Chemical Society
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conditions where the ordered conformation is prevailing. For highly
purified, low molecular weight xanthan (Mw = 2 103 Dalton), it is
reported using light scattering and intrinsic viscosity, that there
are no major changes neither in Mw nor in hydrodynamic volume on
going through the conformational transition in aqueous solution
(18-20). For higher molecular weight species, the radius of gyration
decreased while Mw remained essentially constant on passing through
the conformational transition (19). Use of cadoxen as solvent yields
disordering conditions reported (11,21) to give complete strand
separation into single strands.

In this study we use electron microscopy (EM) to study xanthan
strandedness and topology both in the ordered and disordered
conformation. Correlation of data obtained from electron micrographs
to physical properties of dilute aqueous solution on the same sample
will be used to provide a working hypothesis of the solution
configuration of xanthan. Electron micrographs obtained from xanthan
of different origins will be compared to assess similarities and
differences in secondary structure at the level of resolution in the
used EM technique.

Materials and methods.

Xanthans from several different sources were used in this study:
Xanthan samples A, B and C were kindly provided as freeze dried
powder of wultrasonic degraded xanthan by Dr. B. Tinland, CERMAV,
Grenoble, France. The molecular weights of these samples were
determined experimentally in dilute solution by Dr. B. Tinland.
Xanthan D was kindly provided as pasteurized, wultrafiltrated
fermentation broth by Dr. G. Chauveteau, Institut Francais du
Petrole, France. Xanthan E was kindly provided as a freeze dried
sample from Dr. I. W. Sutherland, Edinburgh, Scotland. Xanthan F was
obtained as a commercial, powdered material (Kelzan, Kelco Inc., a
Division of Merck, San Diego CA.). Xanthan G was obtained as a
commercial concentrated suspension (Flocon 4800, Pfizer, New York,
NY)

Preparation for electron microscopy was carried out by first
vacuum-drying dilute glycerol containing aqueous xanthan solutions.
A volatile buffer, ammonium acetate, was used as supporting electro-
lyte to keep xanthan in the desired conformation and to avoid major
changes in salt concentration during the vacuum-drying step. The
dried preparations were then rotary replicated with Platinuum at an
angle of 6°. The contours of the visualized molecules in the
electron micrographs were digitized and analyzed as described
earlier (22,23).

Results

Ordered conformation. Figure 1. shows representative electron
micrographs of samples A, B, C, and D vacuum dried from xanthan
solutions under ordering conditions as specified in the legend.
Xanthan samples A -D appear as unbranched, uniformly thick, con-
voluted chains. The contour length varies from molecule to molecule
as expected for a polydisperse polymer. The electron micrographic
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Figure 1. Electron micrographs of xanthan sample A (A), sample B (B)
sample C (C) and sample D (D). The electron micrographs were
obtained from replicas of vacuum dried solutions containing 100 mM
NH4Ac, 50% glycerol and 3 -10 pg /ml polymer. Scale bar = 200 nm.

American Chemical Society
Library
1155 15th St., N.W.
Washington, D.C. 20036
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"snapshot" of the molecules reveals a curvature that varies along
each polymer chain and is different from chain to chain. This is as
expected for random-coil and worm-like polymers undergoing internal
thermal fluctuations. Quantitative analysis of these electron
micrographs show that the contour length distribution depends on
weight average molecular weight determined by 1light scattering in
dilute aqueous solution. Figure 2 shows the contour length dis-
tributions for samples A -D. Each contour length distribution is
shifted on the ordinate according to its weight average molecular
weight determined in dilute aqueous solution. Figure 2 indicates
that the contour length distribution can roughly be described as a
log-normal distribution. There is no indication of a bimodal
distribution. The weight average molecular weight determined by
light scattering divided by the weight average contour lengths
yields estimates of the mass per unit length in the range 1750 -
2100 Dalton /nm (Table I) for all three xanthan samples (A-C). The
estimated ML for the three samples are in the same range as observed
for xanthan of other origins (Table II) using the same approach.

Table I. Molecular weights, contour 1lengths, and 1linear mass
densities

Sample Mw/10° Ln Lw n M, = Mw/Lw  Ip = Lw/Ln
(nm) (nm) (D/nm)

A 2.6 118 150 197 1730 1.3

B 6.5 235 337 184 1930 1.4

(o] 1. 352 558 160 1971 1.6

Mw is the experimetally determined weight average molecular weight
in dilute aqueous solution.

Ln is the number average contour length from the EM data

Lw is the weight average contour length from the EM data

n is the number of molecules in the distribution

M;, is the apparent linear mass density

Ip is the polydispersity index.

Figure 3 shows an electron micrograph of a representative
replica region of "native" xanthan E. This native xanthan (Fig. 3)
contain a large number of aggregates, whereas after exposure to 80
°Cc for 2 months in synthetic brine (27) this sample reveals the
general features of a polydisperse, uniformly thick worm-like
polymer.

Figure 4 shows average end-to-end distance <r’>1/2 versus
contour distance L for xanthan D, F and G obtained by quantitative
analysis of electron micrographs. Electron micrographs of xanthan
samples F and G are reported previously (22,25). The limiting slopes
a, log (<r?>1/2 ) . q log L for L> 300.0 nm are observed to a = 0.69
for xanthan D, a = 0.57 for xanthan F, and a = 0.73 for xanthan G.
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Figure 3. Electron micrographs of native xanthan sample E. The
electron micrographs were obtained from replicas prepared as
described in Figure 1. Scale bar = 200 nm.
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Figure 4. Average end-to-end distance <r’>1/ 2 yersus contour
distance L. for xanthan from samples D (V) , F(A)and G (W )
calculated from electron micrographs obtained as described in Figure
1. <r?> was averaged over a total contour distance of 123 um , 162
pm, and 124 ym for samples D, F and G respectively.
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Table II. Molecular weights, contour 1lengths, and 1linear mass
densities of xanthan reported elsewhere

Sample Mw/10° Ln Lw M, = Mw/Lw
(nm) (nm) (D/nm)
D 18. 732 1050 1714
(ref. 26) 21. 671 1079 1946
(ref. 24) 20.3 578 1017 2000
(ref. 24) 5.7 157 238 2390
(ref. 24) 3.1 98.6 165 1880

Disordered conformation. Figure 5 shows electron micrographs of
xanthan D and F obtained from xanthan vacuum-dried from solutions
yielding the disordered conformation. The various molecular
assemblies are assigned as follow: I = single -stranded, 1II =
perfectly matched double stranded, III = branched from double - to
single stranded. This assignment will be discussed below.

Discussion

Ordered conformation. The picture emerging from the electron
micrographs of xanthan A, B, C and D is that of a highly elongated,
uniformly thick, polydisperse polymer. The relation between solution
configuration and the model proposed for xanthan D has been dis-
cussed in detail elsewhere (26). The electron micrographs further
suggest a much higher degree of association in xanthan E before
exposure to 80 °C than after (27). The electron micrographs cannot
alone be used to determine whether xanthan of samples A, B, and C is
double-stranded or single stranded because of potential decoration
effects. However, contour length data from electron micrographs in
combination with molecular weight of the same samples in solution
yields estimated mass per unit contour length, ML, which for xanthan
A - D range from 1700 Dalton/nm to 1970 Dalton/nm (Table I). X-ray
fiber diffraction (28) yields axial translation of 0.94 nm per
pentasaccharide repeat unit for xanthan corresponding to 950
Dalton/nm for a single- stranded molecule, slightly dependent on
acetyl and pyruvyl substitution. The obtained ML therefore suggests
a double-stranded configuration for xanthans A - D under ordering
conditions. We use the notation double-strand rather than double--
helix merely to point out that the resolution in the electron
micrographs using the present preparation procedure can not distin-
guish between these two possibilities. Our working hypothesis that
xanthans A , B and C are double-stranded 1is contrary to earlier
interpretations of solution data of parallell preparations (29).

The native sample E (Fig. 3) contains a relatively large amount
of aggregated structures. Most of them appear to rearrange into
perfectly matched double-stranded chains after incubation at 80 °C
for 2 months (27). This rearrangement is reported to result in a
fivefold increase in the apparent viscosity at a shear rate of 1 s-1
(27). A similar rearrangement of xanthan assemblies is also observed
in a unpasteurized fermentation broth after exposure of the sample
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Figure 5. Electron micrographs of xanthan sample F (A), and D (B)
obtained from replicas of xanthan vacuum dried from solutions
containing 0.1 mM ammonium acetate, 50 % glycerol and 3 - 10 wug /ml
polymer. Specie designation: I = single-stranded, II = perfectly
matched doublestranded, III = branching from double- to single-
stranded. Scale bar = 200 nm.
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to disordering conditions (10-5 M NaCl, T = 30 °C) at a low polymer
concentration (26). The association of xanthan single-chains may
result in a double-stranded configuration, or even higher molecular
weight aggregates as exemplified in Fig. 3. There might be several
factors affecting what structure will be the preferred one: polymer
concentration, concentration of divalent ions, and kinetics in the
order - disorder conformational transition. Based on model calcula-
tions, it can be shown that the perfectly matched double- stranded
configuration corresponds to the lowest free energy (30). The
aggregates observed in the native material can therefore at the low
polymer concentration used in the preparation for electron micros-
copy be regarded as metastable state, kinetically trapped from the
perfectly matched double-stranded configuration.

There appears to be close similarity between the observed
scaling behavior of xanthans D, F and G (Fig. 4) indicating that the
adsorption of all these xanthan types results in a comparable
dimensionality change. However, some atypical chains with highly
convoluted segments are occasionally observed in xanthan G. Because
of difficulties in unique assignment of a polymer contour to these
highly convoluted chains they were excluded from the quantitative
analysis. The exclusion of the relative small number of atypical
chains affects the scaling behavior of <r®>! versus L only to a
minor degree. Xanthan G did not appear to be as densely aggregated
as xanthan E possibly because xanthan G was supplied as a con-
centrated fermentation broth and not as a dried material where more
intermolecular association could have occurred.

Disordered conformation. The difference between Fig. 1 and Fig. 5
indicates that during the last stage of the vacuum drying from 104
M NH4Ac there is not enough time for xanthan to rearrange to the
state observed in Fig. 1. Although we use a volatile buffer, an
increase in the salt concentration may occur during the vacuum-dry-
ing process resulting in a shift towards the ordered condition from
the starting solution which corresponds to disordering conditions.
The presence of glycerol slows down any tendency to conformational
ordering because of increased solution viscosity. It is therefore
likely that Fig. 5 reflects some aspects of the disordered state of
xanthan, and below we will discuss molecular models suggested by the
electron micrographs of the disordered form.

The electron micrographs in Fig. 5 reveal a mixture of mole-
cular assemblies. These assemblies are assigned with a letter based
on their thickness and on the following interpretation: Because the
configuration under ordering conditions is shown to be double
stranded, the observed branching into two thinner strands most
likely corresponds to the two single-stranded subchains. The
electron micrographs also show that the thin strands are more
flexible than the thick ones. The thick strands have close simi-
larity to those observed in electron micrographs prepared from
solutions where xanthan is under ordering conditions. This is true
both with respect to thickness and apparent turtoisity. Correlation
between observed solution properties and the molecular models
suggested by this type of electron micrographs is detailed elsewhere
(26). Note that similar branching behavior is observed in the
disordered conformation (Fig. 5) for xanthan D and G although
xanthan D have been reported to be single- stranded (16) whereas
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xanthan of the same origin as sample G has been reported to be
double-stranded (9). The similar behavior of xanthan D and G in the
disordered conformation is also consistent with xanthan D and G
having similar ordered conformation.

Similarities and differences between xanthan of different origins.
The linear mass densities of the xanthan samples A-C (Table I) are
comparable with those obtained using the same method, for xanthan of
two alternative sources (Table II). For these three origins, the
linear mass densities of highly purified samples are all within
experimental uncertainty of that of a double-stranded structure.
Thus, the EM method in combination with a molecular weight moment
(i.e. Mn from osmometry or Mw from light scattering) yields consis-
tent results as far as the linear mass density concerns irrespective
of the origin for these xanthans. This is contrary to interpreta-
tions of data obtained from solution properties, in which xanthans
of origins A - C and D have been suggested to adopt a single-
stranded conformation in the ordered state (16,28). The estimates
of ML from the EM method is based on the ratio between a experimen-
tally determined molecular weight average and the corresponding
contour length average. Although the number of molecules are at
least 10 orders of magnitude smaller in the data from the electron
micrographs than the data from dilute aqueous solution, it is in
principle possible to estimate contour length averages to be used in
combination with any molecular weight average because the distribu-
tion is obtained.

In conclusion, we observe only minor differences in configu-
rational properties of highly purified and post-fermentation
processed xanthans from various sources. However, other workers have
reported differences in physical properties among products of
various origins (16,31). Our electron micrograph data on the native
material and the observed effect of exposing native xanthan samples
to high temperature suggest that differences among various products
may reside in differences in post-fermentation processing rather
than basic configurational features of xanthan. The forces stabiliz-
ing a double-stranded structure could well result in formation of
more aggregated structures on double-strand formation at sufficient-
ly high polymer concentration. At temperatures well below the
transition temperature such aggregated structures would not dissolve
when diluted. Increasing the temperature towards the transition
temperature would lower the kinetic barriers needed to overcome to
reach the most stable (double-stranded) conformation. The observa-
tion of aggregate hydration as a result of high temperature exposure
is also supported by the work of Holzwarth and coworkers (33), who
patented a method for improving filterability based on temperature
treatment. This improved filterability probably arise from dissolu-
tion from aggregated molecules to dispersed ones under the tempera-
ture treatment.
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Chapter 8

Succinoglycan

A New Biopolymer for the Oil Field

Anthony J. Clarke-Sturman,! Dirk den Ottelander, and Phillip L. Sturla

Shell Research Ltd., Sittingbourne Research Centre, Sittingbourne, Kent,
ME9 8AG, United Kingdom

Succinoglycan, a microbially produced polysaccharide
with an eight sugar repeating unit, has similar
properties to xanthan, and has been successfully used
in well completion fluids in the North Sea, where an
apparently unique property -- partially reversible
viscosity collapse, at a temperature, T , determined
by the brine composition, was considered advantageous.
This viscosity collapse is associated with a
structural order-disorder transition, which in sea
water occurs at around 75 C. (A similar transition,
normally at a higher temperature, occurs in xanthan.)
In calcium bromide brines, the T values of both
succinoglycan and xanthan fall, Teading to viscosity
loss as both biopolymers are more readily degraded in
the disordered state. Stability of both biopolymers
can be improved by using brines based on potassium
formate rather than calcium halides.

The oil price rises in the 1970s stimulated interest in Enhanced 0il
Recovery (EOR), and fairly rapidly the biopolymer xanthan, the
extracellular polysaccharide from the bacterium Xanthomonas
campestris, an organism which normally resides on cabbage leaves,
was identified as a leading contender as a viscosifier for polymer
enhanced water flooding.

Xanthan, used in EOR trials in the USA, and still being
considered elsewhere, has found a niche in drilling fluids, which,
together with other oilfield uses, accounts for some 2000 tons per
year. Xanthan solutions have several useful properties; they display
a highly pseudoplastic rheology, are tolerant to salt, and have good
thermal stability. There was we felt, however, some scope for
improvement.

ICurrent address: Shell International Petroleum Company, PAC/31, Shell Centre, London, SE1
7TNA, United Kingdom

0097—-6156/89/0396—0157$06.00/0
© 1989 American Chemical Society
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"Shell" and Biotechnology. Xanthan is manufactured by fermentation,
a biotechnological process. How could "Shell", an oil company, be
interested in such processes? The Royal Dutch/Shell Group is,
however, no newcomer to biotechnology. The Milstead Laboratory of
Chemical Enzymology was set up in 1962 and was headed by Professor
John Cornforth, who went on to win the 1975 Nobel prize for
Chemistry shortly after he retired. In 1970 a fermentation
laboratory was built on the same site.

The first large scale process studied was the conversion of
natural gas to 'single cell protein' for animal feed. Although
technically successful, the project was finally defeated by a
combination of high oil, (and gas), prices and cheap soya beans. It
did, however, leave us with a strong background in fermentation
technology and microbial physiology.

Work on the fermentation of microbial polysaccharides started
in the mid 1970's, with the aim of producing improved polymers. Many
thousands of samples were screened for microorganisms which produced
viscous polymers. Out of over 2000 such 'slime producing' organisms
isolated, only one, identified as a Pseudomonas species, now NCIB
11592, seemed to produce a polymer with interesting new properties.

Succinoglycan. Initially identified advantages of this polymer,
succinoglycan, were that aqueous solutions of it were more viscous
than solutions containing an equal concentrations of xanthan, and
that the polymer tolerated higher concentrations of salt, in the
sense that solutions passed more readily through microporous
filters. These properties made the polymer of potential interest for
EOR.

An interesting characteristic, however, was that at a
particular temperature, often around 70°C in sea water for example,
the viscosity would collapse, to be partially recovered on cooling.

Experimental

Polysaccharides. Many strains of bacteria produce succinoglycan
(1). The Rhizobia, particularly, grow very slowly, and the rate of
polymer production is low. Much effort was spent obtaining a strain
which produced succinoglycan at a high rate and of good quality
(2.3). An organism was selected and a fermentation process developed
at laboratory scale. The process has been scaled up successfully and
operated at 220 cubic metre scale.

Succinoglycan is now available commercially, in Europe, under
the trademark Shellflo-S and as it is a concentrated solution rather
than a powder, it readily disperses in brines commonly used in the
oilfield.

Shellflo-XA, a proprietary grade of xanthan and cellobond X-100
a hydroxyethylcellulose (HEC) were used for comparative purposes.

Chemical analysis. Succinoglycan, purified by micro-filtration and
dialysis, was hydrolysed in 0.5M sulphuric acid at a concentration
of approximately 5Smg/ml for 16 hours at 95°¢C. Sugars and acids were
determined by HPLC using Biorad HPX-87 columns. No pretreatment was
required for acids analysis - detection was by measurement of UV
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absorption at 206nm. Sugars analysis required the neutralization of
the solution with barium carbonate - detection was by refractive
index measurement. Typically over 95% of the carbon in the original
sample, which was determined by microanalysis, was recovered in the
sugars and acids.
Hakomori methylation analysis, and preparation and GLC,qf the

PAAN derivatives (4), were used to determine the linkages. C NMR
of partially hydrolysed samples confirmed the octasaccharide repeat
unit, the beta linkages and the presence of the carboxylic acids.

Rheological measurements. Routine viscosity measurements were made
with a Wells-Brookfield micro-cone and plate viscometer, or a
Brookfield LVT(D) viscometer with UL adapter. Viscosity-temperature
profiles were obtained using the latter coupled via an insulated
heating jacket to a Haake F3C circulator and PG100 temperature
programmer or microcomputer and suitable interface. Signals from the
viscometer and a suitably placed thermocouple were recorded on an
X-Y recorder, or captured directly by an HP laboratory data system.

A number of other viscometers were also used, including Haake
CV100 and RV3 models. The latter was coupled with a D40/300
measuring head and oil bath circulator for measurements above 100°c.
Back pressures up to 4 bar were used and measurements made up to
about 160°C.

Hydrolysis rate measurements. Hydrolysis rates were examined by
mixing polymer solutions with hydrochloric acid, in apparatus
previously described (5). Solutions of polymer and acid are mixed
rapidly, and the torque on a rotating PTFE coated fork, attached to
a Brookfield LVID viscometer, recorded as a function of time.
Decreases in viscosity were approximated to first-order, and
half-lives for viscosity loss calculated.

Results and Discussion

Composition and Structure. Chemical analysis of the polymer from
our first strain (NCIB 11592) indicated that it was a polysaccharide
containing the sugars, glucose and galactose, and the carboxylic
acids -- succinic and pyruvic -- in the approximate ratios 7:1:1:1.
A similar polymer had been discovered some years earlier by Harada
and his coworkers in Japan (6), produced by an organism which grew
on ethylene glycol as sole carbon source. Almost simultaneous with
our discoveries (2), the structure of succinoglycan, as the polymer
was called, was published (7) (Figure 1).

Like all polymers, succinoglycan, is not a single polymer but a
family. Succinoglycan is the extracellular water-soluble
polysaccharide produced by a number of Agrobacterium, Rhizobium, and
related species of soil bacteria. All have octasaccharide repeating
units (Figure 1) with tetra-glucose units in side chains attached to
tetrasaccharide main-chain repeating units, each containing a single
galactose sugar. Pyruvic acid is bound as pyruvate ketal on the
terminus of each side chain, and succinic acid is bound as
mono-ester, at an unknown position or positions, as are acetate
groups which are found in some strains.
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We have examined succinoglycans from a number of bacteria. The
polymers from different organisms have different proportions of acid
substituents (Table 1). They also have slightly different physical
properties, particularly viscosity (Figure 2). In some cases it may
be useful to select a polymer with particular characteristics.

Rheology. The viscosity of dilute solutions rises rapidly with
concentration (Figure 3). The rheology is, of course, pseudoplastic:
the apparent viscosity falls with increasing shear rate. The
viscosity of concentrated solutions, the commercial product for
example, is, however, lower than might be expected from
extrapolation of low concentration data. This is because, in common
with many stiff or rigid molecules such as surfactants, a liquid
crystalline phase is present. In succinoglycan the mesophase appears
at concentrations greater than about 0.5 per cent w/v.

Comparison of Xanthan and Succinoglycan. The physical properties of

succinoglycan and its solutions are similar to those of xanthan.
Both polysaccharide molecules are relatively stiff, stiffer even
than simple cellulosics such as HEC, and have a molecular masses in
excess of two million. Recent work by Rinaudo and coworkers
(Personal communication) and Crecenzi and colleagues (Int. J. Biol.
Macromol., submitted) has shown that succinoglycan molecules are
also stiffer than those of xanthan.

This greater stiffness is one reason why solutions of
succinoglycan are more viscous than xanthan solutions of equal
concentration. The stiffer the molecule, for a given molecular
length, the larger the volume of solution that is swept out as the
molecules rotate, and the greater the interaction with neighbouring
polymer molecules. Such interactions begin to occur at quite low
concentrations, much less than 1 g/1. If the interactions are
'sticky', that is, there is a long contact time, entanglement can
occur leading to higher viscosities and ultimately a gel.

Entanglement and weak gel formation are characteristic of some
oilfield polysaccharides such as guar and starch, but are present
only weakly, if at all, in both xanthan and succinoglycan solutions.
Solutions of xanthan and succinoglycan are thus able to pass through
porous media such as rock, while guar and starch cannot because of
their gel-like nature. Hence the different uses of these polymers
in the oilfield.

Order-disorder Transition. In common with xanthan, succinoglycan
exhibits an order-disorder transition, which in xanthan has been
characterized by a number of techniques, including optical rotation
and birefringence measurements (8). Viscosity measurements, as a
function of temperature, can show the transition in xanthan (9),
although the viscosity change is often small as the xanthan backbone
is cellulose and still quite stiff. In contrast, however, the
viscosity change in succinoglycan solutions is dramatic (Figure 4).

Effect of Temperature. The fall in viscosity usually occurs over a
small temperature range, and to a level close to that of the solvent
itself. The recovery of viscosity on cooling is partial (Figure 5)



Publication Date: July 10, 1989 | doi: 10.1021/bk-1989-0396.ch008

8. CLARKE-STURMAN ETAL.  Succinoglycan

Table 1. Composition of Succinoglycan from Different Strains
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Glucose Galactose Pyruvate Acetate Succinate

Pseudomonas sp. NCIB 11592
Pseudomonas sp. NCIB 11264
Rhizobium meliloti Ko4

Rhizobium meliloti OSM 30136
dgrobacterium radiobacter NCIB 8149
Agrobacterium radiobacter NCIB 9042
Agrobacterium tumefaciens OSM 30208

7

NN N NN

1.02
0.94
1.00
1.05
1.05
0.94
0.97

0.96
0.91
1.00
1.02
0.98
1.00
0.89

<0.3
<0.3
1.20
1.07
0.35
<0.3
<0.3

1.08
0.67
1.65
1.98
0.74
0.57
0.51

4)=B—D~Glep=(1~—=4)~f~D=Glep(1 —=3)=~D~Galp~(1~—=-4)~p~D~Glep—(1

6
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Figure 1. Structure of succinoglycan.
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and depends on the structure of the succinoglycan and the nature of
the environment.

Transition Temperature. The order-disorder transition temperature
mid-point T is also determined both by the environment - salinity,
pH value, and the nature of the ions in solution, and the structure
of the polymer - charge, pyruvate, succinate and acetate content.
Most published work describes the low salinity behaviour of such
polymers, and has shown that for xanthan, the transition temperature
exceeds 100°C as the salinity exceeds about 1 per cent sodium
chloride (10).

Salt Effects. 1In the low salinity region, the charge on the polymer
determines the slope (Figure 6), and the acetate content changes the
Tm by about 15% per mole/repeat unit. We have obtained data for
solutions of higher salinity. Not only have we looked at sodium
chloride, but also salts such as calcium chloride and bromide which
are used in heavy brines for drilling and workover operations.

The results (Figure 7), in this case for succinoglycan, are
rather surprising. The transition temperature does not always
increase or decrease as a function of the salt concentration, but
rather, in some brines, a maximum value is reached after which the
transition temperature falls with increasing salinity. This is
particularly apparent for the two calcium salts, calcium bromide and
chloride, both of which are used extensively in heavy brine drilling
fluids,

One line, however, that of compound 'X', does increase
steadily. It is significant, and we will return to it later.

We have examined a number of different salts and have shown
that the transition temperature can almost be altered at will (12),
in many cases in line with the Hofmeister or lyotropic series
(13-15), a relationship found for many other aqueous systems such as
hydrocarbon solubility and protein stability.

The viscosity of xanthan solutions in calcium bromide brines
was also measured as a function of temperature. We found that the
transition temperature fell rapidly as the concentration of salt was
increased, so much so that above 2 molar it fell below that of
succinoglycan.

Significance. What is the significance of these observations? For
succinoglycan solutions the answer is obvious, above the transition
temperature they have little or no viscosity, which may be
undesirable. Such polymers are usually used as viscosifiers or for
particle suspension. On the other hand, a drop in viscosity may be
an advantage if fluid penetrates a formation hotter than the well as
there could be little or no subsequent formation damage.

Degradation. There is, however, a second, more important, feature.
Above the transition temperature we have shown that both xanthan and
succinoglycan are more susceptible to degradation (5). This may be
because the polymer side chains become dissociated from the main
chain, in a similar manner to the unfolding of proteins. Viscosity
changes, however, indicate that main chain linkages have become more
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mobile, perhaps leading to a lower activation energy for hydrolysis,
and hence decreased stability. The main chain linkages also become
more exposed.

Under many conditions, the viscosity of HEC solutions falls
about 100 times faster than that of xanthan solutions. The rate of
viscosity loss of Shellflo-S solutions, on the other hand is
comparable with that of xanthan solutions at temperatures below the
transition temperature, and comparable with that of HEC solutions
above.

The relative stabilities of xanthan and Shellflo-S can be
reversed. We have made measurements in a number of brines, including
calcium bromide (5), and found that xanthan solutions were less
stable than those of succinoglycan above about 400g/l1 (c. 2M).

Transition temperature and stability are, therefore, closely
linked. The rate of viscosity loss of both xanthan and succinoglycan
solutions increases about 100 fold as the molecules become
disordered above T . This may be a problem, as some users of xanthan
in heavy brines haVe discovered, but it can be used to advantage.

Well Completion. In well completions it is essential that clean
fluids are used, otherwise the production zone can become blocked
and oil and gas flows reduced. This is particularly important if the
structure is tight. It is also important that the polymer degrades
rapidly and leaves little or no residue.

The Troll field, in the Norwegian sector of the North Sea, is
the tenth largest gas field in the world, and the biggest offshore
in Europe. During the 1985 and 1986 drilling seasons, a formulation
containing Shellflo-S was used in some 20 well completion
operations. Mixing in the polymer was straightforward and the
results were extremely favourable.

It seems probable that in this case the conditions were ideal
for Shellflo-S. The water depth is in excess of 300 metres and the
reservoir relatively shallow, with a bottom hole temperature of
around 70°C, close to the transition temperature.

This combination of long riser and relatively shallow hole
probably favours a polymer with a high pseudoplastic index - high
viscosity at the low shear rate in the slow-moving fluid in the
riser - and rapid, clean breaking at the well bottom temperature.

Such favourable conditions may not occur in many, or any other
places. So, is the polymer a one field wonder? Probably not. It was
mentioned earlier that it is possible to manipulate the transition
temperatures of both Shellflo-S and xanthan by altering the brine.
By this means the breaking of the polymer could be adjusted to the
required value. The problem is that conventional heavy brines, such
as calcium chloride and bromide, decrease the stability of these
polymers, when just the reverse is often required, as heavy brines
are generally used in deeper, hotter wells.

Increased Stability. Returning to Figure 7, we see that compound
'X' is able to increase the transition temperature substantially.
This compound is potassium formate, which can be used at specific
gravities up to 1.6. It is possible that, by using a brine based on
formate, or perhaps some other salt, biopolymers such as Shellflo-S
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and xanthan might be used more widely. We have recently shown (12)
that most of the viscosity of a xanthan solution can be retained for
up to 40 hours at 153°C in a formate based brine which has the same
density as a calcium chloride brine in which xanthan is unstable.

Conclusions

Shellflo-S, succinoglycan is an interesting new polymer for use in
the oilfield, in many ways complementary to xanthan. It is
particularly appropriate for use in well completion fluids at
moderate temperatures, where a more pseudoplastic rheology than that
provided by HEC, and a more rapidly breaking polymer than xanthan is
required.

The order-disorder transition temperature is a crucial
parameter for biopolymers like Shellflo-S and xanthan, as it
controls both rheology and breaking sensitivity.

Brine composition and polymer type should be considered
together, and could lead to improved control of the viscosity of
polysaccharide based drilling fluids.

Shellflo-S. 1In one area at least, biotechnology has something to
offer the oil industry. Many of the polymers used in drilling fluids
are based on natural products. They can be cheap like starch or guar
or offer performance no synthetic can match, such as xanthan or
succinoglycan. Shellflo-S is for use now in such areas as well
completion, but more widespread use could follow if its particular
range of properties are seen to be useful, and the cost of
production is reduced.
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Chapter 9

Complex Copolymers for Mobility Control,
Water Purification, and Surface Activity

John J. Meister and Chin Tia Li

Department of Chemistry, University of Detroit, Detroit, MI 482219987

Complex polymers countaining different functional groups
and structures with sharply different chemical and
physical properties are needed to meet the varied and
multifaceted demands of resource recovery.
Simultaneously, the supply of oil on our planet is
dwindling while the cost of this increasingly scarce
resource must eventually go up. The price to use oil to
recover 0il will then become economically unjustified and
additives or process chemicals that are produced from
renewable resources will be the materials of choice.

The polymers that can be converted to industrial process
chemicals are described here and the chemistry that can
convert two of these natural products, starch and lignin,
to such chemicals is detailed. Synthesis,
characterization, and testing of nonionic and anionic
graft copolymers of starch show the products to be
viscosifiers, drag reducing agents, and surface active
agents. Synthesis, characterization, and testing of
nonionic, cationic, and anionic graft copolymers of lignin
show the products to be viscosifiers, thinning agents,
drilling mud additives, and surface active agents.

Most polymers used in oil field operations and resource recovery are
synthetic. The man-made materials in common use are:
poly(1-amidoethylene) ( = polyacrylamide ),
poly( 1-amidoethylene-r-( sodium 1-carboxylatoethylene ) ( =
partially hydrolyzed polyacrylamide ), poly(1-amidoethylene-r-
( sodium 1-(2-methylprop-1N-yl-1-sulfonate)amidoethylene) (AMPS-
acrylamide copolymer), and xanthan gum. Xanthan gum is a synthetic
because no one finds a pool or river contaminated with Xanthomonas
compestris that experiences the right sequence of solute to naturally
produce the exocellular gum polymer. A fermenter is a man made
object, a tree is not.

The natural polymers in common use are: cellulose, lignin,
chitin, starch and guar gum. The natural products had complete
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control of the polymer market prior to 1930 but the greater effect-
iveness of synthetics produced at low cost from petroleum have sharply
cut the market share of the natural polymers. This market shift can
not be permanent since the growing scarcity of oil will sooner or
later affect the price of petroleum-derived chemicals. While oil
prices have dropped from 1982 to 1988, this has not added one drop of
oil to the world's o0il reserves. The price of all petrochemicals
must rise in the future and, at that time, we must be ready to make
greater use of the renewable sources of carbon that nature provides.
Energy, entropy, and economic considerations make it obvious that
the easiest way to replace a synthetic polymer is to start with a
natural polymer. The five natural polymers listed above can be used
in one of four ways. These are:
1. Use the polymer directly;
2. Decompose the natural polymers into constituent chemicals and
react these constituent chemicals into solvents, reagents, and
monomers ;
3. React the natural polymer to add small substituents to it,
thereby forming a useful derivative; and
4. Form a graft, block, or interpenetrating network polymer from
the natural polymer.
While the decomposition process of utilization method 2 will become
more common in the future, most applications of natural polymers
will be based on methods 1, 3, and 4 to make use of the chemical
energy and physical structure stored in the molecule by the plant or
animal. Current utilization, problems in utilization, and prospects
or methods for the future use of the above, five natural products can
be assessed on the basis of current technology. After discussing the
nature, benefits, and features of all five natural polymers, this
analysis will focus an developments in the formation of complex
polymers from starch and lignin.

NATURAL POLYMERS.

CELLULOSE AND CELLULOSE DERIVATIVES. Cellulose is the most abundant
of all the natural polymers and comprises at least 30 weight percent
of the dry mass of all the vegetable matter in the world. The larger
plants contain higher fractions of cellulose, so, on a dry basis,
wood contains 40 to 50% cellulose(1). This is one of the few natural
products that is currently being degraded into chemicals and feed-
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