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Role of Clays in the Enhanced Recovery
of Petroleum From Some California Sands

W.H. Somerton, SPE, U. of California
C.J. Radke, SPE, U. of California

Summary

Many oil-producing formations contain significant
amounts of clay. Because of the large surface area and
the high reactivity of such surfaces, the response of the
formations to various recovery processes may be
dominated by the reactions of the clays. Thus, the suc-
cess or failure of enhanced oil recovery (EOR) methods
may be controlled to a large extent by the amount and
type of clays in the formations to which the methods are
being applied. ,

This paper evaluates the type and amounts of clays and
clay minerals present in typical oil-producing formations
that may be candidates for application of EOR methods.
After identification of the clay minerals present, tests are
run on the extracted clay fractions to determine cation-
exchange capacities (CEC’s), surface areas, and
chemical-loss characteristics. Flood tests are run on core
samples to evaluate the magnitude of chemical loss and
to note the change in flow characteristics while different
fluids, which might be used in EOR operations, are
flowed through the core. This background material is
used to test predictive equations developed for screening
reservoirs for EOR applications and for optimizing proc-
ess variables. Techniques to counter the effects of
rock/fluid interactions are considered.

Introduction

Because of the large effective surface areas of clays con-
tained in oil reservoir formations and because of the high
degree of reactivity of such surfaces, clays may play a
disproportionate role in the success or failure of EOR
techniques. Clays adsorb many substances that may be
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injected into the reservoir to improve oil recovery. In
many cases, surfactants and polymers adsorb on clay
surfaces in sufficient amounts to make the recovery proc-
ess uneconomical. The ion-exchange capacity of clay
minerals may have two detrimental effects: (1) release of
divalent ions can cause surfactant precipitation, in-
creased surfactant oil solubility, loss of ultralow inter-
facial tension, and polymer degradation; (2) ion-
exchange reactions with concomitant surface-charge ef-
fects may cause structural damage to the formation. Clay
swelling and migration of fines also may result from
causes other than changes in the system chemistry. For
example, rate effects are important in fines migration.
Rapid changes in flow rate, salinity, or temperature may
cause plugging, whereas only negligible pluggmg may
result if the rates of change are decreased. '

Many oil reservoir formations contain substantial
amounts of fines including considerable amounts of clay
minerals. Screening tests must be conducted on object
formations to provide information on potential problems
and to suggest means of minimizing their effects. There
also are possibilities that certain clay mineral com-
ponents can be used advantageously in mobility control.
This is particularly important in heterogeneous forma-
tions containing viscous residual oils.

Test Program

The overall objectives of this research program are to
evaluate the effects that clays present in typical oil-
producing formations have on the failure or success of
EOR operations. Methods of dealing with the detrimen-
tal effects of clays and enhancing the favorable
characteristics of clays, if any, are explored. The first
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TABLE 1—X-RAY MINERAL ANALYSES OF VARIOUS OIL SANDS (%)

Well Size Montmor-
Sample (zm) illonite Kaolinite Mica Calcite Zeolite Quartz Feldspar Others*
Wilmington
composite < 2 45 3 10 — 7 6 10 19
<43 4 2 10 — 12 25 40 7
all — — 2 — — 40 55 3
B110
9,931 ft < 2 50 8 15 10 2 3 5 7
<43 12 13 12 3 5 15 40 10
all 12 8 20 10 4 10 20 16
B110
4,914 ft < 2 15 2 7 — 6 15 45 10
<43 5 3 10 — 2 12 62 6
all — — 5 — — 30 63 2
Huntington
4,894 ft < 2 65 6 10 — — 8 10 1
<43 10 5 7 — — 15 60 2
all 6 — 7 — — 40 45 3
4,897 ft < 2 65 3 10 — — 12 10 —
<43 8 3 6 — — 15 65 3
all — — 6 3 — 45 45 1
Coalinga < 2 50 20 — — 12 8 8 2
<43 4 3 — — 45 25 20 3
all 2 2 —_ — 15 45 35 1

*Determined by difference.

phase of the project is limited to chemical methods of
EOR.

Core samples are collected from oil-producing forma-
tions considered possible candidates for the application
of EOR methods. These cores are cataloged as to
geologic age, zone, depth, and general petrographic
description. After the cores are extracted with organic
solvents, they are subjected to grain-size and surface-
area analyses. The overall mineral composition of the
fines fraction is determined.

Core packs of the extracted sand are used to study the
effects of various injection fluids on the flow behavior of
the pack. Analysis of the effluent from these flow tests is
used to monitor changes in the physical and chemical
characteristics of the system. Column tests run in a com-
panion project? provide additional data on chemical/
rock interactions.

Test Sample Selection and Description

Core samples have been collected from zones where
alkaline water flooding trials are planned—i.e., Ranger
zone of the Wilmington field and Main zone of the Hunt-
ington Beach offshore field—and from the Temblor 2
zone of the East Coalinga field where a polymer flood
was attempted.

Wilmington field core samples were taken from Well
B110 in Fault Block 7 from the Ranger zone (Repetta
formation, Lower Pliocene). This unconsolidated sand
sample is gray to greenish gray in color and is sorted
poorly to moderately. In thin-section the sample is seen
to consist of quartz, feldspars (plagioclase and K-
feldspar), volcanic rock fragments, biotite, and ac-
cessory minerals in approximate amounts as shown in
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Table 1. The accessory minerals include garnet, sphene,
epidote, and hornblende. The quartz grains are
monocrystalline exhibiting undulatory extinction, rang-
ing from rounded to subangular in shape, in contrast to
the other mineral grains, which are subangular to
angular. This sand is immature both texturally and com-
positionally, and appears to have a plutonic and volcanic
source area. The diagenetic alterations that have taken
place in the rock appear to be chloritization of biotite and
possibly the alteration of some feldspars and volcanic
rock fragments into clay. This does not exclude the
possibility of the primary depositional origin of the
clays.

A composite Ranger zone sample was prepared from
several different cores to give a typical composition for
comparative tests by several different laboratories. Cores
from other wells, zones, and fields are described in the
same manner as in the preceding paragraph.

Petrographic/Mineralogical Analyses
Grain Size Analysis

Test specimens were selected from the center of the
8.9-cm diameter cores to minimize the possibility of
contamination with drilling fluid. Since the test
specimens contained residual reservoir fluids, they were
extracted with toluene in a Soxhlet extraction apparatus
and dried in a vacuum oven at about 60°C.

The extracted sample for grain-size analysis was wet-
sieved through a 325-mesh (43-um) screen. The coarser
fraction was vacuum-oven dried and was then dry-sieved
through a set of Tyler screens. Dry material that passed
the 325-mesh (43-um) screen was added to the wet-sieve
fine fraction and the total was reported as weight percent

JOURNAL OF PETROLEUM TECHNOLOGY



TABLE 2—GRAIN-SIZE ANALYSES OF SANDS

Depth <43pum  <4pum dso
Source (ft) Treatment  (wt%) (wi%) <2um (um) dgpld g
Wilmington
(Ranger) 4,931 none 18.8 1.7 — 105 0.078
4,931 NaOH 24.6 4.4 — 190 0.101
4,932 NaOH 32.6 4.1 — 115 0.025
4,933 none 11.6 1.3 — 200 0.024
4,934 none 26.6 4.0 — 135 0.015
4,934 NaOH 39.9 6.0 — 100 0.153
4913 none 28.7 —_ 2.3 — —
4914 none 25.7 — 1.8 — —
composite none 27.5 3.5 2.6 107 0.034
Huntington Beach 4,894 none 145 2.6 1.3 160 0.027
4,897 none 9.4 — 0.8 — —
Coalinga none 12.5 — 0.9 — —

finer than 43 um in Table 2. Size distribution of the fines
fraction then was determined by an optical particle-size
analyzer. Results of the size analysis were plotted on the
conventional cumulative-distribution plot, and the me-
dian grain size (dsg) and the size distribution function
(dgg/d ) were determined. This latter number is unity
for a single grain size and decreases as the size distribu-
tion becomes broader. These values and the finer than
4-uym wt% are given in Table 2.

Table 2 shows the results of grain-size analysis run on
eight test specimens of the Ranger-zone core. ‘‘Treat-
ment’’ refers to whether the specimen was new (unflood-
ed) or whether it had been subjected to caustic flooding
as reported in the companion project.? The purpose was
to determine whether fines had been lost in the flooding
process or whether some alteration of the mineral struc-
ture could be detected. The results showed a large range
of values. The percentage of fines ranged from 11.6 to
39.9% and the clay fraction ranged from 1.2 to 6.0% of
the total. Note that the treated samples generally show
larger amounts of both fines and clay fractions than the
untreated samples. This is probably a sampling problem
and is not associated with chemical reactions. There is
evidence that caustic does release fines from larger
mineral grain surfaces, but the amounts are probably
small compared to the quantities just mentioned.

The median grain size and the size-distribution func-
tion give a qualitative measure of the surface area of the
sample. For common geometries (i.e., spheres, cubes,
and disks) the surface area per unit volume increases by
an order of magnitude for every order of magnitude
decrease in grain diameter. Surface areas also can be
estimated from the median grain diameter and the size-
distribution function. The latter value is important in that
the lower its numerical magnitude, the greater is the
amount of fines, relative to the median grain diameter.
Surface areas estimated from grain-size analyses give
very low values for formations containing clays. This is
because of the platey nature of the minerals included in
this group. It is possible to apply a modified shape factor
based on the clay mineral content. Surface areas derived
by these means may be more useful for surface reactions
involving large molecules (e.g., polymers, surfactants)
than those obtained from BET analysis, which measures
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all the surfaces that may be contacted by small
molecules, comparable in size to nitrogen.

There is no general agreement as to the definition of
clay fraction based on grain size. Four micrometers com-
monly is considered to be the limiting size. Although
clay minerals can be larger than 4 pm, concentration of
clay minerals will increase as the grain size decreases.
X-ray analysis indicated that 2 um is probably a better
upper limit. This is because the quartz and feldspar con-
tents are reduced substantially, thus permitting a much
better determination of clay minerals. The <2-um
material is separated by a sedimentation process. Since
this method is based on the application of Stokes’ law
and assumes spherical grains, platey minerals substan-
tially larger than 2 um in two dimensions will appear in
the separated material. This is confirmed by scanning-
electron-microscope (SEM) studies reported later.

The grain-size analysis procedure was changed later to
eliminate the sieve separation of the >43-um material
and the size analysis of the <43-um material using the
optical particle-size analyzer. The finer-than-43-um
material was separated by wet- and dry-sieving and the
<2-pm material was separated by the sedimentation
method. Table 2 shows the results of size analysis on a
variety of core materials using this latter technique. The
Wilmington core material contains much more fines and
clay fractions than the Huntington Beach or Coalinga
cores. The <2-um material reported here was used in all
subsequent clay mineral identification tests.

X-Ray Analysis
Test specimens for clay minerals identification by X-ray
analysis were prepared by suspending a portion of the
fines (<43 pm) from the grain-size analysis in distilled
water containing a small amount of sodium hexa-
metaphosphate and placing the mixture in an ultrasonic
bath to disperse the clays. The mixture then was placed
in a sedimentation column for a length of time sufficient
to allow the >2-um material to settle out. The liquid
containing the clay fraction was centrifuged and smear
mounts were prepared and air-dried for X-ray analysis.
X-ray analyses also were run on the total core material
and the <43-um fraction. The total sample was run to
give the overall mineral composition of the core, the
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Fig. 1—X-ray diffraction patterns for Wilmington composite
sand.

< 43-um material was run to give the mineral composi-
tion of the fines, which make up most of the surface area
of the core, and the <2-um fraction was run to give
good definition of the clay minerals present in the core.

Results of X-ray analyses are given in Table 1. The
dominant clay mineral in these oil sands is- mont-
morillonite with a smaller amount of kaolinite present in
most cases. Tests on glycolated specimens confirmed
that the montmorillonite was an expandable clay
mineral. llite or mixed-layer clay minerals could not be
identified specifically, although some of the mica
reported in the analyses could be attributed to small
amounts of these clay types. Quartz and feldspars were
the other dominant minerals in most cases. Both
plagioclase and K-feldspar were present in all samples
but are not reported separately. A zeolite was present in
several samples and in a surprisingly large amount in the
Coalinga fines. Calcite was present in one core sample
and was identified tentatively in another. The balance of
mineral content is reported in the last column as other
minerals and amorphous materials.

As expected, the clay-mineral content was concen-
trated in the <2-um fraction. This is demonstrated clear-
ly in Fig. 1, which shows the X-ray-diffraction patterns
for all three size groupings for Wilmington composite
sand. The large montmorillonite peak for the <2-um
fraction essentially disappears for the <43-um fraction
and the total sand sample. The principal peaks for the
major minerals are identified on the patterns by ap-
propriate letters. In addition to the clay minerals present
in the <2-pm fraction, significant amounts of quartz and
feldspars also occur. This is important because of the
large surface areas of minerals in the clay fraction mak-
ing large contributions to chemical reactions that may
occur.

The presence of the zeolite mineral, clinoptilolite, was
confirmed by R.L. Hay.? Zeolites are hydrous
aluminosilicates that are alteration products of volcanic
materials. Clinoptilolite has a Si/Al ratio between 4.25
and 5.0. The net negative charge in the tetrahedra
framework is balanced predominantly by Na and K ions.
This mineral commonly occurs together with mont-
morillonite and is found in Miocene formations in the
central coast ranges of California.* The importance of
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Fig. 2—Differential thermal analysis records for Wilmington
and Huntington Beach sands.

the presence of zeolites is their open structure and their
large cation exchange capacities (CEC’s).

Differential Thermal Analysis

Differential thermal analysis (DTA) tests were run on
one Wilmington Ranger zone sample and one Hunt-
ington Beach Main zone sample. It was necessary to
treat the <2-pm fraction with hydrogen peroxide to
remove organics before running the DTA. Fig. 2 shows
the results for the two peroxide-treated samples.
Although a quantitative interpretation of these results
was not attempted, it is apparent that substantial amounts
of montmorillonite and smaller amounts of kaolinite are
present in both samples. Again, no illite or mixed-layer
clay minerals could be identified.

SEM Analysis

SEM photographs were taken of the <2-um material as
a further aid in mineral identification. This technique,
when used in conjunction with the energy-dispersive
analysis of X-rays (EDAX) attachment, gives a bulk
chemical analysis of the minerals. The <2-um material
was separated by sedimentation as for X-ray analysis
samples, except that the centrifuged material was freeze-
dried to disperse the mineral grains and to avoid caking.
The best SEM photographs were obtained by applying a
thin coat of carbon followed by a thin coat of gold to the
test specimen. The SEM photographs and corresponding
EDAX records for several common minerals separated
from Wilmington oil sands are shown in Fig. 3.

Fig. 3a shows the crushed quartz grains with the black
bar at the bottom of the photograph used to represent a
length of 10 um. The EDAX scan shows only the Si peak
along with some minor background. Fig. 3b shows
crushed K-feldspar and the EDAX record indicating Al
to the left of the Si peak and K to the right, again with
some minor background. Fig. 3c is for montmorillonite
at a 2-um scale. The EDAX record shows the presencg
of Al, Si, K, Ca, Ti, and Fe, respectively, from left to
right. Fig. 3d is biotite, which appears to be slightly
overcoated. The EDAX record for biotite shows the
presence of Mg, Al, Si, K, Ti, and Fe, again from left to
right.
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a. Quartz ¢. Montmorillonite

b. K-feldspar d. Biotite

Fig. 3—SEM photographs and EDAX scans for various minerals.
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a. Wilmington Composite d. Huntington Beach 4894

b. Wilmington B110 4913 e. Huntington Beach 4897

¢. Wilmington B110 4914 f. Coalinga

Fig. 4—SEM photographs of oil sands.
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TABLE 3—FLUID-FLOW TEST RESULTS FOR WILMINGTON

COMPOSITE SAND
Initial Flowing Final
Fluid Permeability  Fluid Permeability
. Flowing (md) (PV) (md)
Nitrogen 185 — —
Sim. Brine 145 4 92
Conc. NaCl 92 5 74
1.0 wi% NaCli 74 3 44
1.0 wt% NaOH 44 3 36
+ 1.0 wt% NaCl — 3t06 variable
(87 to 43)
Polymer variable 5 23

Fig. 4 shows SEM photographs for the six oil sands
used in this study. The scale for all six photographs is 2
pm, and <2-pum sedimented material was used in all
cases.

Although SEM with the EDAX attachment is useful in
identifying specific minerals, it is of limited use for
quantitative analysis. It is extremely useful in identifying
minor constituents having unique chemical composi-
tions. For example, the presence of sulfate was observed
in the effluent from a caustic flooding test and the
presence of gypsum in the core was suspected. An
EDAX scan for sulfur in the Wilmington Ranger zone
sand showed the presence of sulfur, but it was always
associated with montmorillonite. We tentatively con-
cluded that the sulfur detected in the scan was associated
with the residual organic material that was detected on
the extracted sand during the initial DTA tests.

Fluid-Flow Tests

Tests to evaluate fluid-flow characteristics for different
fluids that might be flowed through the reservoir rock in
EOR operations were run on the Wilmington composite
sand. The extracted core material was packed into a flow
tube to a porosity close to that in the reservoir (31%) and
an air permeability of 0.185 md. The core was vacuum-
saturated with simulated reservoir brine that contained
both Ca and Mg ions. Several PV’s of the brine was
flowed through the core at a constant rate of about 0.3
m/d. Flow was continued until the pressure (and thus the
permeability) were fully stabilized. The same procedure
was repeated with a NaCl solution having the same
salinity as the total salinity of the simulated brine (2.86
wt%), followed by a 1-wt% NaCl solution, a 1-wt%
NaOH and 1-wt% NaCl solution, and a polymer solution
containing the same concentration of NaOH and NacCl.
Note that all these flow tests were run at reservoir
temperature (52°C).

Table 3 is a summary of the flow-test resuits. It shows
the initial permeability at the start of the test, the PV of
fluid flowing to reach a stabilized permeability, and the
final permeability. Note that at least an additional 2 PV
was flowed through the core to confirm stability of
permeability. Each time a new fluid was introduced into
the core, a reduction in permeability occurred. This was
consistent with Mungan’s! work and is similar to results
reported by Muecke.’ Although no fines could be
observed in the effluent, the permeability reduction must
be attributed to a combination of clay swelling and
migration of fines.
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TABLE 4—CALCIUM CATIONIC-EXCHANGE CAPACITIES

Z, Montmorillonite
Sample (meq/100 g) (Wt%)
Wilmington
composite 20+09 1.2
B110 at 4,913 ft 24+1.3 15
B110 at 4,914 ft 0.9+0.8 0.27
Huntington
4,894 ft 1.3+05 0.85
4,897 ft 1.3+05 0.52
Coalinga 0.9+05 0.45

Chemical Interactions With Rock

Ref. 2 reports results of tests performed to determine
EOR chemicals’ interaction with formation rocks. Tests
have been run primarily on toluene-extracted Wil-
mington oil sands reported in Table 2. A summary of this
work follows.

Divalent Cation Exchange with Rock

Because chemical additives, such as surfactants and
polymers, are sensitive to multivalent cations, exchange
of hardness ions with reservoir rock is critically impor-
tant to EOR processes.®'> CEC’s and isotherms of
selected California sands are being studied using both
column tests and static jar tests. Column tests, which use
the technique of frontal analysis, generally are ac-
curate >'31% and perhaps more representative of field ap-
plication. However, column testing requires extensive
chemical analysis and, hence, is time consuming. Con-
versely, static tests suffer from lack of precision,
especially when mineral grain sizes are large. Never-
theless, they are rapid and are replicated easily.

Table 4 gives the calcium CEC’s for the six California
oil sands at ambient temperature by the static method.
Also shown are the weight percentages of mont-
morillonite in these sands. These data are obtained for
the grain-size fraction <43-um and are reported for the
whole rock, assuming negligible capacity for the larger
particle sizes. Two features are apparent from Table 4.
First, noticeable error in the exchange capacities results
from the concentration-difference measurements re-
quired in the static technique. Second, the exchange
capacities generally parallel the montmorillonite content
of the sands. This is expected from the large surface
areas of clay minerals and, in particular, from the large
exchange capacity of montmorillonite—i.e., 100
meq/100 g. 15

More important than the exchange capacity is the ex-
change isotherm. The ease with which hardness ions
may be removed from reservoir rock by soft, saline
preflushing depends primarily on the slope of the ex-
change isotherm 16:17; high isotherm slopes lead to inef-
ficient hardness removal, and large ‘})reﬂush PV’s are re-
quired even in the swept zones.’ Fig. 5 shows the
calcium/sodium exchange isotherm for Wilmington sand
at 52°C from frontal-analysis column testing. Isotherms
for two salinities are reported and typical error bars are
shown. The symbol Zc,++ denotes the amount of
calcium adsorbed on the rock in units of the exchange
capacity. The two closed circles refer to static jar tests at
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Fig. 5—Calcium/sodium-exchange isotherm for Wilmington
and Huntington Beach sands.

ambient temperature and at the lower salinity. Agree-
ment with the column results is adequate and confirms
the insensitivity of calcium/sodium exchange to
temperature. '3 Note that the CEC in Fig. 5 is larger than
those reported in Table 4 by static testing. On repeating
the column experiment with the same rock sample, we
find that the isotherms are reversible, but they drift to a
higher and more stable calcium uptake, as shown in Fig.
5. Apparently, repetitive and prolonged column flushing
with sodium chloride exposes additional exchange sites.

The solid lines in Fig. 5 are a fit to the mass-action
equation (i.e., for the exchange M,Ca+2NaCl=
2 MNa+CaCl,, where M denotes a mineral-base ex-
change site),

Car- Koo (1=Zca+ +/Z)*(Cear + 1Cc1-) i
= . .
Z (1=Cca++/Ce1- )2 (Zca*+ /Z;)

where C denotes a solution concentration in equivalent
units, Z, is the calcium CEC, and K/ is the ion-exchange
equilibrium constant. For the Wilmington sand, Eq. 1
correctly portrays the ionic-strength effect that higher
salinities lead to smaller uptake of calcium and, hence,
more efficient removal. Use of calcium/sodium-
exchange isotherms in chemical flood simulators has
been discussed.”%10:1920 particularly for the Wil-
mington sand, the isotherm of Fig. 5 predicts that a large
number of PV’s of sodium chiloride preflush will be re-
quire(21 to remove effectively the reservoir hardness
ions.

Alkali Exchange with Rocks

In alkaline waterflooding?! and in alkali preflushing or
alkaline surfactant flooding, '!-'2 interaction of hydrox-
ide with reservoir sands is a critical, if not dominant, fac-
tor. Interaction of alkali with rock minerals is com-
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Fig. 6—Hydroxide-exchange isotherms for Wilmington oil
sand at three temperatures and two salinities.

and can

plicated, include surface exchange and
2,22 ;

hydrolysis, congruent and incongruent dissolution
reactions, >?3 and insoluble salt formation by reaction
with hardness ions in the fore fluids and exchanged from
the rock surfaces.>!'2* These interactions may be
classified further into reversible or irreversible, and
kinetic-controlled or instantaneous. This section briefly
discusses the reversible ion exchange of caustic with
reservoir sand, a contribution normally not considered,
but which controls the advance rate of alkali in a
reservoir.

Caustic exchange with rock was studied by frontal-
analysis chromatography, as discussed in the previous
section. Short columns and high flow rates are used to
lessen any contribution from dissolution reactions. Ef-
fluent hydroxide concentrations are determined by
potentiometric titration. If glass electrodes are used, the
pH values must be converted to concentrations to ac-
complish the material balances required in the frontal-
analysis technique. Otherwise, alkali uptake is
underestimated. 2°-26

Fig. 6 gives the adsorption or exchange of hydroxide
on sodium-exchanged Wilmington sand at two salinities
and three temperatures.?® The concentration and pH
scales refer to room temperature. The hydroxide adsorp-
tion is approximately Langmuirian, and increases with
increasing temperature, but decreases with increasing
salt. We stress that the isotherms in Fig. 6 are reversible,
as are those for calcium/sodium exchange in Fig. S.
Cyclical scrubbing of the column with brine followed by
reinjection of caustic always gives the same adsorption
isotherm.

The hydroxide isotherms in Fig. 6 may be explained
qualitatively by sodium/hydrogen/weak-acid exchange
with the reservoir rock as

MH+NaOH=MNa+H,0.

JOURNAL OF PETROLEUM TECHNOLOGY
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Fig. 7—Hydroxide concentration histories for tertiary oil
floods in Wilmington oil sands.

Sodium/hydrogen ion exchange does not follow the
same functionality as that for sodium/calcium exchange
in Eq. 1. Based on the concept of ionizable surface acid
groups, MH, and Eq. 2, Bunge argues that
sodium/hydrogen ion exchan§e would quantitativel
obey a Langmuir isotherm.?’  Likewise Bunge?
demonstrates that the mass-action equilibrium of Eq. 2
can reflect increased hydroxyl uptake at higher
temperatures and decreased hydroxyl uptake at higher
salinities, as found in Fig. 6.

Although the hydroxide-exchange amounts in Fig. 6
are less than those for calcium/sodium exchange in Table
4, they nevertheless greatly retard the advance rate of
alkali in a reservoir. Fig. 7 shows the elution of hydrox-
ide from tertiary oil floods in the Wilmington sand for
several injected pH values, all in 1-wt% sodium
chioride. As the injected pH is lowered, the alkali takes
progressively longer to elute from the core. With an in-
jected inlet pH of 11.2, hydroxide does not appear in the
effluent even after 10 PV of flooding. The dashed lines
in Fig. 7 are predicted a priori using standard
equilibrium chromatography theory and the appropriate
exchange isotherm (i.e., 52°C and 1-wt% sodium
chloride) in Fig. 6.!61726 Even though dispersion
distorts the hydroxide-concentration histories, the mean
elution times are well-represented by the simple
equilibrium ion-exchange theory. Again, it is the
isotherm slopes or chords that control concentration
velocities, with higher pH values having smaller slopes;
hence, they yield quicker elution times. Elution of the
sodium orthosilicate (i.e., a molar ratio of Na,O/SiO,
of 2:1) is predicted successfully by the caustic-exchange
isotherm of Fig. 6 showing that orthosilicate has
mineral-exchange properties identical to those of caustic,
when compared at equivalent alkalinities. If chromato-
graphic lag is to be avoided in a field application of
alkali, Fig. 7 clearly shows that higher pH values should
be considered.
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Fig. 8—Concentration histories of hydroxide and silicate for
Wilmington oil sand; lines are eye-fit.

Alkali Reaction with Rock

In addition to ion-exchange reactions with rock surfaces,
alkali can react directly with specific rock minerals. A
well-documented example is the incongruent dissolution
of anhydrite and gypsum in alkali to produce the less-
soluble calcium hydroxide—i.e., CaSO4(s)+2NaOH
=Ca(OH),(s)+Na,S0,.'22 A second, less-
understood reaction, is that of dissolving alkali with
reservoir rock to yield soluble silica. Although soluble
silica has been observed after contacting reservoir rock
with alkali,! the reaction is considered too slow at
moderate temperatures to be of major concern, 222423
This conclusion is re-examined here.

Fig. 8 shows typical effluent hydroxyl and silicate
compositions from sodium-exchanged Wilmington sand
after continuous injection of caustic at 52°C. Data are
shown at various inlet hydroxide concentrations from our
Berkeley laboratory at the U. of California (UCB) and
from Petroleum Testing Service (PTS).2® The silicates
are reported as parts per million of silicon; they are
measured by atomic absorption spectroscopy (AAS) and
by spectrophotometry with molybdate complexes. The
hydroxide concentrations are determined both by poten-
tiometric titration and by glass electrodes. All composi-
tions refer to ambient temperature. In addition to hydrox-
ide and silicon, the effluent is examined for aluminum
and sometimes for iron by AAS. The concentration of
these metals, if detected, is always very low; the highest
observed is aluminum at approximately 10 ppm. We find
that at higher temperatures, higher concentrations of
silicates elute. The PTS and UCB data are not com-
parable directly because differing core lengths and flow
rates were used in the two experiments.

Noticeable variations in concentration levels typically
are found. These are most likely a result of differences in
grain-size distribution and mineralogical composition
between and within various core samples. Nevertheless,
certain trends always are seen.
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Fig. 9—Predicted hydroxide and silicate concentration
histories.

1. Hydroxide elution is delayed—the lower the pH of
the injected fluids, the longer the delay. As noted above,
the hydroxyl holdup is accounted for by sodium/
hydrogen base exchange mainly with reservoir minerals.

2. The hydroxide concentration reaches a constant
level but at a concentration slightly below that of the in-
jected fluid.

3. Silicates appear in the core effluent when the
alkalinity rises. The silicate level reaches a plateau with
its production continuing as long as alkali is injected.

An explanation of these observations follows.

Dissolution of clay minerals, as well as mica and
feldspars, should liberate aluminum in significant
amounts. Neither aluminum, nor iron, which is com-
monly associated with clay minerals, is found to any ex-
tent in our effluent analyses. The prolonged release of
silicates shown in Fig. 8 indicates a source that is present
in the core in significant amounts. These observations,
when combined with the results of Table 1 and Fig. 1,
showing quartz in the fines and whole rock for the Wil-
mington sands, suggest quartz and amorphous silica as
major materials reacting with alkali.

Even in ambient temperature water, silica is effective-
ly infinitely soluble above pH values of about 11,2329
Thus, given long enough, considerable silica in a reser-
voir will dissolve in alkali. Since only small amounts of
silicate are produced in the column tests, we conclude
that the alkali/silica reaction is kinetic-controlled.
Although the chemistry of soluble silicates is highly
complicated, 2330 we simplify the dissolution reaction to

Si0;(s)+H,0+NaOH— NaH 3 SiO,,.

Because the silicate concentrations in Fig. 8 are far
removed from the solubility limit, we take Reaction 3 as
irreversible. For mathematical simplicity, the kinetics
are presumed to be first order in hydroxide. Finally, the
amount of silica in the core is assumed undepleted during
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the experiments. Unsteady material balances on hydrox-
ide and silicate (i.e., H3SiO 7) permit prediction of the
concentration histories in Fig. 8.

For hydroxide of reduced molar concentration
C,=Cpou/C%u in a water-saturated linear porous
medium, we write

aC, ac,
[1+y]—+Np,C, + =0, ..o 4)
6tD X p

where tp =vt/¢L is the injected PV’s of alkali, v is a
reversible ion-exchange delay in equivalent PV’s, which
in turn is related to the chord of the isotherm in Fig. 6,
xp=x/L is a dimensionless column position, and
Npa=KpL/v is the Damkohler number for silica
dissolution according to Reaction 3—ie., Kp is a
dissolution reaction rate constant, seconds ~'. The first
term in Eq. 4 corresponds to accumulation in the fluid
and on the rock surfaces, the second term indicates loss
by Reaction 3, and the third term describes convective
transport. For the silicate ions of reduced concentration
C,5; = Csi/ COy the stoichiometry of Reaction 3 implies
that

Cri=1-C,.

The solution to Egs. 4 and 5 is given in Appendix A for
continual injection of caustic.

Fig. 9 gives the hydroxide and silicate (i.e., as
H;SiO 3) concentration histories from Egs. 4 and 5 for
two different Damkohler numbers. Note that the general
features of Fig. 8 are portrayed correctly. The hydroxide
is delayed for three PV’s by the reversible ion-exchange
equilibrium—i.e., v is set at two. It does not rise to its
inlet value because of irreversible loss by reaction with
silica. Both silicate and hydroxide reach plateau concen-
trations because of the large abundance of silica assumed
in the core. The most important finding from Fig. 9 is
the role of the Damkohler number; higher Damkohler
numbers lower the hydroxide and raise the silicate
plateau concentrations. Thus, for long cores and slow
flow rates, more consumption of hydroxide is predicted.
Some recent experimental evidence supports this conten-
tion.* Thus, although only small amounts of silicates are
produced in laboratory column tests, !2>2% extrapolation
by means of the Damkohler number to field well spac-
ings and flooding rates indicates much larger amounts of
silica dissolved and alkali consumed. The origin of this
effect is the longer residence time of the alkali compared
with the characteristic rock-dissolution time in a field ap-
plication. From Fig. 8 and Eq. A-2 we find provisional-
ly that silica dissolution rate constants, K-, are between
1077 and 1075 seconds ™! at 52°C. A preliminary
discussion is available on the deleterious effects that
such dissolution rates have on alkali slugs.?

Conclusions

The following conclusions are based on the work com-
pleted and on the specific systems studied.

1. Although the clay mineral contents of the several
reservoir oil sands studied were small percentages of the

*Lieu, V.T.: personal communication, California State U.-Long Beach (Dec. 1979).
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total sand (1 to 2%), their grain size (<2 um) and their
platey nature make major contributions to the total sur-
face area available for physico-chemical reactions. Other
minerals present in the fines and the clay fractions of the
oil sands, notably zeolites, also may make substantial
contributions to the total reactivity of the sands.

2. Changes in salinity and/or ionic content of fluids
flowing through oil sands containing clay-size particles
may reduce the flow capacity of the rock significantly.

3. Column tests provide a convenient tool for study-
ing rock/chemical interactions. The technique of front-
analysis chromatography permits accurate determination
of equilibrium adsorption isotherms. Because chemical
recovery schemes are essentially chromatographic proc-
esses, the equilibrium isotherm shapes are as important
as the absolute amounts of chemical adsorbed.

4. For Wilmington sands, both sodium/calcium and
sodium/hydrogen ion exchange follow mass-action
equilibria. Calcium CEC’s of California sands reflect
their montmorillonite contents.

5. Analysis of effluent species in column testing per-
mits elucidation of any rock/chemical reactions. For
Wilmington sands, alkali slowly reacts with silica to pro-
duce soluble silicates. Proper scaling of such kinetic-
controlled reactions to field conditions is outlined.

Nomenclature

C = solution concentration, eq/dm3 (eq/L)
C, = Coy/C%u, reduced hydroxide
concentration
C,si = Cg/C%n, reduced silicate concentration
dsp = median grain diameter, pm (microns)
dip = grain size 10% coarser than, ym (microns)
dgg = grain size 90% coarser than, um (microns)
k, = air permeability, md
kw = water permeability, md
Kp = rock dissolution rate constant, seconds ~!
K; = calcium/sodium, ion-exchange equilibrium
constant, dm3/g (L/g)
L = column length, cm (in.)
M = mineral-base exchange site
N = normality, eq/dm? (eq/L)
Np, = KpL/v, Damkohler number
t = time, seconds
tp = vt/¢L, PV or reduced time
v = superficial velocity, m/s (ft/sec)
x = axial column position, cm (in.)
xp = x/L, dimensionless axial position
Zcga++ = calcium ion exchange or adsorption,

meq/100 g
Zon- = hydroxide ion exchange or adsorption,
meq/100 g
Z, = calcium exchange capacity, meq/100 g
1-¢)AZpy-
Y = p, UTOBZOH by elay of alkali
$ACon-
ps = solid density, g/cm?
¢ = porosity
Superscript
o = inlet
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APPENDIX

Hydroxide and Silicate Concentration
Histories

Solution to Egs. 4 and 5 for continual injection of alkali
follows. For the hydroxide effluent history we find that
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0, fortp<1+y
C,tp, )= - (A-1)

exp(—Np,), fortp=1+y

Likewise, for the silicate concentration history we have

0, fortp=<l+y
. (A-2)
1—exp(=Np,), fortp=1+y

CrSi(tD’ 1):

As noted in the text, Eq. A-2, along with the experimen-
tal silicate concentration plateau, permits evaluation of
dissolution rate constant, Kp.

SI Metric Conversion Factors

ft X 3.048% E-01 = m
°F (°F—32)/1.8 = °C
in. X 2.54% E+00 = cm
microns X 1.0% E+00 = um
mL x 1.0% E+00 = cm?
*Conversion factor is exact. JPT
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