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Abstract—Currently, two commercial plants, operating in the Athabasca region of Alberta, produce
approximately 20 percent of Canada’s petroleum requirements from oil sands. Surface mined oil sand is
treated in a water based separation process that yields large volumes of clay tailings with poor settling
and compaction characteristics. Clay particles, suspended in the pond water, interact with salts, dissolved
from the oil sands ore, to produce mature fine tailings (MFT) containing only 20 to 50 w/w% solids. As
a result, large sedimentation ponds are required to produce enough process water to recycle for the plant.
Tailings pond dykes can only be constructed during a short summer season. Consequently, the capability
to predict production rate and final volume of MFT is essential for mine planning and tailings disposal
operations.

Previous research has demonstrated that a small fraction of nano sized clay particles (20 to 300 nm)
effectively controls the bulk properties of MFT. These particles are present in the original ore and become
mobilized into the water phase during the oil separation process. In this work, the nano sized particles
have been separated from the bulk tailings and subjected to a fundamental study of their flocculation
behavior in model tailings water.

Photon correlation spectroscopy and a deuterium NMR method were used to follow particle flocculation
and gelation processes. These results were correlated with particle settling data measured under the same
conditions. It was determined that the nano particles form fractal flocs that eventually interact to give a
thixotropic gel. The ultimate sediment volume produced is almost entirely dependent on the original
concentration of nano particles while the rate of water release is governed primarily by electrolyte con-
centration.
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INTRODUCTION inorganic particles found in all oil sands ores (Kotlyar
et al. 1992a, 1992b, 1993). This fraction comprises de-
laminated aluminosilicate clays only a few layers
thick. Particle sizes are in the range of 20 to 300 nm.
During processing, the ores are subjected to mechan-
ical dispersion forces which result in mobilization, or
liberation, of these nano particles into the process wa-
ter. Even though these particles are present in only
minor amounts they are capable of forming thixotropic
gels, ultimately producing fine tailings with a high wa-
ter holding capacity. Consequently, large sedimenta-
tion ponds are needed to provide adequate fine tailings
storage capacity and process water for recycling. Tail-

The Athabasca oil sands deposit in Alberta contains
about 5 X 10° m® of bitumen accessible by surface
mining. Currently, two commercial plants are operat-
ing to produce approximately 20 percent of Canada’s
petroleum requirements. Bitumen is extracted from oil
sands using the hot water extraction process (HWEP).
Mined oil sands are mixed with steam and hot water
to which a small amount of sodium hydroxide was
added. After gravity separation of bitumen, the re-
maining aqueous slurry of sand and clay is transported
to sedimentation basins where the solid particles are
settled out to separate “‘clean’” water to recycle for the

extraction process. Coarser solids are used to form the
containment dykes while the remainder of the tailings
is discharged to the pond over a beach. Approximately
one-half of the silt and clay and almost all of the re-
sidual bitumen remain in suspension and flow to the
center of the pond. Eventually, mature fine tailings
(MFT), having a characteristically low compaction
rate form as a distinct layer in the pond. Tailings tox-
icity, loss of bitumen, diluent naphtha and process wa-
ter are among the problems associated with the build-
up of these fine tailings (Camp 1977).

The gelling, evident in the formation of MFT in the
field, has been attributed to the presence of nano-sized,
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ings pond dykes can only be constructed during a short
summer season. Therefore, the capability to predict
production rate and final volume of MFT is essential
for mine planning and tailings disposal operations.
The degree of nano particle flocculation and gela-
tion and hence, the rate of MFT formation, is depen-
dent on several factors. Offe of the most important is
the amount and type of electrolytes in the process wa-
ter. Sodium chloride, or common salt, is the major
electrolyte component in tailings water and is the dom-
inant contributor to the aggregation of nano-sized clay
particles present in the tailings. This salt is extracted
from oil sands ore during processing. Because water
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is constantly recycled the salt concentration is contin-
ually increasing. Also, future mine expansion will en-
counter new ore bodies containing higher salt concen-
trations than those found in the currently mined ore.
The objective of predicting, and possibly mitigating,
MFT formation therefore requires an understanding of
the behavior of nano particle clays suspended in salt
solutions covering the range of concentrations likely
to be encountered in existing and future tailings pond
water.

In recent years, photon correlation spectroscopy
(PCS) has been commonly used to study aggregation
processes in model colloid systems at low solids con-
centration (Weitz et al. 1991; Cametti et al. 1989;
Hoekstra et al. 1992). This technique provides infor-
mation on floc structure in terms of self-similarity and
corresponding fractal dimension. In this work, we use
this same kinetic approach to study the flocculation of
nano particles from oil sands fine tailings in model
process water containing different concentrations of
salt. These results were correlated with settling data
for the same suspensions.

We also examined the effect of salt concentration
on gel formation of more concentrated (0.4 to 3.1
vol.%) suspensions of nano particles by a 2H NMR
method recently developed in our laboratory (Rip-
meester et al. 1993). In the latter tests, nano particle
concentrations were more typical of those found in
actual MFT samples. A gelation index, calculated from
the NMR data, provides an insight into the progression
of the structure forming process. These suspensions,
still in their NMR tubes, were also used to determine
sediment volumes as a function of time.

Our results are discussed in terms of the influence
of salt concentration on MFT properties such as: set-
tling rate, differential settling and final sediment vol-
umes or equivalent solids’ content. This information
is expected to provide predictability for tailings for-
mation based on a knowledge of pond water quality
and processed ore type.

EXPERIMENTAL MATERIALS AND METHODS
Materials

Mature fine tailings (20 L) was supplied by Suncor
Inc. After mixing, the sample was sub-divided. The
composition of the sub-samples ranged from 26 to 31
wt.% solids and 1 to 2 wt.% bitumen, the remainder
was water.

Deuterated water, containing 99.9 atomic % deute-
rium (?H) was supplied by MSD Isotopes.

Separation of Nano-Sized Clay Particles from Bulk
MFT

For this work, nano particles were selectively sep-
arated from MFT by a technique described by Kotlyar
(1992a). MFT samples were subjected to vigorous me-

https://doi.org/10.1346/CCMN.1996.0440111 Published online by Cambridge University Press

Kotylar, Sparks, and Schutte

Clays and Clay Minerals

chanical agitation followed by mild centrifugation for
two h at a relative centrifugal force (RCF) of 500 grav-
ities. This treatment resulted in layering of the MFT
into several components, each with distinct properties.
Nano-sized clay particles (=200 nm) separate as an
aqueous suspension, which can easily be removed
from the remaining solids by decantation.

In MFT, nano-sized clay particles exist in two
forms. Most of the particles exhibit hydrophilic sur-
face properties, however, about 20 wt.% display some
hydrophobic characteristics. In the latter case the par-
ticles collect at oil-water interfaces, indicating biwett-
able characteristics. These biwetted particles are
known to accelerate the flocculation and gelation pro-
cess (Kotlyar et al. 1994).

In order to prepare reproducible test samples, the
suspended particles were deflocculated by replacing
the pond water with distilled water in a series of se-
quential washing and centrifuging steps (Kotlyar et al.
1992b). A concentrated suspension, containing 3.1
vol.% of dispersed solids, was prepared by decanting
off the supernatant water after high speed ultra-cen-
trifugation. This sample was used as a stock suspen-
sion for both light scattering and 2H NMR experi-
ments.

Light Scattering Measurements

Dynamic light scattering experiments were per-
formed using a Malvern 4700 PCS system, utilizing a
15 mW 633nm He-Ne laser. Measurements of scat-
tered light were made at a scattering angle of 90° using
a 64 channel autocorrelator. The autocorrelation func-
tions were analyzed by the method of cumulants
(Berne and Pecora 1976). The first cumulant, I'; of the
correlation function was used to obtain the translation-
al diffusion coefficient D, from:

{1]

where q is a scattering vector. Knowing D and the
Stokes-Einstein relationship allows the mean hydro-
dynamic radius, R, to be calculated from the following
equation:

D =T/¢?

D = k,T/6wnR [2]

where m is liquid viscosity, T is absolute temperature
and k, is Boltzmann’s constant.

The dilute colloidal suspensions for these tests were
prepared from the stock suspension by addition of ap-
propriate volumes of salt solution with the desired
concentration. Final solids concentration was 0.06
vol.%. The value of R was determined at intervals of
two to three minutes over a period of several hours.
For sedimentation studies, the nano particle concen-
trate was also diluted to 0.06 vol.% with the same salt
solutions. The resulting suspensions were allowed to
settle in 100 mL cylinders for several months.
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Figure 1.

Gelation Measurements

The samples for ’ZH NMR gelation studies were pre-
pared by replacing the distilled water in the stock sus-
pension of nano particles with model pond water, us-
ing the reverse of the procedure described above. The
replacement water contained sodium chloride in con-
centrations ranging from 5 to 20 mM. Previous ex-
perience (Kotlyar et al. 1992b) has shown that this
process of water replacement is completely reversible.
A series of nano particle suspensions with solids con-
centrations ranging from 0.4 to 3.1 vol.% (1 to 8 wt.%)
were prepared at different salt concentrations; about 7
wt.% of 2H,0O was added to each of the suspensions.

Deuterium Nuclear Magnetic Resonance spectra
were recorded with a Bruker MSL 300 spectrometer
in a magnetic field of 7.1 Tesla at a frequency of 46.07
MHz. In typical experiments, 16 transients were ac-
quired in 8K points, with a spectral width of 1000 Hz.
In order to obtain consistent results at zero time, each
suspension sample was vigorously agitated immediate-
ly before loading into the NMR instrument for the first
time. This precaution ensured that any gel structure in
the sample was destroyed. After the first measurement,
the sample tubes were removed and the sol-gel tran-
sition was allowed to take place outside the magnetic
field. Samples were re-inserted into the instrument at
regular time intervals and removed again after com-
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Nano particle cluster size versus time for different salt concentrations.

pletion of each measurement. Spectra for each time
interval were compared in order to follow changes in
the gelation process.

RESULTS
Flocculation of Dilute Suspensions

The flocculation behavior of nano particles, diluted
to 0.06 vol.%, with distilled water or 5 through 20 mM
solutions of salt, was monitored by PCS measurement
of the mean hydrodynamic radius, R, of the growing
flocs. In deionized water, the radius of suspended par-
ticles remained constant over the test period, suggest-
ing a suspension with high colloidal stability. Resis-
tance to aggregation of approaching particles is gen-
erally attributed to the repulsive energy barrier which
is greater than the kinetic energy of the particles (Ver-
wey and Overbeek 1948).

Figure 1 shows plots of particle cluster size against
time for several concentrations of salt. For suspensions
having low 5 mM electrolyte concentration, the repul-
sive energy barrier between particles is expected to be
of the same order of magnitude as their kinetic energy.
In these circumstances, aggregation rate is still limited
by the need to overcome the repulsion barrier. Nev-
ertheless, a very slow, exponential growth in floc size
occurs (Figure 1, curve 1). This regime corresponds
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Figure 2. Time dependence of water release (mL) from dilute suspensions of nano particles in salt solutions of different

concentrations.

to reaction limited aggregation and is characterized by
a collision sticking probability of less than unity.

An increase in salt concentration to 10 mM results
in a further decrease in the repulsive energy barrier.
The probability of “‘sticking” collisions between par-
ticles increases and there is a corresponding increase
in the aggregation rate (Figure 1, curve 2).

At a salt concentration of 20 mM, two different floc-
culation regimes are apparent (Figure 1, curves 3a and
3b). Initially, aggregation is reaction limited and ex-
ponential growth occurs (Figure 1, curve 3a). Beyond
a certain aggregate size, further growth is best de-
scribed by a power law relationship (Figure 1, curve
3b), corresponding to a diffusion limited regime. In
the latter case, the salt concentration is high enough
to reduce the repulsive barrier to a level such that the
sticking probability for each inter-particle collision is
close to unity. These two aggregation regimes are
commonly observed for model colloidal systems
(Weitz et al. 1991; Cametti et al. 1989:; Hoekstra et al.
1992).

It has been reported that, for diffusion limited ag-
gregation (Weitz et al. 1984), the hydrodynamic radius
of particle clusters (R) may be represented by the fol-
lowing equation:
£

iy

4CokT|"

3nMo

~ for R >> R, [31
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where Co, Mo are initial particle concentration and
mass, while &k is Boltzmann’s constant, 7 is tempera-
ture, m is viscosity, ¢ is time and d; is fractal dimension
of the clusters, or flocs. In this approach, a logarithmic
plot of R against ¢ should be a straight line with slope
equal to 1/d. A plot of the data from the diffusion
limited region (Figure 1, curve 3b) gives a straight line
(correlation coefficient is 0.93) with a slope of 0.56,
corresponding to a fractal dimension of 1.79. These
results indicate that the nano particle component of
MFT form fractal clusters.

Settling of Dilute Suspensions

In order to compare the settling behavior of the frac-
tal clusters formed in different aggregation modes, we
prepared 0.06 vol.% suspensions of nano particles in
both deionized water and salt solutions. In the latter
case, a range of 1 to 500 mM included concentrations
both lower and higher than that required to induce dif-
fusion limited aggregation. Settling rates, as deter-
mined by the position of the interface between sedi-
ment and clear water, in terms of mL in the volumetric
cylinders, were monitored (Figure 2). Equivalent final
volumes, or vol.% of solids in the sediment, were es-
timated from the volumes of sediment and clear water
released.

A photographic record of the suspensions was main-
tained. Over the study period, suspensions in salt so-
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Figure 3.

lutions of 1 mM or less remained completely stable as
shown by cylinders 1 after 4 days and 2 after 7 days
(Figure 3a and b). For a salt concentration of 5 mM,
flocculation is reaction limited and differential settling
behavior is observed. Similar results have been re-
ported by others (Lin et al. 1990). Those particles that
have a lower resistance to flocculation, aggregate and
settle first. The remaining solids stay in suspension
above this faster settling layer (Figure 3, cylinder 3).
Variations in particle size, shape, electrical properties
and the presence of surface adsorbed organic matter
are among the factors responsible for this phenome-
non. Differential settling is expected to create condi-
tions favorable for the formation of segregating
mixtures. In tailings handling, such a situation is un-
desirable as it leads to lower overall solids content in
the MFT.

At salt concentrations =20 mM, diffusion limited
aggregation results in a rapid initial aggregation fol-
lowed by fast settling. The corresponding settling
curves are shown in Figure 2. The rate of settling in-
creases with concentration of salt. Rapid aggregation
and settling of this type usually results in the formation
of non-segregating mixtures where coarser solids are
entrapped by the flocs. For tailings disposal, this effect
is beneficial as it leads to a sediment with a higher
solids’ content. Under these conditions the settling in-
terface is typically distinct and the supernatant water
completely clear. The suspension in cylinder 4 (Fig-
ures 3a and 3b), shows behavior of this type.

These observations of settling behavior also show
that changes in interface position, for diffusion ex-
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Effect of salt concentration on the settling behavior of dilute suspensions of nano particles.

tremely slow after 10 h and reaction limited aggrega-
tion modes after 400 h In Figure 4, we plot the final
settled solids concentration (vol.%) in the sediments
vs salt concentration (mM) in the suspending medium.
Initial solids concentration was 0.06 vol.% in all cases.
At the lower salt concentrations, reaction limited ag-
gregation produces smaller, more compact clusters
compared to the voluminous, fractal clusters formed
in the diffusion limited mode at higher salt concentra-
tions (Lin et al. 1990). As a result of this difference
in cluster morphology, the concentration of solids in
the sediments decreases as salt concentration increas-
es. Consequently, entrapment of the continuous phase
is higher under these conditions. This is an undesirable
operational result as it leads to higher volumes of MFT
for storage and ultimate disposal.

Flocculation of Concentrated Suspensions

The results discussed so far have shown that the
fractal flocs, formed in both aggregation regimes, set-
tle freely until the concentration of nano-sized parti-
cles reaches 1 to 1.4 vol.%. At this point, the inter-
floc distances are small and the clusters begin to in-
teract. Ultimately, at the critical gel concentration
(CGC), a giant cluster, spanning the containment sys-
tem, is formed (Brinker and Scherer 1990). At this
point, the system behaves as a gel and very little com-
paction occurs. However, solids content may still in-
crease through entrapment of coarser solids settling
into the MFT zone.

During the floc growth period steric hindrance sub-
stantially reduces the mobility of the clusters and ?H
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Figure 4. Effect of salt concentration on solids content of sediments after six months settling.

NMR can be used to monitor the sol-gel transition
period, as done by Ripmeester et al. (1993). The meth-
od relies on observation of the splitting, A, of the deu-
terium peak as a function of time. This splitting occurs
due to the rapid exchange of deuterium molecules be-
tween the bulk water and particle surface environ-
ments. As a gel structure forms, deuterium exchange
is inhibited and the splitting gradually disappears. A
gelation index, 1, is calculated from the difference be-
tween the normalized change in 2H NMR peak split-
ting at times zero (A,) and t (A), according to the
following equation:

I={(A;, — A) X 100}/A, [4]

This index reflects a change in mobility caused by
cluster formation, which is itself related to the degree
of gelation. Values of I range between 0, (sol or dis-
persion) to 100 (at the CGC).

In this work, we monitored the growth of gel net-
works for nano particles dispersed in either distilled
water or salt solutions having concentrations ranging
from 5 mM through 500 mM. Solids concentrations in
the suspensions varied from 0.4 to 3.1 vol.%. The lat-
ter concentration is typical for MFT samples from tail-
ings ponds. Observations were continued for up to six
days. Figures 5 and 6 are three-dimensional plots ex-
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hibiting the dependence of gelation index on time and
solids’ concentration.

In deionized water, the nano particles remained dis-
persed, as indicated by a gelation index of zero at all
solids concentrations (Figure 5a). The behavior of sus-
pensions in 5 mM solution shows that gelation under
these conditions is dependent on both time and solids
concentration (Figure 5b). For all samples, gelation in-
dex increased rapidly during the first 8 hours. After
this initial change, a slower rise in gelation index oc-
curred during the remaining 130 hours of the test. In
each case substantial thickening of the suspension oc-
curred, resulting in a mobility loss of 65 to 85 percent.
However, none of these samples produced a stiff gel
during the observation period.

For 20 mM salt solution, see Figure 6a, gelation was
much more pronounced. All suspensions produced a
stiff gel after 16 hours. At a salt concentration of 50
mM it took only 8 minutes for a stiff gel to form at
all solids concentration, see Figure 6b. Where solids
contents were less than the CGC (about 1 vol.%) ag-
gregation and settling of nano particles were very fast.
Under these conditions, NMR measurements were not
reliable. Suspensions in salt solutions with concentra-
tions =100 mM gelled almost instantaneously, but the
results are not shown.
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Time and concentration dependence of gelation index for nano particles in a) de-ionized water and by 5 mM
solution of salt.
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Figure 6. Time and concentration dependence of gelation index for nano particles in a) 20 mM and b) 50 mM salt solutions.
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Figure 7. Compaction factors (C/C,) as a function of initial solids concentrations for solutions with salt concentrations of

a) 5-100 mM and b) 100-1000 mM.

https://doi.org/10.1346/CCMN.1996.0440111 Published online by Cambridge University Press


https://doi.org/10.1346/CCMN.1996.0440111

130

Settling of Concentrated Suspensions

The ultimate objective of this work was to deter-
mine the effect of salt concentration on final sediment
volumes, or equivalent solids contents. Consequently,
clear water release from the settling suspensions was
followed for six months or until no further change was
detected. It should be mentioned here that suspensions
of nano particles in deionized water, at all solids con-
centrations from 0.4 to 3.1 vol.%, showed no signs of
aggregation during this whole period.

Solids concentrations, at time zero (C,) and after six
months (C;), were used to calculate compaction fac-
tors, CJ/C,, for each suspension. Three dimensional
plots, showing C/C, as a function of salt concentration
and initial solids concentration, are given in Figures
7a and 7b. At a salt concentration of 5 mM the flocs
in the most dilute suspensions settled freely until the
CGC (about 1 to 1.4 vol.% solids) was reached, which
corresponds to a solids compaction factor of up to 2.4.
Where the solids content was initially greater than the
CGC the compaction factors remained close to unity,
indicating little change in sediment solids’ concentra-
tion over time. Similarly for 20-100 mM salt solu-
tions, compaction factors for suspensions containing
the lowest particle concentrations, decreased from 2.6
to 4.0, for 0.4 vol.% samples, to unity for samples with
initial concentrations equal to or greater than the CGC
(Figure 7a). Figure 7b shows that for salt solutions
with concentrations greater than 100 mM, the general
trend for sediment compaction remains the same.
However, it should be noted that the most compact
flocs are found at the highest salt concentrations used.

DISCUSSION AND CONCLUSIONS

Nano-sized clay particles are present in oil sands
MET and may be isolated as a separate fraction. In
dilute suspensions, the aggregation of these particles
were dramatically affected by the amount of electro-
lyte present in the system. It has been demonstrated
that the nano particles form fractal clusters in both
reaction and diffusion limited aggregation regimes.
From a plant operation standpoint, this is an important
feature of these results. Fractal flocs show decreased
packing density with increased cluster size (Mandel-
brot 1982). In contrast, nonfractal structures are more
compact and exhibit a uniform porosity (Brinker and
Scherer 1990). The corollary to this observation is that
high salt concentrations (>20 mM) will increase rate
of water release from the tailings but coincidentally
produce a greater final sediment volume through the
formation of more open flocs.

The salt concentration in the dispersion medium not
only affects particle settling rates, and therefore the
ratc of water release, but also the type of sediment
formed. For example, slow aggregation leads to seg-
regation by particle size, whereas fast aggregation
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leads to non-segregating behavior in which coarser
particles may become entrapped in the floc network.
Both of these parameters are also important character-
istics for tailings streams generated by oil sands ex-
traction plants.

The fractal clusters settle freely until steric interfer-
ence between them produces a weak gel structure. Af-
ter gelation the reduced mobility of the growing clus-
ters allows use of a 2H NMR technique to demonstrate
that the gelation process is dependent on time as well
as salt and nano particle concentration. A concentra-
tion of only 1 to 1.5 vol.% of nano particles is required
to produce a space filling, gel network. Solids concen-
trations, in excess of this amount, produce more flocs
that occupy the available spaces, within the limit of
the gel network without significantly changing its
overall volume.

The individual flocs formed in a tailings pond are
voluminous and the resulting gel network is capable
of immobilizing large amounts of process water. Salt
concentration is the factor that most affects the rate of
gelation. However, when the initial concentration of
nano particles exceeds the minimum requirement for
gelation, the final sediment volumes and the equivalent
solids content, are virtually independent of salt and
nano particle concentration.

Slower gelation rates produce sediments with the
highest compaction factor. However, in a dynamic
pond environment, such systems also lead to the un-
desireable characteristic of size segregation. Fast gel-
ling systems are capable of entrapping coarser solids
to produce an MFT with overall higher solids content.
Operation of a tailings pond must be optimized to ac-
count for these conflicting characteristics.
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