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METHOD FOR DISPERSING AND AGGREGATING COMPONENTS OF MINERAL
SLURRIES AND HIGH-MOLECULAR WEIGHT MULTIVALENT POLYMERS FOR
CLAY AGGREGATION

BACKGROUND OF THE INVENTION
Field of the Invention

[0001] The invention relates generally to polymers and the use of thereof to
assist in aggregating mineral components in agueous mineral slurries to release and
separate individual components of the slurry, which may then be recovered from the

slurry.

Related Technology

[0002] Many industrial processes involve the dispersion of minerals in
water to assist in the separation and recovery of mineral or other components. The
mining industry is the predominant user of such processes, wherein mineral ores are
ground and slurried in water to allow separation and recovery of desired
components. The residual mineral components in the slurry, referred to as gangue
or tailings, are then often deposited in pits or ponds, often called tailings ponds,
where solids are expected to settle to allow recovery of the supernatant water, and
ultimate consolidation of the remaining mineral solids. Coal, copper, and gold mining

are but a few of the mining processes that employ this technology.

[0003] The slow rate of mineral solids settling in tailings ponds is often a
serious economic and environmental problem in mining operations. |f an objective of
such processes Is to recover water for reuse or disposal, lengthy pond residence
times, often measured in years, can cripple process economics. Further, huge
volumes of ponded slurry can be environmentally and physically dangerous. Dike

failures of coal slurry ponds in the United States attest to both these dangers.

[0004] If the ponded slurry is predominantly composed of coarse minerals,
the settling rate In tailings ponds is not generally an environmental or economic
problem. In this instance, solids settle quickly and consolidate to disposable
consistencies, and water is easily recovered. But when components of the ponded
slurry are very fine materials, settling is often hindered and, in some instances, may

take years to occur.
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[0005] A major undesired component of many mineral slurries is often clay.
Clays have a variety of chemical compositions but a key difference in how a clay
behaves in a mineral slurry is whether it is predominantly in a monovalent (usually
sodium) form or in a multivalent (usually calcium) form. The effects of the varying
chemical compositions of clays are well known to those in industry. Monovalent

clays tend to be water-swelling and dispersive, multivalent clays generally are not.

[0006] Water-swelling and dispersive clays cause many of the problems in
mineral processing and tailings dewatering. These clays tend to be monovalent,
sodium clays, such as bentonite, which is largely composed of montmorillonite.

These clays can be expressed as Na.Al,503.45i10,.H-0.

[0007] Further, if the clays are very finely divided, the problem is often
magnified. If the clay particles are easily broken down to even finer particles through
shearing In processing, problems can be compounded. Layered, platelet, or shale-
like forms of clay are particularly sensitive to mechanical breakdown to even finer

particles during processing.

[0008] In mineral processing, additives are often used to facilitate removal
of specific components. Frothers used to separate and float ground coal particles
are an example of this. In this instance, the desired component to be recovered is
an organic material such as coal, but similar processes are used for mineral
recoveries. In almost all mining processes the remaining slurry must be separated to

recover water and consolidated solids.

[0009] Since the late 1960s, a new mining industry has been operating in
the northeast of the Canadian province of Alberta. The deposits being mined are
referred to as the Athabaska oil sands. The deposits are formed from a heavy
hydrocarbon oil (called bitumen), sand, clay, and water. In processing the deposit,
the ore is slurried in warm or hot water with the objective of separating the bitumen
from the sand and clay, recovering the bitumen by flotation, recovering the water for
reuse, and disposing of the dewatered residual mineral solids in site reclamation.
The oil sand deposits contain the second largest quantity of oil in the world, second
only to Saudi Arabia’s. Consequently, separation, water recovery, and solids

disposal are carried out on an industrial scale never before seen.
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[0010] The first objective in oil sands processing is to maximize bitumen
recovery. Slurrying in warm or hot water tends to release bitumen from the minerals
In the ore, in a pipeline process called hydrotransport, while the slurry is transported
via pipeline to a primary separation unit. Various chemical additives, including
caustic soda or sodium citrate, have been used to improve dispersion of the ore’s
components into the process water and to accelerate separation of the bitumen from
the sand and clay for greater bitumen recovery. In the hydrotransport process, sand
IS relatively easily stripped of bitumen and readily drops out and is removed through
the bottom of the primary separation unit; the clays are the principal problem. Clays,
associated with divalent or other multivalent cations, particularly calcium and
magnesium, contributed by, for example, process waters are recognized to deter
efficient separation and flotation of the bitumen. The use of additives such as
caustic soda or sodium citrate aid in the dispersion to inhibit clay's deleterious
effects. Sodium citrate is a known dispersant and also acts as a water-softening

agent, to sequester calcium and magnesium ions.

[0011] While improving recovery, these additives often have residual
negative eftects following bitumen separation by inhibiting subsequent water removal
from the clay. A great deal of research has gone into studying the various types of
clays found in the oil sands deposits. Ditferent clays affect bitumen separation
differently, often in ways not completely understood, and differences in the clays
affect the clays’ subsequent separation from the process water. Since ore is a
natural deposit, the separation process is at the mercy of clay type and content, and
the level of divalent ions. Pump and pipeline shear acting on the slurry break down
clay into finer clay particles to further negatively affect the separation process.
Various ore sources are often blended prior to hydrotransport in an attempt to
mitigate the eftects of clays. Compressed air may be introduced into the
hydrotransport pipeline. The air dissolves under pressure and, as pressure IS
released ahead of the primary separation vessel, bubbles form to help float the

bitumen.

[0012] In the separation process, the floated bitumen overflows to further
processing. Typically, the sand and any coarse clays settle quickly into the base of a
conical primary separation unit. The withdrawal rate of this coarse segment can be

controlled. The largest volumetric component, called middlings, is the middle
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stratum above the coarse layer and below the bitumen float. The middlings consist
of a dispersion of the fine clays. The industry considers these fine clays to be any
size less than 44 microns in diametr. These clays usually form a very stable
dispersion. Any dispersive additives further increase the stability of the clay slurry. If
the dispersant, or any other additive, increases middlings viscosity in the primary

separation unit, then bitumen flotation and recovery may be hindered.

[0013] In existing processes, the conditions that promote efficient
dispersion and bitumen recovery appear to be diametrically opposed to the
conditions that subsequently promote downstream fine clay separation, solids
consolidation, and water recovery. The longer it takes to recover and reuse the
process water, the more heat and evaporative losses occur. The tradeofft between
efficient bitumen extraction and downstream disposal of mineral solids is an

expensive problem for the oil sands industry.

[0014] In the extraction process, middlings are continuously withdrawn from
the center of the primary separation unit. Both the heavy, easily settled sand/coarse
clay component, withdrawn from the conical bottom of the primary separation unit,
and the middlings component are usually subjected to additional cleaning and
mechanical dewatering steps to recover any bitumen that is not floated off in the
primary separation unit. The middlings may be hydrocycloned to increase density.
The middlings then generally report to a thickener, where high molecular weight
sodium/potassium/ammonium-acrylate/acrylamide-based copolymers (called
flocculants) are added to coagulate and flocculate the dispersed middlings’ fine
clays. Four to five hours of residence time are generally required in the thickener to
produce a thickened underflow (to begin to increase clay solids for use in final solids
consolidation) and to produce clarified overflow water for reuse in the process.
Thickeners are Immense, expensive mechanical separators with massive holding

volumes.

[0015] The final objective of the oil sands process is to produce dense,
trafficable solids for site reclamation and to recover water for process use. The two
mineral process streams, sand/coarse clay from the primary separation unit, and
middlings (often thickened as described above) are either pumped to separate
containment areas (called ponds) or are combined and then sent to ponds. Both

approaches have created problems, with which the industry is grappling. The

4



CA 02803904 2012-12-21
WO 2012/018514 PCT/US2011/044437

combined streams (called combined tailings, or CT) have produced a condition
wherein the coarse sand and clays have settled relatively quickly in the ponds, but
the fine clays have not. Instead of the desired settling and recovery of supernatant
water, the upper layer in these ponds forms an almost permanent layer of
suspended fine clays, referred to as mature fine tails (MFT). The clay content in this
relatively fluid, almost permanent layer of MFT generally ranges from 40 wt% to 50
wt% solids. When the middlings are pumped separately to ponds, the same
condition is immediately created. The existence and size of these ponds threaten
the very future of the industry. Government has ordered that these ponds of MFT
must be re-processed, water recovered for reuse, and dewatered solids consolidated

to restore the mined sites.

[0016] The oil sands industry has made a concerted effort to reprocess the
MFT into what are called non-segregating tailings (NST). By this is meant sand and
clay tailings of varying particle sizes that, when pumped to ponds, do not segregate
by particle size upon settling but, rather, settle in a non-segregating manner, more
quickly releasing supernatant and/or underflow drainage waters, and ultimately
producing a trafficable solid that can be used for mine site restoration. Heat is still
lost after the NST slurry is pumped to ponds and the warm water still evaporates.
Any method or procedure that could recover more warm water within the operating
process, and that could produce easily-dewatered, non-segregating tailings
immediately after the separation process, would be of great benetfit to the oil sands

iIndustry.

[0017] In Nagan U.S. Patent No. 6,190,561 and its counterpart Canadian
Patent No. 2,290,473, the entire respective disclosures of which are incorporated
herein by reterence, Nagan describes a process using “zeolite crystalloid coagulants
(ZCC)” as a method of water clarification. This sodium or potassium zeolite, referred
to in the patent as ZCC, is used in a specific sequence to coagulate solid particles
and separate them from an aqueous dispersion. The specified sequence
comprises, first, providing an agueous suspension of particulate matter containing
(and maintaining) multivalent cations (and optionally adding additional multivalent
cations, such as cationic polyacrylamide), then adding a zeolite crystalloid coagulant

in sufficient amount to effect coagulation of the particulate matter by ion exchange
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In sufficient amaount to effect coagulation of the particulate matter by ion exchange
between said adsorbed cations and the sodium or potassium present in the ZCC.

This specific sequence is very affective in coagulating the cationic solids.

[0018] Inthe '561 and ‘473 patents, Nagan describes fhe procedure for

producing this type A zeolite by reacting sodium alurninate and either sodium or
potassium silicate, relatively inexpensive and commercially available chemicals.
Both sodium silicate and sodium aiuminate are available as bulk liquids.

SUMMARY OF THE INVENTION

[0019] The invention is directed to overcoming at least one of the problems
associated with the separation of components within an aquaous mineral slurry, the
recovery of specific components from the sluiry, and subsequent dewatering and
dispasal of the residual mineral sturry.

[0020] Accordingly, the invention provides a method and polymer for
treatment of aqueous dispersions of components of a solid mineral-containing slurry,

particularly wherein one or more clay and/or the chemical components of clay(s), or
other minerals, inhibit (a) initlal dispersion and separation of the mineral components

and any organic components and/or (b) following separation of the desired
components, the clay(s) (or other minerals) form stable suspensions that resist

dewatering.

[0021] The invention is particularly applicable for use with slurriss
cantaining swellable sadium clays such as bentonite/montmorillonite clays, such as

fthose expressed as Na.A12803.4Si02.H20.

[0022) According to the invention, a polymer (s a multivalent, cation-
containing acrylate copolymer with 2 monomer such as acrylamide. The copolymer
may be a terpolymer containing a muitivalent, cation-containing acrylate with a
monomer such as acrylamide and a third monomer such as AMPS {2-acrylamido-2-
methylpropane sulfonic acid). The polymef s produced and added in water solution
to a mineral-containing slurry to cause the solid mineral camponents to immediately
bégin to aggregate and setile to form a product comprising a solid aggregated floc
and supernatant water, thereby enhancing separation and subsequent recovery of
solid mineral components of the mineral slurry and enhancing subsequent water

removal

A
AMENDED SHEET

22:09:2012



CA 02803904 2012-12-21
Printed:.08-10-2012 DESCPAMD: PCT/US 2011/044: 437

PCT/US 2011/044 437 - 22-09-201.

REPLACEMENT SHEET
31299/45443F

and consolidation of residual components of the product. As used herein, the term
‘copolymer” denotes polymers including two or more different monamer units, and
therefore is inclusive of terpolymers, for example.

[0023] The multivalent acrylate copolymer is either in the form of a dry
granuiar solid manufactured via solution poiymerlzation, or in the form of an invert

emulsion, whereln the polymerization takes place in the emulsion. In both instances
the polymers are completely water soluble, the polymer molecules being linear or
deliberately lightly cross-linked.

{0024] The molecular weight of the polymer is preferably sufficiently high

that the polymer acts as a flocculant on the clays in a slurry, and that the polymer
exhibits an intrinsic viscosity of at least 3 dligm and has a molecular weight greater

than four million.

[0023] In one embodiment of the invention, a solution of the multivalent
acrylate copolymer is added to the mineral slurry to flocculate the solid mineral
components of the mineral slurry.

[0026] in another embodiment of the invention, a zeolite, preferably in an

aqueous solution or diépersion. ie added to the aqueous mineral siurry. The
multivalent acrylate copolymer ia then added in sufficient amount to react with the
zeolite to immediately neutralize the dispersive affect of the zeolile to cause the

mineral and other solid components to aggregate and settie.

[0027] In either embodiment of the process, a cationic coagulant or cationic
flacculant, both in solution form, may optionally be added to the product to Improve
or strengthen the floc and/or to Improve the clarity of the supernatant water, but no
precipitant such as inorganic calcium ions s required.

[0028] When the multivalent acrylate polymer is added, either with or
without prior ZCC addition, the multivalent acrylate polymer instantly causes
aggregation and settling of sclid components, The fine clays or other fine
components Iimmedlately begin to visually aggregate and settle. In this instance the
term "aggregate” is used to differentiate this observed mechanism from more
conventtonal flocculation or even coagulation mechanisms. The aggregating
particles visually grow in a unique way, praducing a discrete, coarse, rapidlyl-settling
aggregate. Finally, if the coarse underflow (from what would be the primary

7
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separation unit in the oil sands process) is combined with the now aggregated
middiings, the resultant combined siurry can be treated with low levels of additional
cationic coagulant and/or catlonic flocculants to produce non-segregating tailings
(known as "NST" in the art), These non-segregating tailings dewater quickly,
providing accelerated supernatant and/or undertlow water recovery.

{0029] Other objects and advantages of the invention will be apparent to
those skilled in the art from a review of the following detailed description, taken in

conjunction with the appended claims.
DETAILED DESCRIPTION

[0030] Accordingly, the invention provides a methed to enhance dewatering
of the solids in a mineral slury for water recovery and solids reclamation, the method

comprising:

(@) providing an aqueous slurry comprising slurrying water and solid
mineral components;

(b)  optionally adding to the slurry of (a) a sodium or potassium zeclite
having a weight ratio of aluminum to silicon in the range of about 0.72:1 to about
1.3:1 in an amount sufficient to disperse and separate tne components of the slurry

to form a dispersed slurry,

(c1) adding to the d ispersed siurry of {a) sufficient quantities of a water
solution of a polymer reactive with said solid mineral components, said polymer
being selected from the group consisting of water-soluble multivalent cation-
containing acrylate copolymers, to cause the polymer to react with the solid mineratl
components of {a} 1o cause the reaction ptoduct of the polymer and said solid
mineral components to immediately begin o floc and settle to form a product
comprising a floc and supernatant water, thereby enhancing separation and
subsequent recovery ¢f solid mineral components of the slurry and enhancing
subsequent water ramoval and consolidation of residual components of the product;

Qf

(c2) adding to the dispersed siurry of {b) sufficient quantities of a water
solution of a polymer reactive with said solid mineral components and said zeolite,
said polymer being selected from the group consisting of water-soluble multivalent

cation.

A
'AMENDED SHEET
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containing acrylate copolymsers, to cause the polymer o react with the zeolite to
immaediately neutralize the dispersive effect of the zeolite in (b) to cause the reaction
prc'duct of the polymer, zeolite, and solid mineral components to immediately begin
to aggregate and settle to form a product comprising a flocced aggregate and
supernatant water, thereby enhancing separation and subsequent recovery of solid
mineral components of the slurry and enhancing subsequent water removal and
cansolidation of residual componenté of the product; and,

(d) optionally adding to the product of (¢1) or (c2) a cationic coagulant or
cationic flocculant to im prove the floc and/or to improve the clarity of the supernatant

water,

[0031] Preferably, the clay-is a swellable, sodium clay such as
bentonite/montmoritionite, such as those expressed as Na.Al;S0;.4S5i02.H30.

[0032] Preferably, the multivalent cations of the acrylate monomer are
selected from the group consisting of calcium, magnesium, iron, and aluminum.

[0033] The polymer preferably is a éalcium or magnesium-containing
copolymer'of the divalent acrylate with acrylamide, or a terpolymer of divalent
acrylate, acrylamide, and AMPS (2-acrylamido-2-methylpropane sulfonic acid).

[0034] The muitivalent acrylate copolymer is either in the form of a dry
granuiar solid manufactured via solution polymerization. or in the form of an invert
emulsion, wherein the polymerization takes place in the emulsion. in both instances
the polymers are completely water soluble, the polymer molecules being linear or

only lightly cross-linked.

[0035] The maolecular weight of the polymer s preferably sufficiently high so
that the polymer functions as an aggregant and has an intrinsic viscosity of at least 3
di/gm and a molecular weight greater than four million.

[0036] A sclution of the water-soluble polymer is used at a dosage
sufficient to flocculate the mineral components and any organic components. An
effective dosage range of the aggregant is between 100 and 2000 grams (and

preferably 600 grams or less) of aggregantiton of clay fines.

0
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[0037] In a preferred embodiment, separation and subsequent recovery of
solid mineral components of the slurry and subsequent water removal and
consolidation of residual components of the slurry may be enhanced by adding sand
to the product of (c1) or (c2).

[0038] In one preferred embodiment, the polymer is a calcium
diacrylate/acrylamide copolymer or a calcium diacrylate/acrylamide/2-acrylamido-2-
methylpropane sulifonic acid (AMPS) terpolymer having an intrinsic viscosity of at
least 3 dl/gm and a molecular weight of greater than four million, highly preferably
with a calcium diacrylate content in the range of at least 5 mole %. In one form of
this embodiment, performance can be enhanced by applying controlled mechanical
shear to a solution of the polymer sufficient to reduce the breadth of the molecular
weight distribution and/or to reduce the solution viscosity to provide a polymer
solution that more easily mixes with viscous or dense substrates to enhance

performance of the polymer.

[0039] Preferably, the polymer solution is substantially free of monovalent
cation-containing acrylate polymers, and highly preferably only a single species of
multivalent cation selected from the group consisting of calcium, magnesium, iron,

and aluminum is present in the polymer solution.

[0040] Each of the substantial absence of monovalent cations and the
oresence of only a single species of multivalent cation contributes to high specificity
of the polymer for the mineral components of the slurry, particularly in the case of

clays.

[0041] The high molecular weight anionic moiety of the polymer of the
invention may be a copolymer of a multivalent sait of an organic acid (such as
calcium, magnesium, iron, or aluminum acrylates) with acrylamide, or even a
terpolymer of these organic monomers such as 2-acrylamido-2-methylpropane
sulfonic acid (AMPS). The common denominator of these polymeric aggregants is
that they contain multivalent acrylic salts and that the polymers produced are
essentially linear in nature, meaning that the long-chain molecules formed during
polymerization are essentially one-dimensional, each long-chain molecule having
substantial length but insubstantial breadth (unless heavily cross-linked). These
long-chain molecules, particularly when they are millions of “mer” units long, may be

10
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physically tangled when in aqueous solution, but such tangiing does not detract from
the essentially linear nature of the polymers.

[0042] The linear nature of a polymer, such as described above, may be
modified by very slight cross-linking to produce a degree of two-dimensionality in the
polymer. This slight cross-linking to a two-dimensional structure is referred to as
‘branching.” '

[0043] On the high molecular weight anionic copolymers of multivalent
acrylates of the invention, branching may be induced by the addition of any suitable
additional cross-linker monomer, such as methylene-bis-acrylamide (MBA), for
example (as shown in Example 2, below). MBA is essentially two acrylamide
molecules non-linearly bridged by a methyl group. The level of cross-linking
monomer that is required to achieve branching is low, typically in the range of 0.1
ppm (preferably at least 0.5 ppm) to 10ppm (preferably 5 ppm or less) based on total
monomer(s). Branching with these low levels of cross-linker induces a very low level

of insolubility when the multivalent copolymer of the invention is dissolved in water.

[0044] Lower solution viscosities are particularly advantageous when the
mineral stream to be treated is either very dense or very viscous, or both. The lower
the solution viscosity of the aggregant, the more thoroughly the polymer molecules
can contact the individual mineral solids. If less mixing energy is required to achieve
this particle contact, there is less energy applied that can simultaneously shear the
polymeric structure being produced. The controlled mechanical shearing of the
polymer previously described is additionally beneficial in achieving particle contact,
resulting in more robusft solids generation and faster water release from the solids.
The closer the mixing regime can come to instantaneous mixing, but with sufficient

shear/mixing energy to maximize polymer-to-clay-particle contact, the less aggregate

destruction will occur as a result of recirculation mixing.

[0045] Slight branching of the calcium diacrylate copolymer (or other
multivalent cation-containing acrylate copolymer) of the invention further improves
the performance of the linear diacrylate copolymer in aggregating mineral fines,
releasing cleaner water, and releasing the water more quickly. The aggregated
structure

11
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tormed with the slightly branched calcium diacrylate copolymer produces a more
robust, shear-resistant solids.

[0046] One preferred embodiment of the inventive method comprises
adding the zeolite of (b) to the slurry of (a) in the form of a solution prepared by a
method comprising admixing an aqueous solution of sodium silicate or potassium
silicate with an aqueous solution of sodium aluminate to form a reaction mixture, and

immediately diluting the reaction mixture to a zeolite concentration of about 0.5 wt%
or less to effectively terminate the reaction and to stabilize the product. Highly
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preferably in this embodiment, the respective concentration of each of said sodium
silicate or potassium silicate solutions and the sodium aluminate solution in the
reaction mixture is greater than 1.5 wt%. More highly preterably, the sodium silicate
has an SiO»/Na>O weight ratio of about 1.8:1 to about 3.25:1, more preferably about
2.58:1, and most prefterably wherein the zeolite has an Al/Si weight ratio of about
1:1.

[0047] In a highly preferred embodiment, the slurry of (a) contains clay,
typically a sodium clay, and the polymer is a calcium- or magnesium-containing
diacrylate copolymer, most preterably a diacrylate/acrylamide copolymer or a
diacrylate/acrylamide/2-acrylamido-2-methylpropane sulfonic acid (AMPS)

terpolymer.

[0048] In some embodiments, the slurry of (a) contains organic materials,

and/or the solid mineral components comprise particles 44 microns or less in size.

[0049] In some embodiments, the solid components comprise a mineral ore
and the slurry may contain bitumen, and in oil sands applications the slurry typically

contains sand, clay, residual bitumen, and water.

[0050] One embodiment of the invention utilizes zeolite produced by the
reaction of sodium aluminate with either sodium silicate or potassium silicate. These
iInorganic reagents are commercially available in aqueous solution form, easily
diluted with water and reacted to form a type A (ion exchange) zeolite as described
by Nagan. Nagan teaches the use of zeolite particles of at least 4 nm in diameter for
use as a coagulant. Four nanometers is generally recognized to be the particle size
at which opalescence may be observed and the point at which discrete particles are

formed.

[0051] A functional dispersing zeolite according to the invention can be
formed as a solution, in a virtual instantaneous reaction of aluminate and silicate.
This greatly simplifies production of zeolite by reducing the control parameters
needed for on-site production of zeolite. The instantly-reacted zeolite responds to
the subsequent addition of multivalent ions and/or cationic flocculant in a similar
manner to the larger zeolite particles of 4 nm to 100 nm described by Nagan, all of

which sizes function as dispersants and subsequent reactants in this invention.

12
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[0052] Further, hardness-containing water (in this instance, water
containing 40 ppm calcium and 10 ppm magnesium, both expressed as the

carbonates) can be used to produce and dilute the zeolite to a working

solution/dispersion.

[0053] This invention applies particularly well to processing of ores
containing water-swellable clays or other minerals and, typically, organic materials

that respond to the dispersive effects of the zeolite.

[0054] In one embodiment, the zeolite of (b) (see above), is added in the
form of a solution prepared by a method comprising admixing an aqueous solution of
sodium silicate or potassium silicate with an aqueous solution of sodium aluminate to
form a reaction mixture, and immediately diluting the reaction mixture to a zeolite
concentration of about 0.5 wt. wt% or less to terminate the reaction and to stabilize
the product. [n this embodiment, the respective concentration of each of said
sodium silicate or potassium silicate solutions and said sodium aluminate solution in
the reaction mixture is preferably greater than 1.5 wt. wt%. Also, in this embodiment
the sodium silicate preferably has an SiO,/Na,O weight ratio of about 1.8:1 to about
3.25:1, and highly preferably, the sodium silicate has an SiO2/Na,O weight ratio of
about 2.58:1.

[0055] In one preferred embodiment, the zeolite has an Al/Si weight ratio of
about 1:1.

[0056] The zeolite used in the invention may exist and be used either as a
solution or as discrete particles of diameters, typically with diameters up to 100

nanometers.

[0057] In various embodiments of the test of the invention, the slurry
contains at least one water-swellable clay or other solid mineral components, and
typically will also contain orgénic materials. Often, clay fines and other solid
components comprise, consist essentially of, or consist of solid particles 44 microns

or less in size.

[0058] The invention also provides formulations to produce high molecular
welght water-soluble copolymer produced from multivalent calcium diacrylate

MonNomers.
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EXAMPLES

[0059] The performance of the method and polymers of the invention is

further described and illustrated by the following detailed examples, which are not

iIntended to be limiting.

Example 1 — Preparation of a Linear Gel Polymer

[0060] A linear gel polymer comprising 65 wt.% calcium acrylate was

prepared from the following reagents:

Reagent Weight %
Calcium diacrylate 15.6
Acrylamide 8.4
Demineralized water 75.9976
Ammonium persulfate 0.0009
Sodium bisulfite | 0.0014
2.2:azobis {(2-amidinopropane) dihydrochloride 0.0001

[0061] The pH was adjusted to 6.5 with HCI before initiation of the reaction,
and the reagents were deaerated with N2 and the reaction was initiated at 9*C and
carried to completion, resulting in a linear calcium diacrylate copolymer with an

Intrinsic viscosity of 18 di/gm.
Example 2 - Preparation of a Branched Gel Polymer

[0062] The formulation and reaction conditions were identical to those of
Example 1, except for the addition of 0.000025% methylene bis acrylamide (MBA)

monomer to produce a slightly-branched calcium diacrylate copolymer.
Example 3 — Aggregation Testing

[0063] Both polymers were dried and ground. The linear polymer had a
molecular weight of approximately 23 million. A 0.1% active aqueous solution of

each polymer was applied separately at 450g active polymer to 10% solids clay
(predominately sodium clays) slurries in water. Both of these calcium diacrylate
products immediately aggregated and precipitated the clay fines into coarse solids,
with the slightly-branched formulation producing the coarser aggregate. Both of
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these formulations produced more distinct and faster settling solids when compared
to monovalent (sodium) acrylate/acrylamide polymer (flocculant) of similar molecular
weight . The aggregated deposits according to the invention were more stabie to
additional shearing than the deposit produced by the sodium acrylate-based

copolymer.

Example 4 — Flocculating and Dewatering Without Utilizing Zeolites

[0064] In this example, a 0.4 weight % solution of the high molecular
weight, slightly branched calcium diacrylate/acrylamide copolymer aggregant of
Example 2 (intrinsic viscosity 18 dl/g with an approximate molecular weight' of 23
million) was subjected to momentary mechanical shear to effectively reduce the high
molecular weight tail of the molecule to improve performance. The solution was
applied to a slurry of <44 micron fines from the extraction stage of oil sands ore
processing, combined with sand to give a 1:1 sand to fines weight ratio. The dosage
was 0.583 kg flocculant per ton fines. A strong aggregate was formed that free-
drained and drained under compression to form a solid. In a further test, the same
sheared 0.5 weight % solution of polymer as above was applied to a slurry of <44
micron fines from a tailings pond, combined with sand to give a 2:1 sand to fines
ratio. The dosage was 0.498 kg/ton fines. A strong aggregate was formed that free-
drained and drained under compression to form a solid. In an extension of this test,
following the addition of the calcium diacrylate/acrylamide copolymer, a similarly
sheared high molecular weight cationic flocculant was added to the slurry at a

dosage of 0.405 kg per ton fines. Drainage rate and drained water clarity were

improved by this secondary flocculant addition.

[0065] The 65 wt. % calcium diacrylate copolymer with an infrinsic viscosity
of 18 dl/gm was of the same molecular weight range as conventional sodium

acrylate copolymer flocculants used in clay treatment.
Example 5 — Aggregating and Dewatering Utilizing Zeolites

[0066] Mining processes produce aqueous mineral waste streams
called tailings. A major component of these slurries is often clay. Many times these
clays are of micron-sized particles such that slurries of these clays resist separation
and settling from the water, often for decades. Water, which should be reclaimed, is
thereby virtually permanently tied up in these slurries and is not available for reuse.
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Further, in surface mining operations, the clay solids are then not available to restore

the mine site.

[0067] The problem described above is particularly serious in the surface
mining and processing of oil sands in the Canadian province of Alberta. Process
applications to resolve some of these problems are described in Canadian Patent
Application 2,667,933 and International Patent Application PCT/US10/22406, the

entire respective disclosures of which are incorporated herein by reference.

[0068] In both of these patent applications the technology involves the
reaction of pico/nano-sized, in-situ- generated sodium zeolite particles that are
added to the clay-containing slurry. The zeolite particles react with, or affix
themselves to, the fine clay particles (in an as yet a not fully understood manner).

The clay slurry is further stabilized by this treatment.

[0069] Increased stability of the clay-containing slurry, while possibly useful
at certain stages of processing, is not permanently desirable. After the treatment
with the sodium zeolite, the technology calls for the application of a multivalent cation
source, preferably in the form of divalent cations such as Ca™ or Mg™™, usually
added in the form of an agueous solution of calcium chloride or magnesium sulfate.
The divalent cations ion exchange with the sodium on the zeolite attached to the clay
particles and in so doing destabilize the dispersive nature of the clay, causing the
clays to aggregate into larger particles that separate easily from the water. The
growth to aggregated particles is clearly seen by scanning electron microscope.
When the clay is mixed with sand in a ratio of 3-to-5:1 clay, and treated with a

flocculant, an easily dewatered dense solid can be produced.

[0070] At this point a very desirable result has been achieved. Clay/sand
solids can be separated for disposal and water can be reclaimed for re-use.
However, the reclaimed water contains the inorganic anion component of the
divalent salt. It would be desirable not to contribute such anions to the reclaimed

walter.
[0071] The following illustrates one approach to addressing this problem.

[0072] Synthetic flocculants, polymerized from acrylamide and/or acrylic
acid monomer, are widely used in water clarification. The acrylic acid component is

usually converted to a monovalent salt, e.g., sodium acrylate, before polymerization

16



WO 2012/018514

CA 02803904 2012-12-21

PCT/US2011/044437

(either singly to produce the homopolymer, or in combination with acrylamide).

43% clay slurry from an oil sands tailings pond (called mature fine tails, or MFT, by

the industry) was diluted to 21% clay solids and treated with sodium zeolite at 2.43

kg per ton zeolite active per ton of fines (in a blend of 2:1 sand to fines ratio). .

Instead of treating the zeolite-treated MFT/sand slurry with magnesium sulfate to

destabilize and aggregate the clay in the fines/sand mixture, a solution of calcium

diacrylate copolymer at 0.375 kg per ton fines was applied. The result was large

aggregates of clay/sand that free-drained and drained under compression without

increasing the amount of inorganic anion in the drainage water. This test was

repeated at the same zeolite and calcium diacrylate copolymer dosages but with the

addition of a solution of high molecular weight cationic flocculant at a dosage of

0.312 kg per ton of fines. Drainage and drainage water clarity were further

Improved.

[0073]

The addition of high molecular weight cationic flocculant to the

zeolite/calcium diacrylate copolymer system described above produced large, dense

aggregate that drained faster than the floc produced by the addition of inorganic

divalent cation salt. After free-draining, the aggregate structure could be hand-

compressed to a solid with the release of clear water. Tailings-pond fine clay slurry

alone, that drains freely and continues to drain under compression, produced a solid

and clear water. The aggregation of the clay using the calcium diacrylate/acrylamide

copolymer followed by addition of cationic flocculant produced even larger

aggregates of clay to produce a free-draining solid.

[0074]

The research set out to reduce the inorganic anion loading (in this

instance SO4 from the magnesium sulfate) in the reclaim water. The table below of

comparative reclaim process water analyses shows this was achieved:

Reclaim water in all | Reclaim water Reclaim water
three tests using MgSOQOy using Ca diacrylate
copolymer
lons my/l mg/| my/l
SOy 648 1000 459
Mg 10 65 4
Ca 16 13 V4
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[0075] The sulfate ion from the MgSO, addition is significantly increased,
as would be expected. The increase in Mg ion suggests a [ower than stoichiometric
exchange with the zeolite. The calcium ion on the diacrylate/acrylamide copolymer
has apparently been very efficiently exchanged onto the zeolite (calcium ion at or
below background).

Example 6 - Branched Polyacrylate

[0076] Two 0.4% solutions of calcium diacrylate copolymer were prepared.
One of the calcium diacrylate polymers had been lightly branched with 1ppm of
MBA. The solutions were applied to separate samples of a viscous, 30% clay solids
Mature Fine Tailings from an Alberta oil sands operation. The aggregated structure
produced with the slightly branched calcium diacrylate polymer released water
faster, in larger volume, and with better clarity.

Conclusion

[0077] Itis well-known in industry in general, and in the oil sands in
particular, that divalent ions have an affinity for clays, particularly swellable sodium
clays. The most commonly used flocculants in clay systems in mining, particularly in
oil sands mining operations, are sodium polyacrylate 'copolymers (see the multiple
references to anionic sodium polyacrylates in CA 2,515,581, for example) that do not |
have a chemical affinity for sodium clays. Therefore, the discovery of the invention is
of significant economic importance. In this mechanism, the natural affinity of a
divalent cation for clay, when the divalent cation is chemically part of a high-

molecular-weight polymer, provides both the destabilization of the clay and the clays
chemical fixation to the polymeric backbone. This results in a self-dewatering
structure and a structure that drains under compression.

[0078] The foregoing detailed description is given for clearness of
understanding only, and no unnecessary limitations should be understood therefrom.
as modifications within the scope of the invention may become apparent to those
skilled in the art.

18



CA 02803904 2012-12-21

Claims:

1. A method of treating an aqueous mineral slurry to disperse and
separate the components of the slurry, to enhance recovery of components of the
slurry, and to enhance dewatering of the solids in the resulting residual siurry for
“water recovery and solids reclamation, said method comprising:

(a) providing an agueous slurry comprising slurrying water and solid mineral
components;

(b) optionally adding to the slurry of (a) a sodium or potassium zeolite having
a weight ratio of aluminum to silicon in the range of about 0.72:1 to about 1.3:1 in an

amount sufficient to disperse and separate the components of the slurry to form a
dispersed slurry; and,

(c1) adding to the slurry of (a) sufficient quantities of a water solution of a
polymer reactive with said solid mineral components, said polymer being selected
from the group consisting of water-soluble multivalent cation-containing acrylate
copolymers, to cause the polymer to react with the solid mineral components of (a)
to cause the solid mineral components to immediately begin to floc and settle to form
a product comprising a floc and supernatant water, thereby enhancing separation
and subsequent recovery of solid mineral components of the slurry and enhancing

supsequent water removal and consolidation of residual components of the product;
or

(c2) adding to the dispersed slurry of (b) sufficient quantities of a water

solution of a polymer reactive with said solid mineral components and said zeolite,
said polymer being selected from the group consisting of water-soluble multivalent
cation-containing acrylate copolymers, to cause the polymer to react with the zeolite
to immediately neutralize the dispersive effect of the zeolite in (b) to cause the solid

mineral components to immediately begin to aggregate and settle to form a product
comprising a flocced aggregate and supernatant water, thereby enhancing

separation and subsequent recovery of solid mineral components of the slurry and

enhancing subsequent water removal and consolidation of residual components of
the product; and,
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(d)  optionally adding to the product of (c1) or (c2) a cationic coagulant or
cationic flocculant to improve the strength of the floc and/or floc drainage and/or to

improve the clarity of the supernatant water .

2. The method of claim 1 wherein the polymer solution is substantially

free of monovalent cation-containing acrylate polymers.

3. The method of claim 1 or 2 wherein the multivalent cations are selected

from the group consisting of calcium, magnesium, iron, and aluminum.

4. The method of any preceding claim wherein only a single species of
multivalent cation is present in the polymer solution.

5. The method of any preceding claim wherein the polymer is a calcium-

or magnesium-containing diacrylate copolymer with acrylamide.

6. The method of any of claims 1 to 5 wherein the polymeris a

diacrylate/acrylamide copolymer.

7. The method of claim 1 wherein the polymer s a
diacrylate/acrylamide/2-acrylamido-2-methylpropane sulfonic acid (AMPS)
terpolymer.

8. The method of any preceding claim wherein the polymer has an
intrinsic viscosity of at least 3 di/gm.

9. The method of any of claims 1 to 8 comprising adding said zeolite of
(b) to said slurry of (a) to form a dispersed slurry and thereafter adding said polymer
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to said dispersed slurry in sufficient quantity to neutralize the dispersive effect of the

zeolite and to form a floc.

10.  The method of any preceding claim comprising enhancing separation
and subsequent recovery of solid mineral components of the slurry and enhancing
subsequent water removal and consolidation of residual components of the slurry by
adding sand to the product of (c1) or (c2).

11. The method of any of claims 1 to 5 wherein said polymer is a calcium
diacrylate/acrylamide copolymer, or a calcium diacrylate/acrylamide/2-acrylamido-2-

methylpropane sulfonic acid (AMPS) terpolymer, having an intrinsic viscosity of at
least 3 dl/gm.

12. The method of claim 11 comprising applying momentary mechanical
shear to a solution of the polymer sufficient to reduce the breadth of the molecular
weight distribution of the polymer.

13.  The method of any preceding claim comprising adding the zeolite of (b)
to the slurry of (a) in the form of a solution prepared by a method comprising

admixing an aqueous solution of sodium silicate or potassium silicate with an

aqueous solution of sodium aluminate to form a reaction mixture, and immediately

diluting the reaction mixture to a zeolite concentration of about 0.5 wt. wt% or less to

terminate the reaction and {o stabilize the product.

14. The method of claim 13 wherein the respective concentration of each
of said sodium silicate or potassium silicate solutions and said sodium aluminate

solution in the reaction mixture is greater than 1.5 wt. wt%.

15. The method of claim 13 or 14 wherein said sodium silicate has an
SiO2/Na>O weight ratio of about 1.8:1 to about 3.25:1.
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16. The method of any of claims 13 to 15 wherein said sodium silicate has
an SiO./Na,O weight ratio of about 2.58:1.

17.  The method of any of claims 13 to 16 wherein said zeolite has an Al/Si

weight ratio of about 1:1.

18. The method of any preceding claim wherein said slurry of (a) contains

clay.
19. The method of claim 18 wherein the clay is a swellable, sodium clay.

20. The method of claim 19 wherein the clay is a bentonite/montmorillonite

clay.

21.  The method of claim 18 wherein the clay is expressed as
Na.AI2803.4Si02.H20.

22.  The method of claim 18 wherein the polymer is a calcium- or

magnesium-containing diacrylate copolymer.

23.  The method of claim 22 wherein the polymer is a diacrylate/acrylamide

copolymer.

24.  The method of claim 23 wherein the polymer is a
diacrylate/acrylamide/2-acrylamido~2-methylprop:ane sulfonic acid (AMPS)

terpolymer.
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25. The method of any preceding claim wherein said slurry of (a) contains

organic materials.

26. The method of any preceding claim wherein said solid mineral

components comprise particles 44 microns or less in size.

27.  The method of any preceding claim wherein said solid components

comprise a mineral ore.

28. The method of any preceding clai:ﬁ wherein said slurry contains

- bitumen.

29. The method of any preceding claim wherein said slurry contains sand,

clay, bitumen, and water.
30. The method of claim 29 wherein the clay is a swellable, sodium clay.

31. The method of claim 30 wherein th'e clay is a bentonite/montmorillonite

clay.

32. The method of claim 31 wherein the clay is expressed as
Na.Al2S03.4S5i02.H20.

33. The method of any preceding claim wherein the copolymer is

branched.
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34. A polymer comprising a water-soluble multivalent cation-containing

acrylate copolymer wherein the polymer has an intrinsic viscosity of at least 3 dl/gm.

35.  The polymer of claim 34 wherein the polymer is substantially free of

monovalent cations.

36. The polymer of claim 34 or 35 wherein the multivalent cations are

selected from the group consisting of calcium, magnesium, iron, and aluminum.

37. The polymer of any of claims 34-36 wherein only a single species of

multivalent cation is present in the polymer.

38.  The polymer of any of claims 34-37 wherein the polymer is a calcium-

or magnesium-containing diacrylate copolymer with acrylamide.

39. The polymer of any of claims 34-37 wherein the polymer is a

diacrylate/acrylamide copolymer.

40. The polymer of claim 39 wherein the polymer is a
diacrylate/acrylamide/2-acrylamido-2-methylpropane sulfonic acid (AMPS)

terpolymer.

41.  The polymer of any of claims 34-40 wherein the polymer is branched.

42.  The polymer of any of claims 34-41 wherein the polymer is prepared by

solution polymerization or emulsion polymerization.
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