
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 i s highly dependent on crude o i l and 
natural gas feedstocks. Conversely, chemicals, the science of 
chemistry and chemical engineering join petroleum engineering to 
play an important r o l l in the production of o i l and gas. The 
discovery rate of of major new o i l fields i s 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 effi c i e n t l y d r i l l and operate o i l and gas wells 
and enhance productivity from these fields w i l l grow. Environmen
t a l considerations w i l l 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 o i l and gas and production chemicals are used to break 
produced oil-water emulsions and as fr i c t i o n reducers in pipelines, 
this review w i l l be restricted to the chemistry and chemicals 
involved in d r i l l i n g , completing, stimulating, and operating 
production and injection wells and in enhanced o i l recovery. 

Dr i l l i n g Fluids 

D r i l l i n g fluids (1-3) are often called d r i l l i n g muds because of 
their appearance. This is due to the dispersed clays added to most 
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4 OIL-FIELD CHEMISTRY 

d r i l l i n g fluids. The d r i l l i n g f l u i d i s circulated down the d r i l l 
pipe, around the d r i l l b i t , and up the wellbore while d r i l l i n g i s 
in progress. The purpose of the d r i l l i n g f l u i d is to cool and 
lubricate the d r i l l b i t , suspend formation cuttings and l i f t them 
to the surface, and control formation pressure reducing pressure 
surges up the wellbore (thereby reducing the possibility of 
blowouts). By cooling the d r i l l b i t and removing the cuttings from 
the bottom of the well bore, the rate of d r i l l i n g can be increased. 
The d r i l l i n g f l u i d 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 d r i l l b i t where rapid f l u i d movement is 
necessary to cool the d r i l l b i t . 

D r i l l i n g fluids usually contain water as the primary 
component. However, oil-based muds may be used for high 
temperature operations and for d r i l l i n g 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 f l u i d containing l i t t l e i f any water. 

A great many additives can be used to impart desired 
properties to the d r i l l i n g f l u i d . In general, the deeper and 
hotter the well, the more chemical additives are needed to obtain 
the desired f l u i d properties. These additives can be classified 
into different types by function. These include: 
Weighting materials which are used to adjust f l u i d density and thus 
hydrostatic pressure exerted on the formation by the wellbore 
f l u i d . The objective is to prevent sudden pressure surges or 
blowouts during d r i l l i n g while simulataneously avoiding excessive 
f l u i d leak-off into formations being penetrated by the well bore. 
Barium sulfate (barite) i s 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 
f l u i d 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; f l u i d 
leakoff from the wellbore into the formation has l i t t l e adverse 
effect on rock permeability (8,9). 
Fluid loss additives such as solid particles and water-thickening 
polymers may be added to the d r i l l i n g mud to reduce f l u i d loss from 
the well bore to the formation. Insoluble and partially soluble 
f l u i d 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 f l u i d 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 f l u i d loss additives for d r i l l i n g and completion 
fluids in the patent literature. However, relatively few appear to 
be used in f i e l d operations. 
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1. BORCHARDT Chemicals Used in Oil-Field Operations 5 

Controlling f l u i d 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 f l u i d loss additive (11). It is d i f f i c u l t to 
get most polymers to hydrate in these brines (which may contain 
less than 50% wt. water). The treatment of HEC particle surfaces 
with aldehydes such as glyoxal can delay hydration u n t i l the HEC 
particles are well dispersed (12). Slurries in low viscosity o i l s 
(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 f l u i d loss is in 
the d r i l l i n g fluids. Mist or foam d r i l l i n g is used in relatively 
shallow formations; commonly used foaming agents include c^^_^g 
alpha-olefin sulfonates and alcohol ethoxysulfates. While these 
d r i l l i n g 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 d r i l l i n g 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 d r i l l 
bit penetrates a "thief 1 1 zone and very large amounts of d r i l l i n g 
f l u i d 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 s i l i c a t e , 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 
fl u i d 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 st a b i l i t y 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 faci l e depolymerization. Both 
formaldehyde and isothiazolones have been used as starch biocides 
(17). Development of improved high temperature water viscosifiers 
for d r i l l i n g and other o i l f i e l d applications is underway. For the 
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6 OIL-FIELD CHEMISTRY 

present, oil-based d r i l l i n g fluids offer the best alternative for 
elevated temperature applications despite their relatively high 
cost. 
Stabilizing agents are used to maintain d r i l l i n g f l u i d 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 d r i l l i n g f l u i d which has been 
circulated down the wellbore and returned to the surface. The 
treated f l u i d 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 f l u i d . 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 d r i l l i n g fluids (19). They allow f l u i d 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 d r i l l b i t by reducing f r i c t i o n . Various 
vegetable o i l s , graphite powder, soaps, asphalt blends, air-blown 
asphalt colloids, diesel o i l , and fatty acid esters have been used. 
Pipe-freeing agents are used to reduce f r i c t i o n and increase 
lubricity in areas of expected d r i l l pipe sticking such as angles 
in deviated wellbores. Soaps, surfactants, o i l s , 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 d r i l l string by d r i l l i n g and 
well treatment fluids. Many different corrosion inhibitors have 
been used. These include amine salts such as ammonium sulfite 
- b isulfite 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 d r i l l 
ing f l u i d rheological properties. Paraformaldehyde, 
glutaraldehyde, sodium hydroxide, lime derivatives, dithiocarba-
mates, isothiazolones, and diethylamine have a l l been used. 
pH control aids in reducing corrosion and scaling and in control
ling interaction of the d r i l l i n g f l u i d with formation minerals. 
Sodium hydroxide, calcium carbonate, sodium bicarbonate, sodium 
carbonate, potassium hydroxide, magnesium oxide, calcium oxide, 
fumaric acid, and formic acid have a l l been used commercially in 
this application. 
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1. BORCHARDT Chemicals Used in Oil-Field Operations 7 

Formation damage control chemicals are added to reduce the permea
b i l i t y damage that occurs when d r i l l i n g f l u i d 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 s i l i c a t e , 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 a l l been used to reduce formation 
damage. 
Scale inhibitors are used to prevent the formation of insoluble 
calcium salts when the d r i l l i n g f l u i d 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 d r i l l 
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 d r i l l i n g fluids, development of more cost effective 
additives i s 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 d r i l l i n g operation, sieel casing is lowered 
down the well bore and into the d r i l l i n g f l u i d . A spacer f l u i d i s 
then pumped down the well bore to remove the d r i l l i n g f l u i d and 
prevent contact of the d r i l l i n g mud with the cement slurry. 
Efficient displacement of the d r i l l i n g mud also promotes bonding of 
the cement slurry to rock surfaces. 

Intermixing of the spacer and the d r i l l i n g f l u i d should not 
produce solids or a high viscosity phase. Most spacers are aqueous 
and contain polymers to increase f l u i d viscosity. Spacer density 
is usually intermediate between that of the d r i l l i n g f l u i d and the 
cement slurry (22). Salts may be added to control f l u i d density 
and pH. Surfactants are used to aid removal of d r i l l i n g 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 d r i l l i n g fluids. 

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

With increased development work from offshore platforms, more 
non-vertical (deviated) wells are being d r i l l e d . Settling of mud 
solids to the low side of the well bore can result in a continuous 
channel of undisplaced d r i l l i n g mud solids in the casing annulus 
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8 OIL-FIELD CHEMISTRY 

that reduce the effectiveness of cement bonding (25,26). Converse
ly, cement solids can settle from the slurry before i t sets 
resulting in a channel of water in the high side of the casing 
annulus. Proper design of both the d r i l l i n g f l u i d (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 i s pumped down the casing and up the annular 
space between the casing and the formation. The spacer and 
d r i l l i n g f l u i d are thus displaced by the cement slurry. A 
compatible f l u i d (one that does not substantially alter the set 
time of the cement slurry) is pumped into the wellbore to displace 
nearly a l l 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 
o i l - 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 f l u i d 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 s i l i c a t e slurries can be 
used in this operation. 

When cementing high pressure gas formations, the gas can 
penetrate the cement slurry before i t 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 f l u i d 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, f l y ash, si l i c a t e s , perlite, 
gilsonite, diatomaceous earth, and o i l emulsions (see citations in 
reference 29). 
Corrosion-resistant cements have been developed for use in wells 
used to inject supercritical carbon dioxide for enhanced o i l 
recovery (32). These are based on Portland cement and high levels 
(as much as 40% wt.) of additives such as f l y 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 d r i l l i n g 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 f i l l e d with a non-damaging f l u i d of 
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1. BORCHARDT Chemicals Used in Oil-Field Operations 9 

the proper density to control pressure surges while not exhibiting 
excessive f l u i d 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 
f l u i d 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 o i l and gas in the wellbore 
during production. 

Fluid loss from the wellbore to the formation may be reduced 
using the less permeability damaging d r i l l i n g f l u i d 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 
f l u i d down the wellbore. 
Sand production from poorly consolidation formations is a s i g n i f i 
cant problem in important o i l 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 i s 
called gravel packing. A slurry of as much as 1.8 kg of carefully-
sized sand particles per l i t e r of aqueous f l u i d 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 i s 
enhanced by increasing i t s viscosity using 20-80 lb polysaccharide 
per 1000 gallon. The most commonly used polysaccharide is hydroxy-
ethyl cellulose because i t s 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" i s added to effect a 
controlled depolymerization and thus a programmed loss of f l u i d 
viscosity. This depolymerization is timed to occur when the sand-
laden f l u i d is opposite the productive formation. The sand then 
drops out of suspension and is packed against the formation. The 
sand creates a high permeability f l u i d pathway from the formation 

 Borchardt and Yen; Oil-Field Chemistry 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



10 OIL-FIELD CHEMISTRY 

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 c r i t i c a l 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 i t s use. The 
use of aqueous slurries of epoxy resins can reduce solvent costs 
(44). Surfactants, particularly fluorochemicals, may hold promise 
for increasing epoxy resin f l u i d i t y (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. S i l i c a 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 st a b i l i t y and effectiveness. 

Another method of sand control is use of a silico n 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 s t a b i l i t y of polysaccharide 
polymers. 

Hydraulic Fracturing (20,56) 

Since hydraulic fracturing is reviewed in a subsequent chapter, 
this important production stimulation technique w i l l be only 
briefly discussed. Hydraulic fracturing is a process whereby the 
permeability of a formation is increased by generating high permea
b i l i t y 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 f l u i d . 
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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1. BORCHARDT Chemicals Used in Oil-Field Operations 11 

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 l i t e r of fracturing f l u i d 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 l e f t 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 st a b i l i t y 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 f l u i d 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, i t has been d i f f i c u l t to cross
link HEC (64). This has limited i t s use in hydraulic fracturing 
applications despite i t s excellent formation damage characteris
t i c s . Hydroxyethyl celluloses containing vicinal hydroxy groups 
are more easily crosslinked (65) and exhibit better shear s t a b i l i t y 
(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 s t a b i l i t y . 

The use of ionomers such as lightly sulfonated polystyrene as 
an oil-based fracturing f l u i d 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 f l u i d 
loss from the fracture to the formation and to naturally occurring 
macro- and micro-fractures within the formation. S i l i c a flour 
(73,74), oil-soluble resins (75), diesel o i l 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 i t s low cost, resin-coated sand, sintered 
bauxite, and Al^O^ 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 f l u i d 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 t h i o l derivatives of imidazolines, 
thiazolines, and other heterocyclic compounds have also been tested 
for this application. Calcined dolomite (87) and Cu(l) and Cu(ll) 
salts (88) have been reported to increase the thermal s t a b i l i t y 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 
fl u i d before addition of the polysaccharide viscosifier. 
pH buffers are added to the base f l u i d 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 u n t i l polymer particles have been thoroughly 
dispersed. These include guar treatment with borax (2,94) 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 i s c r i t i c a l in determin
ing i n i t i a l hydrocarbon production rate, f l u i d conductivity in the 
propped fracture i s the primary determinant of long-term productiv
i t y (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 f l u i d lost to the 
formation and thus reduce formation damage. Foam c e l l size plays a 
major role in determining f l u i d rheology (99). Guar, HPG, and 
xanthan gum stabilize the foam bubbles by increasing the viscosity 
of the surrounding aqueous f l u i d . 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 f l u i d loss behavior (103,104). The carbon 
dioxide is pumped as a supercritical f l u i d which changes to a gas 
downhole (105). 

Acidizing Chemicals (20,106) 

Acid treatments f a l l 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 i s 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:oil 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 f l u i d 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 i s 
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 f l u i d viscosity 
thus increases the f l u i d 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 f l u i d . When used as the i n i t i a l stage of a squeeze 
cementing treatment, the acid-promoted mineral and d r i l l i n g 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 c r i t i c a l 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% HCl/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 i t s 
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% HCl/3% HF 
solution. Hydrochloric - hydrofluoric acid blends have the major 
advantage of dissolving silicaceous mineral including clays and 
s i l i c a fine particles. HCl/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 i n i t i a l l y 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 f l u i d 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 c r i t i c a l 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 f l u i d injection rates are often required. For this 
reason, f r i c t i o n reducers are often used in acid fracturing. These 
include polyacrylamide and acrylamide copolymers, guar gum, 
hydroxyethyl cellulose, and karaya gum (108) 

In many cases, i t is desirable to retard the rate of acid -
rock reactions to permit deeper penetration of the treatment f l u i d 
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). Na^TiF^ and 
similar salts also slowly generate HF in acid media (112). 
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 these 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 i t s limited st a b i l i t y in acid (1), guar gum has been 
used to thicken 3-15% hydrochloric acid (121). An a l l y l ether -
guar gum adduct has been proposed for use as an acid viscosifier 
(122). Zr(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 f l u i d 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 o i l 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 i s the most commonly used mutual 
solvent. 
Formation permeability damage caused by precipitation of dissolved 
minerals such as colloidal s i l i c a , 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 
i n i t i a l l y reacts with clays and feldspars to form si l i c o n and 
aluminum fluorides. These species can react with additional clays 
and feldspars depositing hydrated s i l i c a 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 s i l i c a 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 c i t r i c acid 
(136); dihydroxymaleic acid (137); ethylenediaminetetraacetic acid 
(138); lact i c acid (138); blends of hydroxylamine hydrochloride, 
c i t r i c acid, and glucono-delta-lactone (139); nitriloacetic acid; 
blends of c i t r i c 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 o i l -
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 12% HCl/3% HF 
have been used to stimulate aqueous f l u i d injection wells(143). 
Waterflood injection wells have also been stimulated by injecting 
linear alcohol propoxyethoxysulfate salts in the absence of any 
acid (144). The o i l 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 c r i t i c a l 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 f l u i d 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 17% 
active and in the presence of H«S, and their a b i l i t y to poison 
refinery catalysts has limited their 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 i t s 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 Ĥ S is not i n i t i a l l y present. Cathodic protection 
of casing is often effective for wells less than 10,000 feet deep 
(150). 
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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 o i l recovery injection wells and include low 
molecular weight poly(vinylsulfonate), polymethylmethacrylate-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 f l u i d flow capacity of rock, particularly the rock adjacent to 
an o i l or gas well is c r i t i c a l 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 f l u i d is flowing 
through a given volume of rock as the f l u i d approaches the well 
bore. The reduction of the rock f l u i d carrying capacity is 
referred to as formation damage. 

Formation damage may be due to invasion of rock capillaries by 
solid particles in wellbore fluids ( d r i l l i n g 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 f l u i d 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 f l u i d loss additives. This type of formation damage 
may be reduced by f i l t r a t i o n of fluids before their entry into the 
well bore and by proper choice and sizing of solid particles used 
in d r i l l i n g , gravel packing, and fracturing fluids. Acidizing the 
rock immediately adjacent to the wellbore can dissolve clays, 
s i l i c a particles, and precipitates plugging rock flow channels. 
However, precipitation of hydrated s i l i c a , 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 i n i t i a l l y present in the injection f l u i d 
(scaling), bacterial corrosion products, and corrosion products 
from metal surfaces in the injection system can a l l reduce 
permeability near the wellbore (153). The consequent reduced 
injection rate can result in a lower rate of o i l production at 
offset wells. Dealing with corrosion and bacterial problems, 
compatibility of ions in the injection water and formation fluids, 
and f i l t r a t i o n can a l l alleviate formation damage. 

Formation damage can also be caused by chemical and physical 
interactions of f l u i d and rock. Low salinity fluids can cause 
swelling of water-expandable clays. The resulting larger clay 
dimensions can reduce the f l u i d 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 c r i t i c a l salt 
concentration (CSC) (155,156). The CSC varies for different 
monovalent cations in solution and decreases with increasing ion 
exchange a f f i n i t y 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; KC1, 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 w i l l 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, i t 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 d r i l l i n g 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, 
i l l i t e , chlorite, and some mixed layer clays and fine s i l i c a 
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 f l u i d salinity (155-157) and pH (164), and is accelerated 
by rapid flow rates (165). A c r i t i c a l flow velocity exists below 
which fines migration is greatly reduced (166). 

Conventional inorganic and cationic organic polymer clay sta
b i l i z e r s 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. Oil-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 f l u i d flow channels. Deposition of these 
waxy crude o i l deposits can also occur in perforations and produc
tion tubing. Scraping has been used to remove deposits from 
production tubing. Hot o i l 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 (168,169). 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 l e f t 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 f l u i d to spread on 
or adhere to a solid surface in the presence of other immiscible 
fluids" (145). Rock wettability can strongly affect i t s relative 
permeability to water and o i l (145,172). Wettability can affect 
the i n i t i a l distribution of fluids in a formation and their 
subsequent flow behavior. When rock i s 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 
o i l , i t is termed to be of intermediate or neutral wettability. 
Inadvertent alteration of rock wettability can strong alter i t s 
behavior in laboratory core floods (172). 
In water-wet reservoirs being waterflooded, o i l 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 o i l is l e f t in the form of spherical, unconnected 
droplets in the center of pores or globules of o i l extended through 
interconnected rock pores but completely surrounded by water. This 
o i l i s immobile and there is l i t t l e o i l production after injection 
water breakthrough at the production well (145). 

In a strongly oil-wet rock, water w i l l tend to invade the 
larger pores as o i l 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 o i l production rate 
than in the water-wet case. 

Care must be taken in a l l well treatment and injection 
operations not to alter rock wettability in an undesired manner. 
Use of carefully selected surfactants in well treatment fluids i s 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 o i l components 
(173). Pressure appears to have l i t t l e 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 o i l 
recovery. 

Primary and Secondary O i l Recovery 

Primary o i l recovery is the production of o i l driven to wellbores 
by the energy of fluids under pressure in the reservoir. As 
reservoir pressure is reduced by o i l production, additional 
recovery mechanisms may operate. One i s 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 o i l as 
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o i l pressure declines can also drive additional o i l to the 
wellbore. Additional o i l may be produced by compaction of the 
reservoir rock as this pressure is reduced by o i l production. 
Generally the additional o i l produced by reservoir compaction i s 
small. As the natural pressures in the reservoir decrease, o i l 
production declines. The o i l well may then be placed "on pump" to 
maintain production at economic levels; the pump is used to draw 
o i l to the surface and keep the production well relatively free of 
fl u i d . (The pressure of a column of f l u i d can decrease the rate of 
fl u i d entry into the wellbore.) 

Primary production typically recovers 10-25% of the o i l 
originally in place in the reservoir. The efficiency of primary 
production is related to o i l properties, reservoir properties, 
geometric placement of o i l wells, and the d r i l l i n g and completion 
technology used to d r i l l the wells and prepare them for production. 
Waterflooding or secondary o i l 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 o i l and injected water to offset production wells. The 
geographic arrangement of production and injection wells i s 
c r i t i c a l to maximizing o i l 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 
o i l recovery. Scaling, the formation of insoluble precipitates 
when the saline injection water contacts a formation brine, i s 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 o i l 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 o i l 
remaining near the production well. The lower o i l 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 i s relatively high, the total amount of surfactant 
used i s not great since i t i s necessary only to displace the o i l 
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 o i l production. 
Waterflooding typically recovers 15-25% of the o i l 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 
si l i c a t e 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 O i l Recovery 

Primary and secondary o i l recovery together recovery only 25-50% of 
the o i l originally in place in a reservoir. Cumulative U.S. produc
tion of 133 b i l l i o n barrels of o i l and remaining reserves of 27.5 
b i l l i o n barrels account for only 33% of the 488 b i l l i o n barrels of 
o i l discovery to date (182). In a more recent reference (183), 
recoverable reserves as of Jan. 1, 1989 were estimated to be 26.5 
b i l l i o n barrels. The increasing cost of discovering major new o i l 
reserves in the U.S. (which most lik e l y exist in frontier regions 
of Alaska and deep water offshore) make unrecovered o i l 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 o i l recovery are the lack of 
tax incentives and a substantial decline in the price of o i l since 
the end of 1981. A l l the investment in new wells and surface 
f a c i l i t i e s and injectants must take place before any incremental 
o i l is produced. 

This decline in the price of o i l has resulted in major changes 
in the types of enhanced o i l recovery (EOR) being studied in the 
laboratory and f i e l d tested. Steam injection and injection of 
miscible gases, primarily CO^, remain of great interest due to the 
relatively low cost of the injectants (although they are quite 
expensive as compared to water). More expensive injectants such as 
used in micellar polymer flooding can often eff i c i e n t l y recover 
o i l . However, the large concentration of surfactant (often as much 
as 2-5% 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 f i e l d tests have focused on the use of 
relatively low concentrations or volumes of chemicals as additives 
to other o i l recovery processes. Of particular interest is the use 
of surfactants as CO^ (184) and steam mobility control agents 
(foam). Also combinations 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 
o i l recovery applications (190). 

Other important issues influencing the economics of o i l 
recovery include methods of determining f l u i d movement and behavior 
within the reservoir (191); the effect of o i l composition on o i l 
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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 a l l used to understand f l u i d movement 
within the reservoir and monitor EOR processes (191). 

O i l Recovery Mechanisms 

The amount of o i l recovery promoted by an injected f l u i d is related 
to i t s a b i l i t y to displace the o i l i t contacts in the reservoir, 
termed the o i l displacement efficiency (ODE), and to the relative 
amount of the reservoir invaded by the injected f l u i d , termed the 
volumetric sweep efficiency (VSE). Total o i l recovery may be 
expressed as: 

Oil Recovery = VSE x ODE 

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

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

Improving Volumetric Sweep Efficiency 

Volumetric sweep efficiency i s 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 
f l u i d , the more important i t is to have a high volumetric sweep 
efficiency so that the injected f l u i d contacts and thus mobilizes a 
larger volume of o i l . High permeability streaks or layers (thief 
zones) and natural or induced rock fractures can channel the 
injected f l u i d 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 
f i e l d 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 A l ( l l l ) (196-198) 
and C r ( l l l ) compounds(199). The injected f l u i d 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 i n i t i a l 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^^O^)^ has 
been evaluated in the laboratory; permeability of sana packs were 
reduced by more than 96% (203). Mixtures of Al(III) and Zr(IV) 
have also been evaluated as partially hydrolyzed polyacrylamide 
crosslinkers (204). 

Sodium bi s u l f i t e and thiourea have been used to reduce 
injected Cr(VI) to the reactive Cr(IIl) 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 penetration in the formation 
prior to crosslinking (207) as has the use of Cr(IIl) propionate 
(208). Injection of unhydrolyzed polyacrylamide followed by in 
situ hydrolysis delays Cr(lII) crosslinking (209). The rate of the 
hydrolysis reaction is dependent on temperature but not on 
injection and formation water salinity (210). Studies suggest that 
5-10% hydrolysis is the optimum to produce a crosslinked 
polyacrylamide (211). 

Occasionally i t 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 
sta b i l i t y . 

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 s t a b i l i t y than gels prepared from the partially 
hydrolyzed polyacrylamide alone (222). 
Crosslinked xanthan gums have also been used to reduce the permea
b i l i t y of thief zones. Trivalent chromium and aluminum have been 
used as crosslinkers (223,224). While crosslinker effectiveness is 
reduced at high salinity, C r ( l l l ) has been used in the f i e l d at 
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s a l i n i t i e s 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(lII), 
Al(III), Zr(lV), 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 f l u i d 
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 st a b i l i t y limitations of the polymer and the 
crosslinking chemistry result in few i f any applications in steam 
and CO^ injection wells. 
Reactive monomers such as acrylamide in concentrations of 2-5%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,Nf-methylenebis(acrylamide) 
can be added to the formulation to form a cross-linked polymer in 
the high permeability zone. The low viscosity aqueous f l u i d 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 aerylate 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 C0« (227) to promote crosslinking. 
Crosslinked lignosulfonate Has been reported to be quite effective 
at high formation temperatures. Lignosulfonate concentration is 
usually 2-3% by weight. This gelation technology has been 
evaluated in f i e l d tests in both waterflood and steam injection 
wells. An advantage of this technology appears to be the a b i l i t y 
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 s i l i c a t e have also been evaluated in the 
f i e l d (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 a l k a l i 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(IIl) crosslinking 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 i n i t i a l l y 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 o i l 
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 
o i l 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 o i l 
saturation zone, m , divided by the mobility of the o i l in 
oil-bearing portions of the reservoir, m , (253,254). The mobility 
ratio is related to the rock permeability to o i l and injected water 
and to the viscosity of these fluids by the following formula: 

M = m /m = (k / M )/(k IM ) w o rw rw ro 'o 
wherein k and k represent the relative permeability to water rw ro 
and o i l respectively and M and /m represent the viscosity of the 
aqueous and o i l phases respective?y. 

The displacing f l u i d 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 o i l . Steam and oil-miscible gases such as supercritical 
carbon dioxide also exhibit even higher mobility ratios and 
consequent low volumetric sweep efficiencies. 
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The f i r s t mobility control agents were partially hydrolyzed 
polyacrylamides having molecular weights of 1-5x10 (254-259) and 
xanthan gum (biopolymer) (1,34,260). Virtually a l l f i e l d 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. lOOppm) 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 f i e l d t r i a l s . 
After termination of polymer injection, the North Stanley Field and 
North Burbank Unit 29 polymer f i e l d 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 

Brine tolerance 

Hydrolytic s t a b i l i t y 

Oxidative s t a b i l i t y 

Microbial degradation 

Polyacrylamide 

very ^ jmitetj^esp. to 
Ca , Mg 

hydrolysis promoted by 
acid or base. Partially 
hydrolyzed product mor^ 
sensitive to Ca , Mg 

susceptible 

susceptible to attack 
by yeasts, fungi, 

bacteria 

Xanthan Gum 

good tolerance 
to mono- and 
divalent cations 

easily 
crosslinked 

reversible 
shear thinning. 

maximum use T 
160-170°F 

hydrolytic 
depolymerization 
promoted by acid 
or base esp. at 

high T 

particularly 
susceptible esp. 

at high T 

very susceptible 
in aerobic 
conditions 

Transition metal cations easily crosslinked 

Shear s t a b i l i t y undergoes irreversible 
shear degradation 

Thermal s t a b i l i t y maximum use T 225°-250°F 
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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 f i l t r a t i o n through diatomaceous earth (266,269), 
passing xanthan solutions through a colloid m i l l (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 f i e l d operations. Among the oxidation 
stabilizers used are thiourea (279), sodium dithionite (280), 
guanidine acetate (281), and a blend of sodium s u l f i t e , thiourea, 
and 2-propanol (282). Among the other chemicals studied as xanthan 
gum and polyacrylamide stabilizers are: sodium b i s u l f i t e , 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 f i l t e r a b i l i t y than i t s 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 o i l recovery. These include scleroglucan (299-300) which 
is thought to exist in solution in a r i g i d 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 
aerylate) 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 aerylate groups. This random distribution 
is similar to that obtained in a copolymer having the same acrylate 
group content (310). Acid hydrolysis rggults in a more block-like 
distribution of acrylate units (311). Co irradiation has been 
used to in i t i a t e 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 occurs at ca. 35% hydrolysis 
(316) while maximum viscosity in a Ca -containing brine occurs at 
10-15% 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 monova^gnt ones (317). Above 33-35% 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 s t i l l 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 
u t i l i t y 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 o i l 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 uti l i z e d 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 i t w i l l 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 o i l recovery chemicals through rock i s 
c r i t i c a l 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). S a c r i f i c i a l 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 i t s 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 o i l , the mobility of gases 
can be 50 times that of o i l (362). The following formula is used 
to calculate gas:oil mobility ratios (363): 

M = (k / u ) + (k / u ) / (k / u ) + (k / M ) g s w rw / o "O W W 

wherein k refers to permeability, /JI to viscosity, and g, s, o, and 
w to gas, miscible solvent, o i l , 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 f i e l d , 
particularly in connection with supercritical CÔ  injection and 
some success have been reported.(365-367). However, i t would be 
desirable to develop a method to further reduce the viscosity of 
injected gas, particularly CÔ , the most commonly used gas 
(actually injected as a supercritical fluid) in the U.S.. While 
limited studies on increasing the viscosity of C0« though the use 
of supercritical CO^-soluble polymers and other additives have been 
reported (368, see also Chapter 29 and references therein), the 
major direction of research has been the use of surfactants to form 
low mobility foams or supercritical CÔ  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 
sweep 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 s t a b i l i t y 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 0.1%wt (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 st a b i l i t y 
(380). When using mixtures of surfactants or surfactants plus an 
alcohol, foam sta b i l i t y , injected breakthrough time at the core 
outlet, and o i l 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 w i l l stabilize the foam (389-391). 

In addition to the mobility control characteristics of the 
surfactants, c r i t i c a l issues in gas mobility control processes are 
surfactant salinity tolerance, hydrolytic s t a b i l i t y under reservoir 
conditions, and surfactant propagation. Lignosulfonate has been 
reported to increase foam st a b i l i t y and function as a s a c r i f i c i a l 
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 f i e l d tests as 
foaming agents for nitrogen (394) and carbon dioxide (395). 
Application of alcohol ethoxysulfates is restricted due to i t s 
limited hydrolytic s t a b i l i t y at low pH and elevated temperature 
(396). 
High temperature steam has also been used in enhanced o i l recovery, 
for the recovery of highly viscous crude o i l s (397). In heavy o i l 
fields, water flooding is often omitted and steam injection begun 
immediately after primary production. Steam injection temperature, 
usually 350-450 F in California o i l fields, can reach 600 F in 
Canadian and Venezuelan projects. Heat is transferred from the 
steam to the rock and crude o i l reducing o i l viscosity. This 
increases o i l mobility thereby enhancing o i l 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 f i e l d tests to prevent this gravity override thereby 
increasing volumetric sweep efficiency. Surfactants that have been 
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used in f i e l d tests include c^g_ig alpha-olefin sulfonates, 
alkyltoluene sulfonates, and neutralized 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-
t i c 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 w i l l cool and eventually condense 
as i t propagates through the o i l 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). 

C r i t i c a l parameters affecting surfactant performance are sur
factant propagation rate and surfactant s t a b i l i t y at steam tempera
tures that can reach more than 600 F. Surfactant propagation rate 
can be reduced by adsorption, precipitation, and partitioning into 
the o i l 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 w i l l 
convert clays to their sodium form reducing +Jater 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 o i l recovery in 
laboratory steam foam floods of sandpacks (415). The hydrotropes 
may function as s a c r i f i c i a l adsorption agents or interact with the 
foaming agent to stabilize lamellae and increase foam strength. 
Thermal st a b i l i t y of the foaming agent in the presence of high 
temperature steam is essential. While alkylaromatic sulfonates 
possess superior chemical s t a b i l i t y at elevated temperatures 
(416-419), alpha-olefin sulfonates possess sufficient chemical 
st a b i l i t y to ju s t i f y their use at steam temperatures characteristic 
of most U.S. steamflood operations. Decomposition is a 
desulfonation process which is f i r s t 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 s t a b i l i t y (420). The sodium 
hydroxide may function by precipitating with calcium ions to 
improve surfactant propagation (421). This is also the mechanism 
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by which sodium carbonate and trona (Na^CO^/NaHCO^) function when 
used as steam foam additives (422). These 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 o i l to more 
effic i e n t l y displace o i l (420); the consequent lower o i l saturation 
can result in a more stable foam. 
High sulfur content heavy crude o i l may be recovered more 
effi c i e n t l y using transition metal ions such as T i or V and 
optionally carbon monoxide as steam additives (423). 

Improving O i l Displacement Efficiency 

The use of relatively large concentrations of surfactants, usually 
2-5%w, to substantially increase o i l 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 ^ 
alcohol) and a hydrocarbon. A polymer solution is usually injected 
after the micellar slug to reduce viscous fingering of the drive 
f l u i d into and through the micellar slug. This viscous fingering 
causes dilution of the surfactant, less contact of the micellar 
slug with the crude o i l , 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 o i l (427). The surfactant-rich 
microstruetures involved in o i l 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, i t 
can be different for stock tank o i l and live (containing dissolved 
gases under pressure) reservoir crude o i l 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 o i l 
properties. C r i t i c a l issues are: surfactant performance in saline 
injection waters, surfactant adsorption on reservoir rock, surfac
tant partitioning into the crude o i l , surfactant chemical s t a b i l i t y 
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 o i l 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 f i e l d projects in progress evaluating this technology 
has dropped from 20 to 9 (429). Only one f i e l d 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 

 Borchardt and Yen; Oil-Field Chemistry 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



36 OIL-FIELD CHEMISTRY 

salinity requirement diagram (431,432) are extremely useful when 
screening surfactants. When comparing the performance of different 
surfactants, i t is important that the comparison be made at the 
optimal salinity of each surfactant or, i f i t is not possible to 
adjust injection water salinity, in the actual injection water to 
be used in a given f i e l d 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 c r i t i c a l 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 o i l 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 o i l recovery (461). Paper 
industry spent s u ^ i t e liquors function in a similar manner i f 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 75% of the o i l 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 s t a b i l i t y at elevated temperatures, and appear 
to exhibit good o i l 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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s t a b i l i t y . 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 a l l be adjusted to optimize 
surfactant performance under a given set of reservoir conditions. 

The effect of temperature, pressure, and o i l composition have 
a l l been the subjects of intensive study and only a leading 
reference (467) w i l l be cited. Surfactant propagation is a 
c r i t i c a l factor in determining the economics of an o i l 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 o i l can be significant relative to adsorption and 
reduce surfactant propagation rate appreciably (472). 

The use of s a c r i f i c i a l 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^_sacri£icial adsorption agents. Injection of 
solutions containing K , NĤ  , 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 s i l i c a t e (475), 
which precipitate in the presence of divalent metal ions can 
increase the surfactant propagation rate. 

Intermixing of the polymer mobility control f l u i d with the 
surfactant slug can result in surfactant - polymer interactions 
which have a significant effect on o i l recovery (476). Of course, 
o i l - surfactant interactions have a major effect on interfacial 
behavior and o i l displacement efficiency. The effect of petroleum 
composition on o i l 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 s i l i c a t e to generate 
surfactants in situ by interaction with organic acids present in 
crude o i l (478,479). The crude o i l acid number (the number of 
grams of KOH required to neutralize one gram of crude o i l ) should 
be >0.5. A number of different o i l 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), o i l 
emulsification and entrapment of o i l which results in a lower water 
mobility (in turn resulting in a greater injected water volumetric 
sweep efficiency), o i l emulsification and entrainment in the 
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flowing aqueous phase, and possibly the solubilization of ri g i d 
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 ort h o s i l i -
cate, is the subject of some dispute. At equivalent Nâ O levels, 
the three alkaline agents gave equivalent recovery of each of nine 
different crude o i l s 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 o i l 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 f l u i d 
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 f i e l d 
project is in progress (494), f i e l d pilot results are unavailable 
as yet. 
Miscible gas flooding is currently the preferred technology to 
increase o i l displacement efficiency. Supercritical CO^ (361,495, 
496) and various hydrocarbon injectants (361,497,498) undergo 
complicated physical interactions with crude o i l that result in 
stripping out of the low molecular weight components (which increa
ses o i l production). In addition, the rapid or gradual development 
of miscibility with the remaining crude o i l constituents results in 
mobilization of at least some of the o i l . Either partial or com
plete miscibility with the o i l may be developed depending on the 
nature of the injectant, crude o i l properties, and reservoir condi
tions, particularly temperature. In addition, the interaction of 
the injectant with the crude o i l can result in changes in rock 
wettability which can affect o i l 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 o i l s 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 o i l recovery (see Chapter 
18). Since heavy crude o i l s have relatively high acid numbers, i t 
is not surprising that addition of alkaline agents to high 
temperature steam can increase recovery of these o i l s (501,502). 
The in situ combustion method of enhanced o i l recovery through air 
injection (397,503,504) is an exceeding complex process chemically. 
However, because l i t t l e work has been done on the effect of 
chemical additives to o i l recovery efficiency, this process w i l l 
not be discussed herein. 

Summary and Conclusions 

Current and projected o i l prices have resulted in o i l recovery 
processes based on organic chemicals as the primary o i l 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 C0« and gas injection EOR, and steam 
flooding. The recent emphasis Has 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 ra d i i (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 f i e l d tests are needed. 
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