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CHEMICAL OXKIDATION O BELECTROMAGNE TG TREATMENT IN SAGD
OPERATIONS

iELD

O001] This specification relates {o the treatment of produced water or wastewaler
from oil or gas produchion and {o a steam assisted gravily drainage (SAGL) process.
BAUKGROUND

10181074 Tne following discussion 18 not an agmission that anything discussen pelow i1s

citable as prior arf or common general Knowiedge.

{0031 in various forms of ol and gas production, produced or other waler streams
arg crealed thal must be treated for disposal or re-use. For exampie, in a bitlumen mining
DrOCEss Known as Steam Assisted Gravity Dirainage (SAGL), steam is produced in a boiler

S

or generator and iniectad info bitumean beanng soil. The steam reduces the viscosity of the

pifumen aliowing 8 mixture of water and bitumen {o flow o a produclion well, After this

mixiure 15 axtracted, most ¢f the o6 18 removed i an nilial primary oll-water separation

siep.

{0004 The remaining waler, called produced waler, is ireated {hrough various unit
gperations {0 make i suifable for re-use I generating steam. The produced waler
contains, for example, residual oil, suspended and gissolved solids {organic and inorganicy,
and siica al near the imit of solubility. Ol may be removed from the produced waler by a
second oll-waler separation siep such as gas flotalion or a wainut shell filter. Hot or warm

Hme sofiening may be used {0 remove silica and hardness. Parlicle filtration, for exampie
through an anthracite bed, may e used o reduce tolal suspendead solids, Strong or weak
acid calion exchange softeners may be used 1o further reduce hardness. Each of these
processes produces a waste stream that i1s treated tfurther for one or more of gisposal,

further water recovery and further oil recovery.

0005] After treaiment, the produced water can be re-used to generaie steam. the
steam generators used in SAGLD operations commonty include a Once Through Steam
Generator that produces about 80% steam {vapour) and about 20% liguid droplets. The

Hauid Traction s remaoved from the steam in a blowdown stream before the steam s injecied
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rito the bitumen deposit. The Q150G blowdown water is further processed or, wheare

permitted, disposed for exampie in a taiings pond or by deep well injection.

INTRODUCTION
{0006 The following introduction is infended to introduce the reader [0 the detalled

gescription to foliow and not o imif or define any claimsd inveantion.

0007 ] A primary purpose of the produced water reaiment steps describsd above is
to provide waler of suitable gualily (0 the steam generalor. Shica and hardness in the raw
oroduced waler in pariicuiar would rapidly destroy a sieam generator. Accordingly, ithe
treatment steps are focused o g farge extent on controlliing nargness and siica. However,
even alier g two-stage process of lime softening followed by calion exchange sofiening, the

waler reaching an OIsSG in an axxsting SAGLD operation may stifl have near 1 mg/l of

nardness.

10008] Other contaminants are conirglied 10 a lesser exient. For exampie, trealed
produced waler in an axisting SAGD operation may still contain 100 o 2,000mg/l of

dissolved organics when it reaches the OT5G. These organics can be aromatic or aliphatic,

but with 2 higher tendency (o being aromatic in structure. In addition to the dissolved

organics, the produced water entening the Q156G aiso still contains low concenirations of
emuisified oils, with a possibility of higher concenirations at times when the treatment

processes are upsel. These organics or oiis, or bolh, contnbule 1o the fouling of OT3G6.

10000} As a resull of the remaining contaminants in re-used produced waler, a
foulant faver puilds up on UISG walls. The foulant laver reduces the heal transier
sfiiciency from the fire side of the OTSG o the water side of the U156, impeding sieam
production. 1o mamiamn steam production rates, more energy 18 required {0 overcome the
insuiating effect of the foulant layer o create a constant amount of steam. The OT5G must
he periodically cleaned o remove the build-up. If the OT5G is not cleaned often enough,
the OTSG may overheal and fail. Heal exchangers are simiiarly supject to fouling and

must be cleansd periodically.

010] Besides conitnbuting o steam generator fouling, the organics and oils In

oroduced water also interfere with other parts of the produced water treatment process.

For example, because most confaminants remain in the hguid fraclion after the produced

.




11t

15

24

28

34

CA 02819780 2013-06-03

WO 2012/082259 PCT/US2011/059680

water passas through an 01506, the contaminants are concentrated in the blowdown waler.

At an OTSG blowdown ratio of 20%, the blowdown water may contain roughiy 500 to 5,000
mg/l. of dissolved organics. Gisposal options for the blowdown waler, such as deesp-well
injection or disposal nto laiings ponds, are becoming iess viable and gvailabie in off
production areas, nciuding the oll sands area or Canada. [his increases the desire o treal
the biowdown waler, polentially 10 a8 near or zero Hquid discharge standard. Thermal
gvaporation or concentration ang crysisilization could be useful oplions but a high organic
concentration in the blowdown waler impedes the corystallization process and may prevent

complete drving of the waste solids.

00111 Further, the organics and oils nterfere with the use of alternative technologiss

for removing one or more of hardness, suspended solids and siica.  For exampis,

nanofiltration (NF) or reverse gsmosis {(HQ), alone or in combination with each other or
clectrocoaguiation (EC), would in theory work very well {or removing hardness, and any
suspended solds or siiica remaining after upstream treatment steps. However, the organic

maolacules pose a fouling nsk to the NE or RO mempranes ang interfere with achieving the

full potential of N or RU membranes in a SAGL operstion.

0012} Various processes are described herein in which a treatment unil uses

chemical oxidation {CO) or slectromagnetic treatment (E1) to destroy organic contaminanis
suich as emulsified oll and dissolved organics. These are integraied into a SAGLD produced

waler re-use and treatment system. Oplionally, the trealment module may use CO or 1 in

combination with other technologies such as biological treatment or g sorplion process or
both. When CO or ET is used in combination with other technologies, the CO or &1 partly
degrades ihe organics and the subssaguent process further degrades, or reduces the
concentration of, the degraded corganics. Optionally, an ET process may comprise {reating
the water with microwaves. In addition {o degrading organics, the microwaves heat the
waler, which assisis in generaling steam for injection from the process water or in drying

ciowdown water.

{0013] Organics that are degraded by the U0 or &1 process tend to be characlernized
by 8 more negative charge and reduced aromatic and double bond content. The degraded

organics have a reguced tendency to foul many surtaces. A turther treatment step, if any,

_ A
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turther reduces the fouiing tendencias of the water. Components that are prone o fouling,
such as an OT3S6, heat exchangers and resin based ion exchange soffeners, operate more
efficiently in the treated produced water.  Further, fouling corifical devices, such as
membrane fillers and crystailizers, may be used even wilh raw produced water having

nitially high concentrations of organic foulants.

{3014 ] in a plant describad herein, a G0 or BT treatment module 18 used 1o treat

produced water upsiream of a steam generator. In this location, the treatment module

reduces fouling in the steam generator and in any blowdown treatment device. In another
piant descrived herein, the treatiment module is used in combination with a nanofiliration
(NF) or reverse osmosis (RO) membrane filler which is also locatled upstream of a steam
generator.  In s ocation, the treatment module reduces fouling in the sleam generator
directly and by providing water suitable for treatment in the membrane filler, which further
softens the water. In ancther plant described nerein, an &1 moduie using micrewaves s
iocated directly upsiream of an UTSG, of upstream of a concenirator or crysiallizer in the
oiowdown water stream. in either of these locations, the 1 module provides usetul neat {o

the produced waler as well as removing organics.

BRIEF DESCRIPTION OF THE DRAWINGS
O015] Figure 1 8 8 schematic process flow diagram of a SAGD produced waler
treatiment sysiem having g GO or &1 treatimeni module,

0016] Figure 2 1s a schemalic process flow diagram of another SAGL produced
waler freatment system having a CO or &1 treatment moduie combined wilh 8 membrane

filter.

00177 Fiqure 3 s a schemalic process How diagram of another SAGD produced
water treatment sysiem having an &1 reaiment module direclly upstream of an G156 orin

a blowdown siream.

DETAILED DESCRIPTION

0018] Figure 1 shows a first SAGD produced water treatment system 10, Produced

water 12 has siready passed through a primary separaior that has removed most of the o

from . The produced waler 12 flows o an oplional second ol separator 14 {o remove

remaining oll. The second oil separator may be, for exampie, a bubbie fiotalion device or &
-4 .
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ceramic of walnut filter. Recovered off 16 s removed, for exampile in a totabon forth or
walnut filter scrub, for further refining to recover the oil. De-oiled process water 18, siill

contaning a residual amount of emuisified oi, continues {0 be processed.

{0019] The de-olled water 18 is sent o a lime softener 20, Lime, soda ash andior
magnesium oxide 27 sre added {0 the water, allowing silica and hardness {0 be removed in
softener sludge 24, Fartially sofiened water 26 s then sent to a fiiler 28 wherein
suspended solids are removed in backwash water 31. The filler 28 may be a media filter
filled with anthracite, for example. Filtered waler 30 flows {0 a secondary softener 32, for
exampie a weak acid calion (WAL} soltener.  The seconcary sofiener 32 consumes
regenearation chemicals 34 and creales a regeneralion waste 38. Soflened water 38 flows
{0 a steam botier or generator 40, such as an OTSG. The steam generator 40 produces a
partially pure steam 42, which is sent {0 8 vapor liguid separator 44. This separator 44
removes Hquid from the parliatly pure sieam {0 create blowdown waler 48, Ramaining
esseniially pure steam 40 is ready for injection back inio the oiifield.

00201 The description of the treatment system 10 above s an example of how
SAGL produced waler may be trealed. There gre many possiblie vanalions., Howesver,
many SAGD produced waler treatment systems similarly employ a seguence involving de-
cHing, hot or warm iime softening, media or other pariicls filtration, bnne or cation softening,

steam generalion, and liguid separation from the steam.

0021 in the treatment system 10, an additional organics module 50 is added {o
gesiroy or degrade organic contamiimants or emuisified ois or bolh in the produced waler.,
The organics moduie 50 is pigced upstream of ine steam generalor 40 in the system 10 o
reduce foubng of the steam generator 40, In the system 10, the organics moduie 50 is alsgo
gownstream of the lime sofiener 20 but upstream of the secondary soffener 32, In this
location, the organics module aiso reduces fouling of the ion exchange resins in the
sacondary softener 32, which i1s caused in parl by dissoived organics. However, the
ocrganics moduie 50 may be piaced in other locations in the system 10,

0022] The organics module 50 uses chemical oxidation (CO} or slectromagnetic
treatment (&71) to treat the produced waler. The GO or BT processes degrade or destroy
organics in the produced waler such as soluble organics or emuisified oil. Qrganics that are

.5 .
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degraded tend o be characlerized by a more negative charge and reduced aromatic and

double bond content. tThe degraded organics have a reduced tendency to foul many

surfaces.

H00E3] Chemical oxidation may be provided Dy, for example, one or mare of ozone,
Fenton's process, wel air oxidation, thermally cataiyzed melhods, redox initiaied methods,
slectrochemical oxidation methods or UV catalyzed oxidation methods. klectromagnelic
frealment may be provided by, for exampie, microwave trealmeni. During the CO or 1
srocess, one or more of the foliowing changes may occur in the mixture of organic
compounds in the produced water (1) some or all of the soluble organics may be
completely destroved, for sxample by bemng mineralized, {2} some or all of the solubls
Organics may be partially degraded, for exampie by an oxidizing reaction resulling in the
cieavage of aromalic or cycloalkane rings, and (3) some or all of the emulisified olis may be
gegraded to simpier oils or other organics. Organic compounds in the produced water that
are not destroyed tend to be richer i oXygen groups, such as carboxyilic or phendiic
Jroups, and simpiler in structure. The degraded compounds aiso {end 1o be characterizad
DY incregsed polarily and negstive charge. Performing the oxigation process at a high
femperature, as 18 typically present in produced waler ireatment, enhances reaclion
kKinelics and thersby lowers (he required residence time of the produced water within an

oxidation reacior.

0024 ] ine organics moduie SU produces degraded process waler 54, the
degraded process waler 52 passes througn the secondary sofiensr 32 and steam
generator 40 as described previously. Because some of the organics have been degraded
or destroved, fouling of on exchange resins in the secondary softiener 32 18 reduced.

Fouling in the steam generator 440 is also reduced.

0025] Most organics still remaining in the degraded process water 92 passing
through the steam generator 40 remain in the quig fraction of the partially pure steam 42.
The remaining organics are thereiore concentrated in blowdown 48, 1or exampile o about
five times the concentration in the softened produced waler 38 fowing to the steam
generator. Conversely, the reduction in complex organics through the organics moduie 50

s enhanced by a factor of five In the blowdown water 48, The reduction in complex

-8 -
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organics reduces the fouling tendency of the blowdown water 48 but also makes the
biowdown waler 48 easier to dry i a crysiallizer 56. The crystallizer vaporizes water by
thermal energy or Dy using a mechanical vapor comprassor. In addiion, the crystallizer 50
can also use calcium suilfate seeds o provide siles for sails In the produced waler {o
precipitate as water vapor 18 removed.  tThe presence of complex organics tends o
interfere with compiele drying, thus interferning with crealing a near or zero guid discharge

DrOCEesSs.

(0020] The system 10 combines the organics module 50 with a crystallizer 54 ang,
optionally, a brine concentrator 54,  Brne concentralors 54 and crysiallizers 50 are
avatlable trom, for exampie, the Resgurce {onservaiion Company, part of the General
mieciric Company. Blowdown waler 48 18 re-circuiated through the brine conceniralor 54
as waler is vaporized and removed from if. The waler may be vaponzed by, for exampis,
waste steam o a mechanical vapor comprassor.  The vaponzed water s condensead to a

prine concenirator distilate 680 which may be reused in the steam generator 40, A

concentrator bleed 58 from the recyaie ioop flows {0 the crysialiizer 58, In the crysiallizer
20, more waler is removed by vaporizalion using, for exampie, waste steam or mechanical
vapor compression. [he vapor is condensed and removed as crystallizer distiliate 64
which may be reused in the steam generator 40. A solid wasie 04 18 aiso removed from the

crystallizer 56, resulling in a near or zero iquid discharge from the biowdown waler 48,

00271 Oplionally, a secondary organics moduie 70 may be added after the grganics
maodule 50, The secondary organics module 70 uses a further treatment step, such as
biological treatiment or sorption, to further reduce the concentration of soluble organics or
off In the produced waler. This further reduces the fouling tendencies of the produced

water.

0028 The secondary organics module 70 may treat the produced waler by way of
piological treatment. The dissolved organics in the raw produced water 12 are typically
recalciirant and traditional biological treatmenis are nol very effective at degrading these
compounds. For exampie, the dissolved organics may have aromatic moieties, or be nch

in double bonds, making them difficult for microbes {o degrade. The organics present in

the raw produced water 12 may have, in particular, (poly)aromalic and naphthenic

.7 -
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(cycioaikaine) structures. However, fotiowing treatment in the organics module 50, al least

some of these rings are cleaved and the resullant molecules can be more easily
vigdegraded. kven #f grganic compounds are not destroyed, they are generally ncher in

oxygen or hydrogen, or both, and often simpler in struciure, making biodegradation easier.

{O0L2Y] 1he biological treatment uses thermophiiiic {Up o aboul a0} orF exireme
thermophillic {over 80C) microorganiams (o allow operalion at the ambient temperature of
the sysiem 10. A bioreacior may be seeded with bacleria or other microorganism cuitured
from producing SAGD ol fields. Bacteria acclimaled to high temperatures populate SAGD
off fields and use bilumen and the same organics 1o be removed from the produced walsr
as food. Other sources of seed organisms may include other natural thermophillic
enpvivonments, or commercially avaiable specialized baciena. Biciogical reatment may be
conducied in a membrans bioreactor (MBK) using high femperature membrane materials
SUCH as ceramic memopranes, activated studge, tnckiing tilters, rotating biological contactors
(RBOS) moving bed biclogical reaciors (MBBREKs), biologically activated carbon, fixed bed

bioreaciors, or fluidized bed bioreactors.

0030} Allernatively, the secondary organics module 70 may treat the producsd
water by way of a sorption process. During CO or BT in the organics module 30,
compounds fhal are degraded (bul not mineralized) tend (0 be richar N OXygen groups,
such as carboxylic or phenolic groups, and tend o be simpler in structure. Molecules that
are not degraded tend {o be less polar. Qrganics that remain following the oxidalion or
siectromagnetic reatment may pass through a sorplion process in the secondary organics
moduie 7. The sorplion process may use, for example, activated carbon, organociay,
zeolites, or commercial oif removal substances such as those avaliable from Mylelx
Technoiogies Corporation. Organics are removed by passing the stream of produced
water through a bed of the sorption malenal. The sorption material may be selected {6

preferentially {arget any non-polar compounds thal were not degraded by the oxidation or

glectromagnetic treatment process. Waler leaving the sorplion process has a decreassd
concentration of organic contaminants, and so has a decrgased tendency o foul
gownstream process. Further, organics that are el in solution following sorption tend o be
polar and negatively charged. The remamning organics thus have a low aifinity for slicking

to many types of surfaces, further reducing the fouling potential of the produced waler.
-8 -
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0031 Although the organics module 50 and secondary organics module 70 are

shiown upstream of the steam generator 40, one or both of them may also be localed in line
with the plowdown waler 48. The secondary grganics moguie 70, with biological treatment
in particular, is more efficient at higher concentrations of organics. Further, the crysialhizer
56 may be the most sensitive component to organic contaminants, including partially
degraded contaminanis 52 lsaving the organics module 50, Locating only the secondary
organics module 70 in line with the biowdown 48, for exampie directly upsiream of the
crystallizer 56, may reduce ine required size of the secondary organics moduie 70 while
further upstream components such as he steam generalor 40 are adeguately prolecied by

the organics module 54,

{O034] Figure 2 shows a second produced waler treatment system 100, The segond
produced water treaiment system 100 uses many of the same components as the
treatment sysiem 10, as indicated by the use of the same reference numerals. However, in
the second treatment system 100 a membrane sysiem 102 has been added in place of the
secondary softener 32. the memprane system 102 uses gne or more nanotiliration {(NF} or
reverse osimoesis (RO} membrane elements, for exampie spiral would membrane cartridges.

Oplionally, an electro-coagulation module may be pilaced upstream of the membrane

element. The membrane system 102 removes suspended solids as well as hardness and
large organic molecules. The membrane system 102 thereby allows for the removal of the
media filler 28 or the secondary softener 32 or both, However, the media fiiter 28 may be
retained as g pre-ilter for the membrane system 102, Further optionally, the membrane
system 102 may be added afler the secondary soffener 32 and funclion as a polishing

aoftener.

0033 After being treated in the organics moduie 50, and oplionally in the secondary
organics module 70, the produced waler 52 has fewer membrane foulants. In particular, at
least a portion of the dissolved organics may have Dbeen destroyed, for example

miineralized, or removed by biclogical gegraedation or sorption.  Emulsiiied oills may have

peen modified to lighier molecules.  Further, the remaining degraded organics have 3

.

reduced affinily Tor sticking o membrane surfaces. In particuiar, since membranes tend {o

pe negatively charged, or can be selected with a negative surface charge, treated dissoived
organics wilh a negalive charge are repelled trom the membrane surface and are more
.0
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likely to exit with membrane reject 104. The permeate 106 passing through the
membranes has essentially no hardness or large organic molecules, and so has very little
tendency to foul the steam generator 40. The permeate 106 is also easily dried In the

concentrator 54 and crystallizer 56.

[0034] Figure 3 shows a third produced water treatment system 200. The thira
produced water treatment system 200 uses many of the same components as the
treatment system 10, as indicated by the use of the same reference numerals. However, in
the third treatment system 200, an ET process is used in particular for the organics module
50 and located directly upstream of the steam generator 40 or in line with the blowdown
water 48. In particular, the ET process is used in one or more of the three areas 202a,
202b and 202c¢ shown.

[0035] The ET process may use, for example, microwaves to treat the produced
water. Microwave irradiation attacks organic compounds, reducing the chemical oxygen
demand (COD) concentration of aqueous solutions. At the same time, microwave
irradiation also heats the water. This heating is beneficial when the ET process is used
near and upstream of the steam generator 40, the brine concentrator 54 or the crystallizer
56. Sensible heat reduces the amount of energy required in those devices to produce
steam. Further, a portion of the water may be converted to steam in the ET process itself,
thus reducing the load on the steam generator 40, the brine concentrator 54 or the
crystallizer 56. Optionally, an ET process located as described in the third system 200 may
be used in addition to another organics module 50, and further optionally a second organics
module 70 or a membrane system 102, located further upstream in the third system 200.

Alone or in such a combination, the level of dissolved organics is reduced to a level that will

not impede complete drying by the crystallizer 56.

[0036] Although the ET treatment may be applied before the steam generator 40 or
before the concentrator 54 to protect multiple downstream units from fouling, the benefit of

heating the water is greatest where the water flow rate being treated is small and the
organic content is high. In particular, the ET treatment may be applied at location 202c
directly upstream of the crystallizer 56. The ET treatment may be applied in this location

only to the extent required to degrade organic contaminants to the point where the

- 10 -
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crystaiizer 56 can produce a sutficiently dried waste 84, Alternatively, the T process can
be applied beyond the level needed {o treal organic contaminanis o further assist in drying
the blowdown water. Oplionally, the BT treatment may be used {o dry the blowdown water

completely, allowing the crystallizer 56 10 be removed.

0037 ] Reducing the rate of fouling buiidup on the walls of the steam generator 40

improves the neal transfer efficiency i the steam generation process and i heat

toud

exchangers, reducing the amount of energy required to re-use produced water. A reduced

rate of fouling bulidup aiso allows for simpler or less frequent cleaning of the steam

generaior 40. Fouling in resin exchange sofleners can also be reduced. Regucing organic
content i the blowdown waler alliows a crystailizer {0 be used even with heavily
contaminated raw produced water 12, Gpltionally, the organics treatment can aiso provide

usetul heat for steam generation or other thermail processes.

- 11 -



CLAIMS:;

1. A process for treating produced water for re-use comprising steps of:

degrading organics in the produced water by way of chemical oxidation or
electromagnetic treatment;

passing the produced water with degraded organics through a steam
generator;

separating a liquid blowdown from an output from the steam generator; and

treating the liquid blowdown in a crystallizer.

2. The process of claim 1, further comprising a step of biodegrading the treated
organics.
3. The process of claim 1, further comprising a step of passing the produced

water with degraded organics through a sorption media.

4. The process of claim 1, wherein the step of degrading organics in the

produced water comprises treating the produced water with microwaves.

d. The process of claim 1, wherein the step of degrading organics in the

produced water comprises adding an oxidant to the produced water.

6. The process of claim 1,
wherein the step of degrading organics in the produced water by way of
chemical oxidation or electromagnetic treatment is applied to the liquid blowdown

upstream of the crystallizer.

7. The process of claim 6, wherein the step of degrading organics in the

produced water comprises treating the blowdown with microwaves.

_12-
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8. The process of claim 1, further comprising a step of passing the produced

water through a nanofiltration or reverse osmosis membrane after the step of

degrading organics in the produced water.

9. The process of claim 8, further comprising a step of treating the produced
water by biodegredation or sorption between the steps of degrading organics in the
produced water and passing the produced water through a nanofiltration or reverse

OSMOSIS membrane.

10.  The process of claim 1, further comprising a step of passing the produced

water through a resin exchange softener after the step of degrading organics in the

produced water.

11.  The process of claim 1wherein the step of degrading organics in the produced
water by way of chemical oxidation or electromagnetic treatment comprises treating

the liquid blowdown with microwaves to produce a dried solid and a vapor.

12.  The process of claim 1, further comprising a step of:

biodegrading the treated organics or passing the produced water with treated
organics through a sorption media; and

after the step above, passing the produced water through the steam

generator.
13.  The process of claim 1, comprising a step of lime softening the produced

water prior to the step of degrading or mineralizing organics in the produced water by

way of chemical oxidation or electromagnetic treatment.

-13-
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14.  The process of claim 1, wherein the produced water is drawn from a steam
assisted gravity drainage production well, the produced water with degraded organics
passes through a once through steam generator, and generated steam is injected

into the ground above the production well.

15. A system for treating produced water from a steam assisted gravity drainage
production well to produce steam for injection into the ground above the production
well comprising:
a) a steam generator;
D) a crystallizer connected to receive blowdown water from the steam
generator; and,
C) a chemical oxidation or electromagnetic treatment module for degrading
organics in the produced water, located upstream of the steam generator or so

as to intercept the blowdown water upstream of the crystallizer.

16.  The system of claim 15, further comprising a bioreactor or a sorption column
downstream of the chemical oxidation or electromagnetic treatment module and
located either upstream of the steam generator or so as to intercept the blowdown

water upstream of the crystallizer.

17.  The system of claim 15, further comprising:
d) a nanofiltration or reverse osmosis membrane filter downstream of the
chemical oxidation or electromagnetic treatment module.

18.  The system of claim 17, further comprising a bioreactor or a sorption column

downstream of the chemical oxidation or electromagnetic treatment module and

upstream of the membrane filter.

-14-
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