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(57) Abstract: A chemical treatment process and separation module are described for removal of soluble organic compounds and
suspended or emulsified oils and/or solids from produced waters that accompany operations for oil and gas recovery. The process
occurs in its entirety within an interval of several minutes. The solubility of organic compounds is first reduced, in an optional step,
by pH reduction, followed by treatment with coagulants and tlocculants, the latter in conjunction with microbubble flotation. The or -
ganic compounds that are rendered insoluble, along with other oily solids, are captured in the floe created by the coagulant and floc-
culant treatment, and simultaneously made buoyant by the concurrent addition of microbubbles. The water and floe is passed over an
array of sloped strainers that separates and diverts the floe from the effluent water, which contains significantly reduced soluble or -
ganic content. The separated stream of oily solids can be dewatered for disposal as waste.
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PROCESS FOR REDUCING SOLUBLE ORGANIC CONTENT IN RECOVERED WATER

Field of the Invention

The invention is concerned with joint chemical and physical processes for removal of
soluble, emulsified, and insoluble organic compounds from process waters and produced waters
that accompany operations for recovery of oil and gas. In particular, a system employing a
nested series of containers and an array of sloped strainers is used to separate flocculated

materials from chemically flocculated process waters.

Background

A principal thermal method of oil recovery from oil sands formations, for example, is steam-
assisted gravity drainage (SAGD). In oil recovery via SAGD, steam at approximately 290°C and
suitable pressure (ranging for example from 70 to 150 bars) is injected from an injection well
into the formation at depth to heat and liquefy the bitumen so that it flows downward into a
recovery well situated several meters below the points of injection. The fluidized bitumen is
brought to the surface along with injected steam/water at approximately 180-210°C and 10 to 20
bars at the well head. Typical water/oil ratios at the well head range between approximately 2.0
to 4.0.

Qil is separated from the aqueous phase so that the oil product can be sent to the pipeline for
downstream processing. The aqueous stream after the primary separation steps during oil/gas
recovery operations is termed produced water. It typically contains some or all of the following:
residual oily product, emulsified oily micelles, low levels of dissolved organic compounds, and
dissolved inorganic salts along with microparticulates of sand and clay. The produced water is
treated to remove oily residuals along with dissolved salts and the other substances before it can
be recycled to the steam generators for re-injection.

Recycling of produced waters as herein exemplified in thermal heavy oil currently relies on
separation of oily phases from a clarified aqueous phase. Separation processes typically include
the use of flocculants, coagulants, micro-bubble flotation, inclined plate (lamella) separation,
coalescing plate media, media bed filtration, organic membrane separation (reverse osmosis) and

centrifugal separation arranged in various complete or partial combinations thereof.
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None of these processes specifically inciude methods or techniques to insolubilize organic
compounds that otherwise are dissolved in the produced water. Rather, current processes effect
separation of only a fraction of soluble organic content through adsorption to and subsequent
buoyancy of physically discrete and insoluble components of the produced water. These include
free oil droplets, emulsified water-in-oil droplets, complex emulsion droplets, oil-wet solids of
neutral-to-positive buoyancy, and high-specific-gravity (>1.0) oil wet solids comprised largely of
microparticulates of mineral solids (such as sand and clay) that have been rendered positively
buoyant through microbubble attachment. The existing philosophy of process design for
produced water de-oiling in thermal heavy-oil operations and facilities relies on this buoyancy
effect.

In practice, current process design for produced water de-oiling in thermal heavy oil
recovery also results in removal of soluble organic compounds via physical adsorption onto and
precipitation with potential scalants such as mineral silicates, carbonates, and phosphates that
are removed during treatment steps that employ hydrated lime/magnesium oxide/sodium
carbonate slurry contactors ("lime softeners" or "lime slurry softening reactors").

However, such process elements are not included in some new construction designs that are
built around falling film evaporation methods for provision of high quality boiler-water feed.
Thus, the novel deoiling strategy being presented may also be further needed and particularly
useful in such new construction.

There are no dimensioning criteria for practical deoiling methodology at laboratory scale
beyond extraction of soluble organic compounds onto silica gel. However, silica gel treatment to
remove soluble organic compounds from produced water has not been implemented, not only
because the cost is too high for the results that can be achieved, but also in view of problems
with handling and disposal of large waste amounts of oily silica gel.

The solubility of organic compounds in SAGD produced waters is generally at a maximal
state at reservoir temperature (generally over 180°C in thermal heavy oil recovery). As this
water is brought to surface in the production process, it is typically cooled and de-pressured for
storage in atmospheric tanks at temperatures of 80 to 90°C and at atmospheric pressure. Under
these circumstances, the solubility of both the organic compounds and some inorganic
components like suifides and silicates is reduced, and they approach some degree of super-

saturation, This is commonly seen as a yellow to dark brown or black color in the waters.
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The soluble and emulsified organic compounds in thermal heavy oil recovery operations are
generally perceived to be predominately comprised of organic acids, which are negatively
charged at near neutral pH. The stable reverse emulsion of oil-in-water that characterizes oil/gas
produced water is thus considered to be anionically dispersed, or stabilized.

The ionic and polar character of these compounds, and their relatively high concentrations
(on the order of 1000 ppm), interfere with the chemical and physical reactions commonly
employed to prepare de-oiled produced water for reuse as boiler feed water. The process steps
that are negatively influenced by the soluble organic compounds include precipitation softening,
physical adsorption, ion exchange softening and media bed filtration.

The interference effects are not well-documented, due to the large variety of soluble organic
chemicals involved; however, the chemical reactions of precipitation softening, physical
adsorption, ion exchange softening and media bed filtration are known to work more efficiently

and controliably in waters that contain no soluble organic compounds.

Summary of the Invention

In one aspect, the invention provides a method of clarifying waste process water containing
soluble organic compounds and suspended and/or emulsified oils and/or solids, the method
comprising:

(a) adding a polycationic coagulant to the process water;

(b) following step (a), subjecting the water stream to an aging step 5 seconds to 10 minutes
in length in which the water stream undergoes reduced turbulence;

(c) following said aging step and addition of coagulant, adding a flocculant, comprising an
acrylamide copolymer having a molecular weight of at least 4 million Daltons, to the process
water, and simultaneously introducing gaseous microbubbles into the process water, whereby,
during subsequent formation and agglomeration of flocs of solid and semisolid matter, the
microbubbles become entrained within and adhere to the flocs;

(d) introducing the flocculant-treated water and flocs into a separation module, the
separation module comprising three containment systems, designated (i) an inner tank, having an
inlet and defining an inner chamber, (ii) a central tank, having at least one outlet, surrounding
said inner tank and defining an annular central chamber, and (ii) one or more outer tanks exterior

to said central tank, each having at least one outlet, and defining an outer chamber or chambers,
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wherein the upper perimeter of the inner tank has attached thereto one or more porous or
perforated screen assemblies which extend over the central chamber at a downward angle, to
reach the outer chamber or chambers, and cover at least a portion of the central chamber,

such that said flocculant-treated water flows through said inlet, upward through said central
chamber, over and though said screens, and into the central chamber, and said flocs flow over
said screens and into said outer chamber or chambers.

In one embodiment, the pH of the process water is adjusted just prior to, along with, or just
after the addition of the coagulant to a range of about 2 to 4, or about 3 to 4, or about 3.5 to 4.

The method may employ an additional aging step following the pH adjustment, or it may a
single aging step, following the addition of polycationic coagulant. Each said aging step is
preferably about 5 seconds to 5 minutes in length, and may be about 15 to 60 seconds in length.

The reduced turbulence during said aging step(s) may be facilitated by the use of an
increased diameter pipe, e.g. 8 or more inches in diameter, or 12 or more inches in diameter, for
throughput during said aging step(s). The length of the pipe having this increased diameter pipe
may be 5, 10, or 20 meters or more. Typically, the flow rate during the aging step(s) is about
300 gallons/minute or less, in some cases 100 gal/min or less.

Other means of slowing the velocity and reducing the turbulence of the waste stream during
treatment are contemplated. For example, higher volume tanks may be placed in the process line
as needed to provide a residence time and relative quiescence for the aging step or steps.

In selected embodiments, the outer chamber of said separation module is a single chamber
surrounding the central chamber, such that flocs flowing over said screens flow into said outer
chamber. In another embodiment, the separation module comprises a plurality of outer tanks
surrounding said central tank, at locations corresponding to said screens, such that flocs flowing
over said screens flow into said outer tanks.

Preferably, any portions of the upper perimeter of the inner tank to which screens are not
attached are of increased height, to direct flow of water out of the inner tank and onto the
screens. In selected embodiments, screens are attached to the entire perimeter of the upper edge
of the inner tank.

In some embodiments, the waste process water to be treated is downstream waste water
(produced water) from an oil-sands, oil-recovery operation, e.g. a steam-assisted, gravity

drainage (SAGD) operation, comprising a hydrocarbon- and bitumen-containing oil-in-water
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emulsion with suspended microparticulate mineral materials. The treated water can then be
recycled to the steam generators.

In another embodiment, the waste process water may be injected into a disposal well after
treatment,

The coagulant used for treatment may be an epichlorohydrin-dimethylamine copolymer
(polyEPI/DMA) or a polymer of diallyl dimethyl ammonium chloride (polyDADMAC) and has
a molecular weight less than 1 million Daltons. Alternatively, the coagulant may be a
polyaluminate.

In selected embodiments, the acrylamide polymer used for flocculation is selected from an
acrylamide/acrylate copolymer, an acrylamide/allyl trialkyl ammonium copolymer, and an
acrylamide/diallyl dialkyl ammonium copolymer. The flocculant composition may further
comprise a heat-activated or pregelatinized starch having flocculating activity. Coagulant and
flocculant compositions are further described, for example, in U.S. Patent Appn. Pubn. Nos.
2009/0127205 and 2011/0272362, which are incorporated herein by reference for all purposes.

In a related aspect, the invention provides a separation module for separation of flocculated
materials from water, comprising three containment systems, designated (i) an inner tank, having
an inlet and defining an inner chamber, (ii) a central tank, having at least one outlet, surrounding
said inner tank and defining an annular central chamber, and (ii) one or more outer tanks exterior
to said central tank, each having at least one outlet, and defining an outer chamber or chambers,

wherein the upper perimeter of the inner tank has attached thereto one or more porous or
perforated screens which extend over the central chamber at a downward angle, to reach the
outer chamber or chambers, and cover at least a portion of the central chamber,

such that water containing flocculated material introduced into said inlet is able to flow
upward through said central chamber, over and though said screens, and into the central chamber
as clarified water, while said flocculated material flows over said screens and into said outer
chamber or chambers.

Preferably, any portions of the upper perimeter of the inner tank to which screens are not
attached are of increased height, to direct flow of water out of the inner tank to the screens.
Screens may also be attached to the entire perimeter of the upper edge of the inner tank.

The outer chamber may be a single chamber surrounding the central chamber, such that

material flowing over said screens flows into said outer chamber. Alternatively, the module may
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comprise a plurality of outer tanks surrounding said central tank, at locations corresponding to

said screens, such that material flowing over said screens flows into said outer tanks.

Brief Description of the Drawings

Figure 1 is a flow chart illustrating one embodiment of a clarification process using the
chemical treatment sequence disclosed herein;

Figure 2 is a flow chart illustrating one embodiment of a clarification process using the
chemical treatments and separation module disclosed herein; and

Figure 3 is a more detailed view of one embodiment of a separation module as disclosed

herein.

Detailed Description of the Invention

A joint chemical and physical process that can be carried out in its entirety over an interval
of several minutes, e.g. about 2 to 10 minutes, is described. Oily residuals and in particular the
soluble organic compounds that are dissolved in produced waters during the oil/gas recovery
processes are removed via the process, which is described briefly as follows.

The solubility of organic compounds in the produced waters may first be reduced by
deliberate and controlled pH reduction of said waters. This step is followed by (or in some cases
concomitant with or immediately preceded by) chemical treatment with coagulants, which is
then followed by chemical treatment with flocculants in conjunction with microbubble flotation
in a separation tank.

Such coagulation with or without pH adjustment is effective to de-emulsify oily droplets
from the process water. Following one or more aging steps, as described further below, the
flocculant then flocculates the de-emulsified oily droplets and bituminous particulates and brings
them out of solution or emulsion. The organic compounds that are rendered insoluble, along
with other oily solids, are physically captured in the floc created by the coagulant and flocculant
treatment, and simultaneously made buoyant by the concurrent addition of microbubbles.

The water and floc is then passed over an array of strainers with regulated slopes that
separate and divert the floc, but allow the effluent water to flow through the strainer. The
effluent water has a significantly reduced soluble organic content. The pH of the effluent water

may then be subject to a deliberate and controlled upward pH re-adjustment to suit downstream
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containment and processing for re-use in thermal heavy oil production, typically as boiler feed
water in SAGD (steam assisted gravity drainage). The separated, concentrated stream of oily
solids can be dewatered for subsequent treatment or storage as waste.

The subject process is also applicable for disposal water, utility water, and well work-over
water. In summary, the proposed recovery process is applicable to all process waters and
produced waters that accompany oil/gas recovery operations. Such waters typically contain
soluble organic compounds that may be or have been shown to be detrimental to downstream
processes or waste disposal processes.

The proposed recovery process may work with botl; new construction and retrofit of
produced water de-oiling systems that are associated with recovery of oil and gas. Produced
water schemes in thermal heavy oil recovery are exemplified herein; however, the recovery
process is applicable to all oily produced waters, including, for example, produced waters
associated with recovery of natural gas, water-flood and polymer-flood applications, flowback
water from hydraulic fracturing operations, disposal of waste fluids via deep well injection, and
others.

In thermal heavy oil production, the produced water is typically first cooled and processed at
temperature of 130°C or more in pressure vessels, such as free-water-knock-out vessels and
treater vessels. The water is then sent through heat exchangers to bring the temperature down
and lower the pressure to atmospheric. The water then flows through a primary separation tank
(sometimes referred to as a skim tank or surge tank) from which it issues at approximately 80-
100°C at approximately pH 7 to pH 8.5 and containing on the order of 200-2000 ppm combined
free oil, oily solids, and soluble organic compounds.

The disclosed clarification process is described in further detail as follows.

(1) Lowering the pH of the Produced Water
Figs. | and 2 schematically illustrate embodiments of the process described in the

application. As shown in Fig. 1, the produced water 10, which typically contains about 1000
ppm total organic carbon {TOC) at this stage, is throttled at a controlled rate, typically about 100
gal/min (approx. 380 L/min) and is, in some embodiments, adjusted by the addition and mixing
of mineral acid, indicated at 11 and (optionally) 12, to achieve a pH of about 3 to 4, preferably

about 3.5 to 4.0. Mixing tees 13 are provided at intersections, followed by static mixers 14. In
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one embodiment, the mineral acid can be sulfuric acid (e.g. 93 wt% H280,), or, more preferably,
hydrochloric acid (e.g. 32 wt% HCI). The acid may be added in two stages, as illustrated, This
procedure neutralizes the negative charge of the soluble and emulsified organic compounds, thus
destabilizing the emulsion and minimizing the solubility and dispersibility of the organic phases.

The water so treated is allowed to age for a period of a few seconds, e.g. about 5-30 seconds,
to a few minutes, e.g. 2-10 minutes or 3-5 minutes, in an environment of substantially low
turbulence, such as described below. The duration is more typically approximately 30 seconds to
about 5 minutes. In the event a coagulant is added (typically following the pH adjustment step),
this low-turbulence aging step may be delayed until after the coagulant is added.

In some embodiments, in which the waste stream is already at low pH, and where treatment
and subsequent disposition of low pH water is acceptable, the pH adjustment step may be

omitted. In these cases, addition of a coagulant takes place as described below.

(2) Addition of Coagulant
A dose of a coagulant 15 may be optionally added to further neutralize and destabilize the

emulsion, followed by an aging period (indicated at 16) of a few seconds, e.g. about 5-30
seconds, to a few minutes, e.g. 2-10 minutes or 3-5 minutes, in an environment of substantially
low turbulence. The duration is more typically approximately 30 seconds to about 5 minutes.
For example, in one embodiment, a flow rate of 100 US gallons (approx. 378 L) per minute or
less and an aging time of up to five minutes are desired. To achieve the desired result, a section
of increased diameter pipe may be incorporated into the process at this point. For example,
approximately 20 meters of linear pipe period (indicated at 16) with a 12 inch (approx. 0.3 m) or
more preferably 16 inch (approx. 0.41 m) diameter can be used. (Pipe diameters of approx. 4
inches (approx. 0.1 m) are typical for the remainder of the described process.) For lesser aging
times, the length of pipe may be adjusted proportionally downward, but it is preferably 5 or 10
meters or more. Alternatively, one or more higher volume tanks may be placed in the process
line as needed to provide a residence time and relative quiescence for the aging step or steps.
The flow during the aging phase in this embodiment would generally have a Reynolds number
greater than 2300. Truly laminar flow is not likely to be achieved in the aging step; however,
the flow would have a low linear velocity, allowing for the required aging to occur.

The emulsified oily micelles and droplets coagulate during the aging step(s), as the



WO 2014/018452 PCT/US2013/051507

-9.

coagulant masks the anionically dispersed oily droplets of the reverse emulsion. The pH
adjustment, coagulation and aging steps guard against possible re-emulsification and dispersion
that can occur as a result of downstream turbulence.

Polycationic coagulants that may be used at this stage include copolymerized
epichlorohydrin and dimethyl amine (poly EPI/DMA) and polymers of cationic monomers such
as ammonium alkyl acrylamides (e.g. quaternized dimethylaminopropyl acrylamide), ammonium
alkyl methacrylamides (e.g. 3-methacrylamidopropyl trimethylammonium chloride), ammonium
alkyl acrylates (e.g. 2-acrylatoethyl trimethylammonium chloride), ammonium alkyl
methacrylates (e.g. quaternized dimethylaminoethyl methacrylate), diallyl dialkylammonium
salts (e.g. diallyl dimethyl ammonium chloride), allyl trialkyl ammonium salts, and amino acids
such as lysine or ornithine. The cationic monomer is present at least at 50 mole%, preferably at
least 70%, and more preferably at least 80 mole%. In one embodiment, the polymerisa
homopolymer. Other monomers, if present, are neutral monomers such as acrylamide or methyl
(meth)acrylate. Examples are homopolymers of diallyl dialkylammonium salts or allyl trialkyl
ammonium salts.

Polyepichlorohydrin/dimethylamine (polyEpi/DMA) is available as a commercial product at
50% actives in water (SNF Inc., FL 2749). Poly diallyl dimethyl ammonium chloride
(polyDADMAC), another polycation, is available as a dry powder at 100% actives (Floquat TS
45). It can be readily solubilized in water at up to 50% actives, depending on molecular weight
(Mw). Both the polyEpi/DMA’s and the polyDADMAC’s are available in a range of Mw’s up
to about 1 million, but are less readily solubilized at the higher Mw. Products in the size range
about 100 kDa are preferred, because they exhibit good performance and high solubility,
although higher Mw materials are also useful.

Other preferred cationic coagulants include ferric and aluminum salts. Polymers of
aluminum chlorohydrate, also called polyaluminates or poly aluminum chloride, are particularly
effective in saline systems. Commercially available polyaluminates include PAX-18 from
Kemira, Polyaluminates are also available from SNF Inc., Riceboro, GA, as well as other
suppliers.

Tannin amines, generally having molecular weights up to about 10,000 Daltons, may also be
used. Tannin amines are available from SNF Inc., Riceboro, GA, as well as other suppliers. The

different types of coagulants may also be used in combination.
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Molecular weights of the above-recited polycationic coagulants are generally at least 5000,
though higher molecular weights, e.g. 20,000, 30,000, 50,000, 75,000, or about 100,000 Daltons,
are generally more effective. The molecular weight is generally less than 1 million Daltons, and
preferably less than 500 kDa.

The amount of polycationic coagulant used is generally in the range of 1 to 100 ppm,
preferably 5 to 50 ppm or 10-20 ppm. Levels of 2.5, 5, and 10 ppm, in combination with similar
levels of flocculant (described below) have been effective in the field. Dosing of treatment
chemicals, however, is proportional to levels of TOC and total solids in waste streams.
Therefore, higher levels of treatment chemicals may be required for treatment of waste streams
having higher loadings of TOC and total solids.

Upon addition of coagulant and aging, as described above, cationic coagulant molecules
bind to any remaining anionic sites of the emulsified droplets and particulates. This process
further neutralizes the anionic character of the reverse emulsion, and also provides for enhanced
binding of the flocculant added in the next step.

In selected embodiments, further chemical treatments may be desired, e.g. for treatment of
sour fluids (containing H,S) or for treatment of microbes. Such can be added, for example, via

line 17 (Fig. 1), which input could also be located elsewhere in the system for optimal effect.

(3) Addition of Flocculant and Microbubbles

A flocculant is added and is able to adhere to the micro-droplets and particulates, binding
them together into flocs, which then in turn bind to each other to form larger agglomerations. As
this occurs, microbubbles that are present during the flocculation and agglomeration processes
may not only adhere to the oily solids but also become entrapped in the growing agglomerations,
rendering them buoyant.

Thus, a dose of flocculating chemical 18 may be added to pH adjusted and/or coagulant-
treated stream 19 just prior to, or simultaneously with, the introduction of the microbubbles.
That is, gas from gas unit 20 (typically natural gas/methane) may be introduced to recycle stream
54 (Fig. 2) prior to pump 21, preferably an Edur-type pump, that generates microbubbles into a
stream, with the stream joining treatment stream 19 immediately. For example, in one
embodiment, a methane bubble of nominal 20-30 um can be generated via the action of the

pump 21. Preferably, the flocculant can be added at the pump inlet, as shown in Fig. 2;
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alternatively, it can be introduced at the pump outlet. Thereby, the flocculant and microbubbles
are added nearly simultaneously to process stream 19, which has already been subjected to the
pH, coagulant, and aging treatments.

The flocculant acts to further strengthen the agglomerating oily solids against re-
emulsification during subsequent handling steps, while the entrapped microbubbles also render
the flocculated oily solids highly floatable. Entrapping the microbubbles, as compared to relying
on passive adsorption of microbubbles, as is the case in most current flotation schemes, is a
much more effective strategy.

The flocculant is a water-soluble, high molecular weight hydrogen-bonding agent which
serves to bridge oily droplets and particulates, flocculate them and bring them quickly out of
solution or emulsion. Preferred hydrogen-bonding agents are acrylamide copolymers
(commonly termed PAMs). The copolymer may be an anionic acrylamide copolymer, such as an
acrylamide/acrylate copolymer or, in a preferred embodiment, a cationic acrylamide copolymer
(“cationic PAM”), such as an acrylamide/allyl trialkyl ammonium copolymer. A representative
cationic acrylamide copolymer is acrylamide/allyl triethyl ammonium chloride (ATAC)
copolymer.

These acrylamide copolymers typically have about 50-95 mole%, preferably 70-90 mole%,
and more preferably around 80-90 mole% acrylamide residues. The molecular weight of the
flocculant copolymers is preferably about 5 to 30 million, more preferably 12 to 25 million, and
most preferably 15 to 22 million Daltons. In each case, the mole% acrylamide is at least about
50%, and the molecular weight is at least 1 million Daltons, preferably at least 4 million Daltons.

Other cationic monomers that can be copolymerized with acrylamide to form a flocculant
copolymer include those noted above, i.e. ammonium alkyl (meth)acrylamides, ammonium alkyl
(meth)acrylates, diallyl dialkylammonium salts, and allyl trialkyl ammonium salts. As noted
above, the mole% acrylamide in these flocculants is at least about 50%, and more preferably
80-90%.

The cationic acrylamide copolymers are generally more heat-stable in these settings than the
anionic acrylamide copolymers. At temperatures above about 80°C, use of cationic
polyacrylamides produces separated flocs that remain stable for several hours or longer, even at
95°C.

Flocculants that are preferred include copolymers of acrylate and acrylamide (anionic
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polyacrylamides, PAM’s, such as AN 923 SH from SNF Inc.) or copolymers of allyl triethyl
ammonium chloride {ATAC) and acrylamide (cationic PAM’s such as FO 4490 SH from SNF
Inc.). In many produced waters, either anionic or cationic PAM’s are effective as flocculants,
provided the molecular size is sufficient. However, for treatment of specific types of produced
water, certain types of PAM’s are preferred.

For example, in SAGD (steam assisted gravity drainage) produced water, PAM’s less than
approximately 5 million in Mw are noticeably less effective than larger ones, with sizes of 10
million in Mw and higher preferred. The anionic PAM’s that are useful as flocculants typically
contain 10 to 30% anionic residues, i.e. acrylate residues, with the remainder as acrylamide,
which is uncharged but has a polar hydrogen-bonding group (-NH;). The anionic PAM’s are
available in Mw’s well above 10 million. The cationic PAM flocculants typically contain 10 to
30% cationic residues, i.e. the ATAC residues, but may range into higher % ATAC’s as well.
The cationic PAM flocculants also have high Mw’s, but the Mw range is somewhat lower than
that of the anionic PAM’s, typically at 5 to 8 million Mw. Although this is less than optimal for
flocculation activity, the cationic PAM’s have the advantage of greater tolerance to high
temperatures in aqueous environments.

That is, an anionic PAM will tend to lose activity at 90°C within about 30 minutes in
aqueous solution. In contrast, a cationic PAM will retain its activity as a flocculant for several
hours under these same conditions. At temperatures of 80°C or less, both anionic and cationic
PAM?’s are thermally stable. Hence, for SAGD produced water, which is generally close to 90°C
when first treated and may remain at temperatures above 80°C throughout the entire process
stream, cationic PAM flocculants are often preferred. For produced waters that are at lower
temperatures, as in surface mining operations and in waste streams that are taken off-site for
disposal, anionic PAM flocculants are often preferred.

Another factor to consider in selecting an anionic versus a cationic PAM as flocculant is the
overall charge of the particulates to be agglomerated. That is, emulsified oily solids or soil
particulates that contain a significant mineral component, such as clays and sands, have binding
sites that overall have higher affinities for anionic binding agents. Consequently, anionic PAM’s
may be preferred in such an application, although the mineral faces also will bind satisfactorily
to cationic PAM’s, albeit with somewhat lower affinities. On the other hand, biological process

streams, such as animal waste streams and process streams associated with food processing,
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contain biological particulates that mainly exhibit anionic binding sites on their external surfaces.
Consequently, cationic PAM’s may be preferred in such applications.

In another embodiment, the acrylamide copolymer can be provided in combination with an
activated polysaccharide, such as an activated starch (see e.g. Sikes ef af., U.S. Patent No.
7,595,002). The ratio of these components (activated starch : acrylamide copolymer) is typically
in the range of 0.1:1 to 100:1, preferably 0.5:1 to 10:1, more preferably 1:1 to 5:1.

The amount of flocculant composition used is generally in the range of 1 to 100 ppm, e.g.
2.5-50 or 10-30 ppm. Levels of 30 ppm alone, or 2.5, 5, or 10 ppm in combination with similar
levels of a polycationic coagulant, were effective in field tests. A level of 40 ppm, in
combination with 20 ppm coagulant, has been shown to be effective even in downstream
wastewaters having about 60% solids. As noted above, however, dosing of treatment chemicals
is proportional to levels of TOC and total solids in waste streams. Therefore, higher levels of
treatment chemicals may be required for treatment of waste streams having higher loadings of
TOC and total solids.

(4) Separation of Flocculated Materials from Clarified Water
As shown in Figures 2 and 3, the system employs a vertical separation module 22,

preferably having a series of nested chambers 24, 26, and 28, for separation of flocs from the
treated water. In one embodiment, the separation module comprises a plurality of tanks or shells
34, 36, and 38, configured therein to provide the three chambers 24, 26, and 28 within the
module. Thus, as shown in the figures, a perimeter shell 38, which is preferably enclosed and
vented (39), can encompass an intermediate shell 36, which itself encompasses an internal shell
34, which defines the inner chamber 24, also termed the riser well. The chambers are typically
nested and concentric, as illustrated.

With reference to the Figures, the treated water 30, containing coagulant and flocculant as
well as the microbubbles, is introduced into the bottom of riser well (inner chamber) 24 via inlet
32. The riser well 24 preferably includes a flow diffuser 40, situated above the inlet point of the
incoming stream. The flow diffuser may be a perforated plate, as shown in Fig. 3 or,
alternatively, a shallow inverted cone approximately 3/4 the diameter of inner chamber 24, as
shown in Fig. 2. The flow diffuser serves to equalize the velocity of water and oily solids rising

in the well and provide a uniform stream.
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The preferred direction of fluid flow in the riser well 24, exiting from the inlet 32, is thus
vertically upward, along with the natural flotation of the agglomerated solids having entrapped
microbubbles (produced as a result of simultaneous or near-simultaneous addition of
microbubbles and flocculant, as described above).

The treated waters thus flow vertically through the riser well 24, then radially pour over the
upper edge of the internal shell 34, and flow along a water-permeable screen or screens 44 which
extend(s) beyond the edge of the second tank 36, as shown in greater detail in Fig. 3. The water-
permeable screens are porous or perforated to an extent effective to allow for high throughput of
the treated water through the screens. Throughputs of up to 1000, 3000, or 6000 gal/min
(approx. 3,780, 11,350, or 22,700 L/min) are desirable at large-scale, fixed-site installations.

The screens may have various configurations and may, for example, be fabricated of woven wire
or solid sheets which have been perforated. In one embodiment, the screens may be stainless-
steel, triangular-profiled, welded wire strainers (sometimes referred to as Wedge Wire) or other
like strainers known in the art. The total area, open area, specific dimensions, geometry, and
materials of construction of the strainer plates (floc screens) may vary with respect to the
physical attributes of the water and in particular the oily flocs being separated. The screens may
be planar, or they may feature some degree of angularity or curvature.

Preferably, each floc screen 44 is pivotally connected at or near the top of internal shell 34,
thereby allowing the angle(s) of the screen(s) to be regulated and periodically adjusted for
optimal water and floc separation. As the water and flocs flow over the screen(s), the clarified
water flows through the screen(s) 44 into central chamber 26 (also termed the water annulus),
defined by inner shell 34 and central shell 36, while a suspension of floc 45 falls over the end of
the screen(s) 44 into outer chamber 28 (also termed the launder annulus), defined by central shell
36 and outer shell 38. The suspension of flocs collected in the outer chamber preferably makes
up about 5% or less of the bulk flow,

Such passive overflow may advantageously be augmented by use of a skimming device (not
shown). In addition, a programmable rinse cycle for clearing the screen(s) may be included,
whereby a stream of the clarified fluid is directed over the screen(s) 44 and into the launder
chamber 28 for a duration, for example, 2 to 10 seconds, at intervals of 5 minutes, or a variation
of this timed-pulse design as may be necessitated by the loadings on the screen(s).

The screened floc collected in chamber 28 is typically in the form of a suspension or slurry
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having a substantial proportion of the oily flocculated solids 45 floating or buoyant in an
underflow of clarified water. In one embodiment, this waste slurry could be processed in a filter
press to render the solids more landfill-ready and recover a further clarified stream for
downstream processing. Alternatively, a decanter centrifuge could be used to process and
further separate the waste slurry,

In one embodiment, the tanks/shells are substantially cylindrical and the chambers
substantially cylindrical or annular. However, other configurations could also be used; the
tanks/shells may be cylindrical, elliptical, square or other polygonal, or combinations thereof.
The screens 44 may also vary in shape, and they may be effective to cover all or a portion of the
top of chamber 26. For example, in one embodiment, two screens 44 may be used, extending
from opposite sides of the upper perimeter of central shell 34. Alternatively, three, four or more
screens could be used, distributed symmetrically or non-symmetrically around the upper
perimeter of central shell 34. In further embodiments, a substantially contiguous screen or series
of screens, effective to cover either a portion or substantially all of the top of chamber 26, could
be used.

In any case, the flow of treated water from riser well 24 is directed such that it cannot enter
chamber 26 without passing over and through screen(s) 44. In preferred embodiments, for
example, any portions of the upper edge of central shell 34 to which screens are not attached
extend slightly above the upper level(s) of the screen(s), to direct the flow of water to the screens
and prevent passage of water around the screens.

While the angle of attachment of screens around the perimeter is typically equal, different
angles may also be employed (as shown, for example, in Fig. 3). Angles typically are in the
range of about 30° to about 45° from the horizontal (such that a 90° angle would be parallel to
the shell wall), though larger or smaller angles may also be used.

Effluent ports are provided, as shown in Figs. 2 and 3. Typically, at least one effluent port
46 is provided for outer chamber 28, for flocculated material, and at least two effluent ports are
provided for chamber 26, one for the bulk of the clarified water (48) and one for recycle/rinse
water (50), which also makes up the receiving stream 54 for the microbubbles.

Preferably, the perimeter shell 38 has a diameter of 8 feet (approx. 2.4 m) or less, thus
avoiding the requirement of a wide-load designation for transporting the module, as per highway

traffic legislation. The internal shells 34 and 36 may have varying geometries, as noted above,
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such as cylindrical, square or other polygonal, or combinations thereof.

In another embodiment, providing a moderately sized installation for assembly on site, the
vertical separation tank comprises a riser well 24, a water chamber 26, and, in place of external
chamber 28, a plurality of collection tanks located around the perimeter of shell 36, their
placement corresponding to that of the floc screen(s) 44, such that flocs flow over the screen(s)
into the tanks. In this case, shell 36 is preferably up to 8 feet (approx. 2.4 m) in diameter, for
transportation purposes. The collection tanks may be transported separately and assembled on
site. Likewise, the system enclosure with ventilation may be assembled on site. Riser well 24,
chamber 26, and the collection tanks may have varying geometries as described above, e.g.
cylindrical, square or other polygonal, or combinations thereof.

This waste stream of oily floc 45 (Fig. 3) which flows into outer launder chamber 28 (or
collection tanks, in an alternative embodiment) preferably makes up less than 5% of the bulk
flow, and is periodically or continually pumped away (53) for subsequent processing (55) (Fig.
2). The majority of the clarified water, which flows through the screens and into the water
annulus 26, preferably makes up more than 95% of the bulk flow, including the microbubble
stream and/or the rinse cycle flow, if implemented.

In some embodiments, particularly for deep well injection, bag filters, e.g. a 100y filter
followed by a 20y filter, may be placed in the effluent line of clarified water that feeds the
disposal well. These filters may be used to entrap any residual solid particulates that fall through
the floc screen(s) 44 into the containment volume 26.

Prior to the separated water 52 being sent for additional processing, the pH can be raised to a
pH of 7 or 8 if desired by the addition of a caustic such as sodium hydroxide (NaOH). After the
water is neutralized, it can be sent for additional chemical processing and later reused in thermal
oil recovery processes.

A portion of the separated water, e.g. about 20 gal/min (about 76 L/min} or more, is
typically recycled (54), as noted above, to facilitate introduction of microbubbles (Fig. 2).
Because this is a recycle volume, it does not affect the overall throughput of the system once the
flotation mechanism is operating.

The illustrated and described arrangements of the riser well (inner chamber) 24, water
collection annulus (central chamber) 26, strainer assemblies 44, and floc launder annulus (outer

chamber(s)) 28 as described are not intended to limit the scope of the invention; various other
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configurations are possible.

It has been found that, when the above described chemical treatment sequence is carried
out, the flocs that form are sufficiently stable to be cleanly separated in the herein disclosed
screening module, The buoyancy and stability of the flocs allows for high throughput of the
treated water. Throughputs of up to 1000, 3000, or 6000 gal/min (approx. 3,780, 11,350, or
22,700 L/min) are desirable at large-scale, fixed-site installations. A typical throughput of
produced water that accompanies production of 30,000 barrels per day of bitumen at a SAGD oil
recovery operation, for example, is about 2500 gal/min (approx. 9500 L/min).

Use of the herein described chemical treatment process and screening module can greatly
reduce residual contamination in treated produced waters. For example, in current operation,
using prior art treatment protocols, when process waters are sent through bag filters as described
above, the amount of residue in the treated waters necessitates changing of the bag filters as
frequently as every 20 minutes. This results in a large amount of costly downtime and operator
time built into the process. When the treatment process of the present invention was
implemented at a disposal well site, the inventors noted that the frequency of bag filter changes
in the system was reduced to once per shift or less.

As indicated above, the proposed process and apparatus are useful for treatment of oily
produced waters intended for injection into a deep well for disposal, such that the oil and organic
content of the stream set for disposal can be effectively minimized. This reduces the risk of
damage and contamination to the process equipment, to the well, and to the disposal formation
itself. In addition, the costs and therefore loss of revenues that are associated with downtime and
rejuvenating a well along with the receiving formation are minimized.

The process and apparatus of the invention are also intended for clarification and deoiling of
produced waters for recycling and reuse, as well as for disposal, in oil sands mining, including
both surface mining and SAGD operations.

Further, the proposed process and apparatus are useful for treatment of oily produced waters
intended for re-injection into producing formations for pressure maintenance (water flooding,
polymer flooding), such that the oil and organic content can be effectively minimized so as to
reduce the risk of damage to the flooded formation and/or reduce the operating cost associated

with pumping oily water into such a formation.
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CLAIMS

1. A method of clarifying waste process water containing soluble organic compounds,
suspended and/or emulsified oils and/or solids, the method comprising:

(a) adding a polycationic coagulant to the process water,

(b) following step (a), subjecting the water stream to an aging step 5 seconds to 10 minutes
in length in which the water stream undergoes reduced turbulence;

(c) following said aging step and addition of coagulant, adding a flocculant, comprising an
acrylamide copolymer having a molecular weight of at least 4 million Daltons, to the process
water, and simultaneously introducing gaseous microbubbles into the process water, whereby,
during subsequent formation and agglomeration of flocs of solid and semisolid matter, the
microbubbles become entrained within and adhere to the flocs;

(d) introducing the flocculant-treated water and flocs into a separation module, the
separation module comprising three containment systems, designated (i) an inner tank, having an
inlet and defining an inner chamber, (ii) a central tank, having at least one outlet, surrounding
said inner tank and defining an annular central chamber, and (ii) one or more outer tanks exterior
to said central tank, each having at least one outlet, and defining an outer chamber or chambers,

wherein the upper perimeter of the inner tank has attached thereto one or more porous
screens which extend over the central chamber at a downward angle, to reach the outer chamber
or chambers, and cover at least a portion of the central chamber,

such that said flocculant-treated water flows through said inlet, upward through said central
chamber, over and though said screens, and into the central chamber, and said flocs flow over

said screens angd into said outer chamber or chambers.

2. The method of claim 1, wherein, prior to, concomitant with or immediately following step

(a), the pH of the process water is adjusted to about 2.0 to 4.0.

3. The method of claim 2, comprising two aging steps, one following the pH adjustment and

another following the addition of polycationic coagulant.
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4. The method of claim 1, comprising a single aging step, following the addition of

polycationic coagulant.

5. The method of claim 1, wherein each said aging step is 5 seconds to S minutes in length.

6. The method of claim 1, wherein each said aging step is 15 to 60 seconds in length.

7. The method of claim 1, wherein said reduced turbulence is facilitated by the use of an

increased diameter pipe for throughput during said aging step.

8. The method of claim 7, wherein said increased diameter pipe is 8 or more inches in

diameter.

9. The method of claim 7, wherein said increased diameter pipe is 12 or more inches in

diameter.

10. The method of claim 7, wherein the length of said increased diameter pipe is 10 meters or

more.

11. The method of claim 7, wherein the length of said increased diameter pipe is 20 meters or

more.

12. The method of claim 1, wherein the flow rate during said aging step is 300 gallons/minute or

less.

13. The method of claim 1, wherein said outer chamber is a single chamber surrounding the

central chamber, such that flocs flowing over said screens flow into said outer chamber.

14. The method of claim 1, wherein said module comprises a plurality of outer tanks
surrounding said central tank, at locations corresponding to said porous screens, such that flocs

flowing over said screens flow into said outer tanks.
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15. The method of claim |, wherein any portions of the upper perimeter of the inner tank to
which screens are not attached are of increased height, to direct flow of water out of the inner

tank to the screens.

16. The method of claim 1, wherein screens are attached to the entire perimeter of the upper

edge of the inner tank.

17. The method of claim 1, wherein the waste process water is injected into a disposal well after

treatment.

18, The method of claim 1, wherein the waste process water is downstream waste water
(produced water) from an oil sands mining operation, comprising a hydrocarbon- and bitumen-

containing oil-in-water emulsion with suspended microparticulate mineral materials.

19. The method of claim 1, wherein the oil sands mining operation is a steam-assisted, gravity

drainage (SAGD) operation.

20. The method of claim 1, wherein the coagulant is an epichlorohydrin-dimethylamine
copolymer (polyEPI/DMA) or a polymer of diallyl dimethyl ammonium chloride
(polyDADMAC) and has a molecular weight less than 1 million Daltons.

21. The method of claim 1, wherein the coagulant is a polyaluminate.
22. The method of claim 1, wherein the acrylamide copolymer is selected from an
acrylamide/acrylate copolymer, an acrylamide/allyl trialkyl ammonium copolymer, and an

acrylamide/diallyl dialkyl ammonium copolymer.

23. The method of claim 1, wherein the flocculant further comprises a heat-activated or

pregelatinized starch having flocculating activity.
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24. A separation module for separation of flocculated materials from water, comprising three
containment systems, designated (i) an inner tank, having an inlet and defining an inner chamber,
(ii) a central tank, having at least one outlet, surrounding said inner tank and defining an annular
central chamber, and (ii) one or more outer tanks exterior to said central tank, each having at
least one outlet, and defining an outer chamber or chambers,

wherein the upper perimeter of the inner tank has attached thereto one or more porous
screens which extend over the central chamber at a downward angle, to reach the outer chamber
or chambers, and cover at least a portion of the central chamber,

such that water containing flocculated material introduced into said inlet is able to flow
upward through said central chamber, over and though said screens, and into the central chamber
as clarified water, while said flocculated material flows over said screens and into said outer

chamber or chambers.

25, The module of claim 24, wherein said outer chamber is a single chamber surrounding the

central chamber, such that material flowing over said screens flows into said outer chamber.

26. The module of claim 24, comprising a plurality of outer tanks surrounding said central tank,
at locations corresponding to said porous screens, such that material flowing over said screens

flows into said outer tanks.

27. The module of claim 24, wherein any portions of the upper perimeter of the inner tank to
which screens are not attached are of increased height, to direct flow of water out of the inner

tank to the screens.

28. The module of claim 24, wherein screens are attached to the entire perimeter of the upper
edge of the inner tank.
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