CONTAM NATED | NFLOW TREATMENT W TH MEMBRANE DI STI LLATI ON Bl OREACTOR
CROSS- REFERENCE TO RELATED APPLI CATI ONS [ 0001] This application
clains the benefit of U S. provisional application serial No.

60/ 693, 421 filed June 24, 2005, the contents of which are

i ncorporated herein by reference. FIELD OF THE | NVENTI ON [ 0002] The
present inventi onCONBARKNAGEDNINFLVDWr EREATEMENBMITHMEMBRANEr to

treatnment of contam nated | | ' s and distillation
menbr anes. BACKGROUND OF Thghm%%[ﬁ%%&?%ég{went i onal menbr ane
bi oreactors (MBR) have been used to treat inflow such as wastewater,

whi ch cont ai NCREST-REFERENCET ORESATEDAPELICA TEAGS adabl e or gani cs
and bacteria, to obtain cleaner water. [0004] In a typical

conventi onal wastewater treatnent process usi ng an MBR, wastewater

is fed t dOAORE or histanplicatien plaine e beneft of &l Bsprvisional epplication as
Cont a sl 8°Msaa 10 3h8 P2 2085 R Lol AREHE BN fre. ¢

bact eri alinédrporated hersiadlyeefirencaand the biomass forma m xed |iquor
in the bioreactor. The mxed |Iiquor may include suspended naterials

such as a mx LouLd- i ension. A filtration nenbrane
nodul e iIs use}qFngrgF?rﬁ'&ongm@& | i quor, which nay be subnerged in
the m xed liquor or placed external to the bioreactor. The nenbrane

in the nygbozpe Wﬁ@%'r@séﬁ%@nh@ﬁ%@té&eto‘ﬁﬁﬂ&h tr‘e‘étmbﬁt %‘ﬁﬂtlﬁ%ﬂY&Lﬂé} the

m xed |iquor or the " , and an opposite, perneate side from
whi ch thgo peatreankof @rttamlr@ée@mﬂomh@smbmraa@ormamﬁ)dtsaﬂaMH oW ng
liquidt ough but wi Il block bionass material such as the
bagterlaﬁngﬁﬁﬁghQV%e% a pressure difference is established between
the feed side and the perneate side (such as by pressurization on
the feed si de BACKGROWNDODFITHE INWENTAON si de), water and ot her
fluidic materials including residual organics 1

[0003] Conventional membrane bioreactors (MBR) have been used to treat
inflow such as wastewater, which contains water and contaminants such as

biodegradable organics and bacteria, to obtain cleaner water.

[0004] In a typical conventional wastewater treatment process using an
MBR, wastewater is fed fo a bioreactor. The bioreactor contains a biomass
such as activated sludge, which biodegrades certain biodegradable
contaminants in the wastewater. The activated sludge contains bacterial floc.
The wastewater and the biomass form a mixed liquor in the bioreactor. The
mixed liquor may include suspended materials such as a mixed liquid-solid
suspension. A filtration membrane module is used to purify the mixed liguor,
which may be submerged in the mixed liquor or placed external to the
bioreactor. The membrane in the membrane module has a feed side which is
in contact with the mixed liquor or the “feed”, and an opposite, permeate side
from which the permeate is collected. The membrane has pores allowing
liquid to pass through but will block biomass material such as the bacterial
floc. When a pressure difference is established between the feed side and the
permeate side (such as by pressurization on the feed side or suction on the

permeate side), water and other fluidic materials including residual organics
1



di ssolved in water are forced into the perneate side internal channel
through the pores. However, bionmass materials such as bacterial floc
are bl ocked and stay on the feed side. The perneate is then
collected for further use or discharge. The nenbranes used in
convent i dissolMéaRa Water asesfoevet imto tHer paimaaté sidecihtataanghammiel tHroadh on
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by- produgt fto §PNARréMearEaltrafifdation IR nsmBrafedi(WRR|pYPE siéswikebuand
can pass through the nenbranes. Al'though additional equi pnent may be

provi ded Ol 4raicon)he non- degraded organi cs downstream of the
bi oreact or and nmenbrane and recycle them back to the bioreactor,

hi o . .
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(NF) nenbranes, which havi}ﬁsnallﬁr ;%ore si zes. However, NF al so has
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per unit rane area), conpar e a systemwt

menbr anethaiiiaive ret degtastadmndhmatabadict e praidulsks, sincbribeeesidyalpr oduce a
hi gher perneate flux, (it.requjres nore ener and higher cost to
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by the syos
equipment volume.

[0006] Attempts to improve retention of residual organics have been made
by replacing MF or UF membranes with Nandfiltration (NF) membranes,
which have smaller pore sizes. However, NF also has some drawbacks. One
problem is that a system with a submerged NF membrane produces low
permeate flux (the rate of permeate production per unit membrane area), as
compared to a system with an MF or UF membrane. While a system with an
external NF membrane may produce a higher permeate flux, it requires more
energy and higher cost to operate.

[0007] Further, it is desirable to be able to monitor membrane breakdown
without expensive and sophisticated techniques and equipments, which are

often required in conventional MBR systems for wastewater treatment.

[0008] Itis also desirable to provide treatment systems with a small
“footprint” (the floor space occupied by the system).



2 [0009] Accordingly, there is a need for inproved contan nated
inflow treatnent systens and nmet hods. SUMVARY OF THE | NVENTI ON
[0010] In accordance with an aspect of the present invention, there
is provided a nethod of treating a contam nated inflow The nethod
conpri se§00@9]ovi Accuydimgby, d)ln@'eds arnesgisfioe impeliviedicogtaminetect inflowc hanber ;
providing a, distillatio rane |l ocated within the reaction
chamber gﬁ‘?@tmﬁnﬁ?ﬁ tems @p ion with an outlet conduit; placing a
bi ol ogi cal agent, such as act i vated sl udge, and the contam nated

inflow in the g gakArRn GEMEeINVENTIIN@degr ade a contaminant in the
contam nated inflow wth the bi ol ogi cal agent, thus producing a

| ower contam nant inflow (i.e., wth |ower contam nant
concent r 400 HH) ; la.aﬁmrdam@ wrttiy an@sbealef the sreserdinventionhderaiser

out' 1 ow PEndosderfii bR HRahl R SribinbisRee ol TReZiEingd Bhiiiies ="
t hrough umlmnglﬂlomwessz@éﬂd[ngar@actﬂfrdamﬁbw povadiaglzer aspect
of the present invention, there is provided a Séstemfor treating a

cont ani n&is¥atien membrane l@%@@w@mﬁﬁ reastion chapberandm fdsel
d
defini ng cetrr[]nem&ém Whe %r%gt B\E;Mn@ﬁegﬁ%dl’lﬁgbrlﬁolbﬁﬁgb g@@&a&&ﬁé

inflow in e reactlion cha ogl ca produce a
| ower coraat:hvatadrstudgef hndrthacdh’ﬁrmhbmdimﬂbwmﬂﬂ'remﬂctlmehatdbw tchi n t he

t nb f di st di stjll t
the " af SPIdERdsa eRtmRaNt (B9 e EGHR e th 49 BRIeaKa) asibe
an out f | eyys praRtciAg @bWe?tcoﬁPé?ﬁMbht inflof (Péduﬁlgﬁrm%@f E@ﬁﬂaﬁ'ﬂn it h t he

dlstlllatlon menbr ane f extracting the outflow out o e reaction
chanber . cpooaation); awefdhr@mmyenmhﬁamdtsh&atlm ez tovesfr contaminastnt

I nventio h 1,S thod of treatin ste The
et nod. cuis BuSudrP RGN BeBPIAE toProblbEd phadiF A S fEartPeo
chanber ; th ovifldiviLtadf #he tddtiohichambee iiroagh the olitig @brmmmm cation
with the reaction chanber; biodegrading a contam nant in the

vvastewatiqﬂvmth a bionpss in the reaction chanber to produce | ow
cont ani ndR1UastiBRecardanggvith anether agpedl\of therarasest invention. dhetenis

provided a system for treating a contaminated inflow. The system comprises a
bioreactor vessel defining a reaction chamber, for biodegrading the
contaminated inflow in the reaction chamber with a biological agent to
produce a lower contaminant inflow; a distillation mem bréne located within the
reaction chamber, for distilling, by membrane distillation through the
distillation membrane, the lower contaminant inflow to produce an outflow;
and an outlet conduit in fluid communication with the distillation membrane for

extracting the outflow out of the reaction chamber.

[0012] In accordance with another aspect of the present invention, there is
provided a method of treating wastewater. The method comprises providing a
bioreactor vessel defining a reaction chamber; providing a distillation
membrane in fluid communication with the reaction chamber; biodegrading a
contaminant in the wastewater with a biomass in the reaction chamber to

~ produce low contaminant wastewater; and-distilling, by membrane distillation,
the low contaminant wastewater through the distillation membrane to produce

purified water.



the | ow contam nant wastewater through the distillation nmenbrane to
produce purified water. 3 [0013] In accordance with another aspect
of the present invention, there is provided a systemfor treating
wast ewat er, conprising a bioreactor vessel defining a reaction

chanber, [0013]bi ddegicariargeavittpahstiienaspedt of thepresest pwehtion théte is
bi omass in the reaction chanber to produce | ow contam nant

wast ewat BFOViderha syatem fortiaating Wasiewales samprsing adyaraasiyaessal with
the bi oreeﬁﬁmg rfe%%ﬁbn ch@mnbel $bt bﬂouag;]aed@quow L ﬁeﬁﬁuﬁaﬂi Rithe! ation

t hrough the tion nenbrane am nant wastewater to
pr oduce mstdwaidrvwbhtaebmn{a@@ﬂ}h&)dm:ﬂoaﬁnanﬁerdamdrddamdows of the

P AR ABRE T RO bR bt

enbodi meRjth tAE b‘id]’éabt%\’@@ééé?r\'ok E!ls‘ﬁﬂ?'rl:‘)nEA Vg?ﬁéfﬁb?ﬁnbfhléth%tloﬁ‘iﬁl%”@ﬁﬂﬁé ng
figures. BRI EF DESCRI PTI ON NGS [0015] In the figures,

whi ch i | digsitlatinremenybraag, tbe I@xmptan@anpwas@rmm tenpToduce putiiegr esent
[ nventlo%té 0016] FIGS. 1 to 3 are schematic cross-sectional views of
respecti exerrpl ary nmenbrane distillation bioreactors (MDBR);

[0017] FIGS. 4 to 6 are schematic diagrans of respective exenplary

MDBR sys[oomsf] [ GOth8) aEpéﬁs aﬁda‘aét@e@bﬁtweems@rﬁtlmeémmﬂhmrmicome
cross-sectional views of possi bl e channel arrangements for the

menbr ane2RBAENELQ those@f OGd'na{YCﬁﬁ'bP the@rt obomegvirk §F ienEawing si de and
Cross- Seﬁ%&%ﬁoﬂ"df%‘ﬂ%o b diSodimdRtd &f nBETRABA iR Hlu‘?ucﬁ@g@tﬁth?em

[ 0020] F Is a sc ematlc diragram of an exenpla SYys
wi th anaecarepamyingdigbresne nodul e; [0021] FIG 11 is a schematic
cross-sectional view of the nenbrane nodule of FIG 10;

BRIEF DESCRIPTION OF THE DRAWINGS

- [0015] In the figures, which illustrate, by way of example only,

embodiments of the present invention,

[0016] FIGS. 1 to 3 are schematic cross-sectional views of respective
exemplary membrane distillation bioreactors (MDBRY);

[0017] FIGS. 4 to 6 are schematic diagrams of respective exemplary
MDBR systems;

[0018] FIGS. 7 and 8 are respectively schematic cross-sectional views of
two possible channel arrangements for the membrane module in FIG. 6;

[0019] FIG. 9 includes schematic side and cross-sectional views of the

tubular membrane module of FIG. 8;

f[0020] FIG. 10 is a schematic diagram of an exemplary MDBR system with

an external membrane module;

[0021] FIG. 11 is a schematic cross-sectional view of the membrane
module of FIG. 10;



4 10022] FIG 12 is a schematic diagram of another MDBR systemw th
an external nenbrane nodule; and [0023] FIGS. 13 to 16 are
respectively data graphs of neasured perneate flux during testing of
respective exenplary MDBR systens. DETAI LED DESCRI PTI ON [ 0024] In
over vi ew[0G22JontE@. ratiec schiehwaticadiagizen bf aadtedr MDBR sgsteybnitt an

menbr ane d| sti I | ati on bi oreact or, (MDBR) system The systemincludes a
bi or eact &Xt&gRl m?@@é@?eam (j%ﬁ@ or nmore contaminants of the inflowto

produce a |ower contam nant inflow, and a menbrane distillation (M)

unit havi 4l i i vv| th
t he bi or(!:%‘?t:%r gkg;etg Jlazthfml ng, B atr?eé}gplg%l:ofjl’r% on, [[Sﬁ"rﬁc%g

cont am néux during destingrafugbpedive e:hemplaﬂyaMD&{R systemane to produce an
outflow. The contam nant concentration is lower in the | ower

cont am nant ntam nated inflow. The inflow may
contain mste%@mgmﬂﬁﬁ(@%E? (ﬁ@w may contain treated water. In one
enbodi nent, the nenbrane is |ocated within the bioreactor vessel. In
a diffe[®0R4]entindivernéwsaicbatinginbd iniekesatisy tresteatusany a hiybed

menbrane does not need to be in the hioreactor vessel and nay be
| ocat ed BlRmhigeetdidtilagpapiceaeier (MBEE) sysieran! hesySam ipelidps @t

process, ro'?@aétBH ‘B[dc&g{gﬁ b%nﬁert?r mQr‘eo&ﬁﬂﬁh%a 143 {Hﬁélﬁﬂ&v% ?oc‘?uc

bi ol ogi ca agent ading a contam nan
or nore eadmvancordatsnart mﬂuw |arfd @membrdmlecrdel@lladmdaqmm Ltrhtmavmg a

bi or eact r oduci | ont am nanft inflq | oner

Dont oot Alstndigt memtane LGN i bR G BloafiP Rt e ditreaer for
distill aaisﬂmngewh@?ﬁbranéqﬁstmbﬂgn A8 1oWbf J:@W rgh'nﬁm*ytﬂ‘réﬁ?h ki ¢ her
reduced contam nation. [0025] can be un rsto a distiTlation

menbr anedistibatior membsane trapcbd L@e;ﬁ”r owifiow. $hdeontamindst ¢ormentration is

211 o ng St WS RRri e lE boRiBali ns REuBE R BT I 1

vapor ph&ﬁl@whuhy@uh@@WaseéWaaebéﬁ@m pafisdaRagicontin treaist waRe. Inn a
liquid or soli hase. In nenbrane distillation, a feed is
i nt roducege 19611%%@"19%@7% mesneners laratast witbin thedisreagtar yesslel @ he

vol ati | egifferent embodiment suitable for wastewater treatment, the membrane does
not need to be in the bioreactor vessel and may be located outside the
bioreactor vessel. In an inflow treatment process, the inflow is fed to the
bioreactor, which contains a biological agent for biodegrading a contaminant
in the inflow. One or more contaminants of the inflow are biodegraded in the
bioreactor, producing a lower contaminant inflow. The lower contaminant
inflow is then membrane distilled through the distillation membrane, producing

an outflow, which may have further reduced contamination.

[0025] As can be understood, a distillation membrane has a feed side and
a permeate side, and defines a permeation path between the feed side and
the permeate side for allowing a desired volatile substance to permeate
therethrough in a vapor phase but substantially blocks passage of any
substance in a liquid or solid phase. In membrane distillation, a feed is
infroduced to the feed side of the membrane. The feed includes the volatile
substance, which permeates through the distillation membrane in a vapor

phase from the feed side to the permeate side when the vapor pressure on
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substance, which perneates through the distillation nenbrane in a
vapor phase fromthe feed side to the perneate side when the vapor
pressure on 5 the feed side is higher than the vapor pressure on the
perneate side. The perneate vapor is collected by condensation into
a cool | itheifeed sidwiohighet tham theoapos présstiee o llee pBrmeateesdde. Udwd i n

nmbodi t f th . t i ti .be any suitahble MD
Fechn qudoTMAgIS Uhig 15 COlRRADY SRAoREREbIRIR 4 Geo ek P alioniae
contact Mol sWesR:. GRe MB. p@bés&@&M%M%&m&@of tHeé@%Q@ﬁﬂﬁber(ﬂl\E/fB

osnotic) MD, and the |1 ke, or any conbination there These

t echni quésay b any suiiabliel MDi tephrinber indludingomeosieritiondl MD tacbnigue.

[ 0026] Faqr _jnstanc In direct contac th er neat e por is
condense&uf;hta(? Cﬁ'r-ﬁ??%rl'tﬁggvrg SWQQ Qﬁfb'fﬂd;/girlﬁquw ¥ NaEBWP(Mﬁ' with the
per neat e jsgthdenalf(of Bemetis) MD|, aht QRe MRESraHHE: coRSinEHEN tHepbot TABsERY be
a solution of the condensed perneate and fmay be recycled. [0027] In

vacuum MdDdechiiauss ealybeseagilyimulensanted hhengekiledirethsiart, such as
by a vacuum punp (not shown). The perneate vapor nay be collected by

t he vacu np. t f .. di schar ge
can thenlfg%i%c’ond'é%@ga%ﬁ%ggﬁc@n%gggétra CE %Hﬁﬁg\}%ﬁlﬁﬁg&?o% Nhoair- gap
I\/E, an ngicongem%thman?BoW?cfied byet u&drs]?tdﬁienp?ﬁnamwitaitﬂe perméatee of
t he menbr ape ogl collecting surface. The permeate  vapor can
travel 1 RsugHNeKlsRRoR Hembraneon e real Shiltiammaydie 8 spluseniddne
surf ace. Cbggg,ggec* PePNERE~ asm&@be%ég}f)ﬁ&ﬂ’. gas may flow across the

o

per neat e side the menbrane”to carry the perneate vapor away from
the menbrane. [0030] In isothermal (or osnotic) menbrane .
di still afl@@H] t hle vaspom Ms ssvaaiuminfaydremeintained dtites parmegatesiidey a

per nmeat e | ot } ¢ SSUr whi ch . has a | owered vapor
P eosur o SURh BRIYPA il B (rfot BRERAL the iinfdbtd SRoBL A HE  vaver
wat er pr edlledted bYARE vadsureauns. BRPpeehedte dapbpfreacihedfaculfssuivp
techni ques, a | ower perneate vapor pressure is established on the

per meat e diclargegar enjee condensed in & condenser (not shown).
[0028] In air-gap MD, an air gap may be provided between the permeate
side surface of the membrane and a cool collecting surface. The permeate
vapor can travel through the air gap and condense on the cool collecting

surface.

[0029] In sweep-gas MD, a sweep gas may flow across the permeate side

of the membrane to carry the permeate vapor away from the membrane.

[0030] Inisothermal (or osmotic) membrane distillation, the vapor pressure
difference is achieved by using a permeate stream of high osmotic pressure
which has a lowered vapor pressure. Further processing of this stream is

necessary to recover water product.

[0031] As can be appreciated, in each of these MD techniques, a lower
permeate vapor pressure is established on the permeate side. As can be
understood, increasing the vapor pressure difference across the membrane
can increase the permeate flux (the permeate flow rate per unit area of

membrane). To increase the vapor pressure difference, the temperature at the
6



under stood, increasing the vapor pressure difference across the
menbrane can increase the perneate flux (the perneate flow rate per
unit area of nenbrane). To increase the vapor pressure difference,
the tenperature at the 6 feed side may be increased. [0032] In
enbodi nerfésd eidetrhay pedaebsedvention, the feed side of the
distillation menmbrane may be in direct contact with the |ower

' T be | d h
b1 or cact 4032k i FbRdimATEE Bl BB PReFB ek ek [48eEiRRT Airor ane
my be a JEiHEARe hdHbramedhap el 8|r€€l{]@frﬂé’@f with tHEYwRE cént*aH’ﬂH!aﬁ{r

nmenbr ane, flat sheet nenbrane or a | ow Tiber nenbrane.
menbr ane lmfh»w bEhe memlmnamay batasated imeorrutaidertbe bicreadthe asewiiirtame

nodul e rra | nclcgg ' a Lﬁl‘gci merrbran or _a doubl e-faced fl at-sheet
menbr ane PoW- e 'SW@HBPé’P]%m A MY %Fﬂé hBanYE may be a
submer ged ermbﬂo@:cpmemtﬁrad@ IBtigame anglbiiar me[n@&%ﬁb fldteshicet hambranbe

treated may include any fluid, solution, m xed I|qU| d-solid
suspensi A a helonnijbestmembrang. dine mambsane may ke ineprrerataskiniong | ow may

be waste t I

lo034]  adteiaranle ARdEle: rHEahemBniEinoBl & maP gt ~3a0uRt isniRen,
many applor @adduihs-fadedr flaeheet menvbrane s echollbvafivershembigte. e amat i on
system residual organics in the mxed |liquor can be effectively
renoved MYRPrangeMedle Bay bed $m?r9@¢ym§8uteooroa sidpRlicgm BRIANE- nant s
in the mxed liquor can be effectively renoved and separated from

the per mpga$3] asTheHilobto! f@tre&t‘éﬂﬁﬁ%%ﬂ%&e Ay ﬁu@“%lhﬁbﬁﬁﬁiﬂéd' ow

vapor pressure at the fee erature,” as conpar e to the
wat er vaﬂjquldmoéldwxs@enmnsoaamwmm%tﬂﬂfdi@mﬁter fFomaxaimmplet the iofl@ani c

I i bi tor. Onl
aftor ¢ nobe G islevais B B A sl AlBE Bl Pttt e odnRb el et ance
may becone perneabl e through the distillation nenbrane. Thus, the

resi denc¢o@84]r et Rethabet untretbot han MDBRQJy@ttﬁMnQayOb@advgﬁtaQQOQ@m
bi oreactor can be very_(even |nf|n|tely | ong, ensuring sufficient

bi odegr adANCAPPIEAPREIFOr SXAMAIBRYEGR LERH ina AYasipwales reslamatige d
menbr ane oo GesitiBdl BYgaHISSn the mixed liquor can be effectively removed from

the outflow. In fact, any solid or liquid contaminants in the mixed liquor can be
effectively removed and separated from the permeate, as long as the
contaminants have sufficiently low vapor pressure at the feed side
temperature, as compared to the water vapor pressure. This allows sufficient
time for the organic solutes in the mixed liquor to decompose in the
bioreactor. Only after these solutes have been decomposed, the decomposed
substance may become permeable through the distillation membrane. Thus,
the residence or retention time of the biodegradable organics in the bioreactor
can be very (even infinitely) long, ensuring sufficient biodegradation. Further,
an MDBR system, even with a submerged membrane module, can produce
permeate fluxes that are comparable to those of conventional MF or UF MBR
systems, and much higher than that of a conventional NF MBR system, under
similar operating conditions.

[0035] FIG. 1 illustrates an MDBR 100, exemplary of an embodiment of the

present invention. MDBR 100 includes a bioreactor vessel 102, which defines
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perneate fluxes that are conparable to those of conventional M or UF
MBR systens, and nuch higher than that of a conventional NF MBR
system wunder simlar operating conditions. [0035] FIG 1
illustrates an MDBR 100, exenplary of an enbodi ment of the present

i nvent i om. resB@ih tha@mbect 0dlés recbl'rvmge‘ambdrllqwessteﬁ AQXtillatiarch defi nes

7 t h d | 106. A
di 2t rfﬁgfﬁ%ﬁ C@?@ﬂﬁfé\ﬁé‘ %Easﬂ,ﬁg% ! ﬁ%‘?@ fiaeg pﬁlr %rﬁé'dﬁn"dzalsper meat e
si de 112ﬁogﬁ.onea%lht.%ﬁdicﬁa%aéﬁ Y64 58%.#333@@'\/& Oﬁ(f%l%gehtacﬁaﬁ% si de

110 is i cont act m xed |1 quor IS 1n |Uld
communi cmlxedmhqmrm&ﬁeMﬁmbranec‘tﬁBﬂsen flumhccanmumiaqatlbe withicreaetiomi t hi n or

tsid 108. th
014°F r onehatipee s BGRRy b JacatBd MG B o QB sle Toaifn AnbTbeT 14 "be
por ous ambmb@r@vmaa@@ﬁmraepénﬁ@aum péfﬁmhuemﬂnlraéd BRie PR el ected so
that the vapor of the feed, such as water, in mxed liquor 106 is

al | oned p@ffp@atee%\d@mar Wegtbraaeif8meay be pofeumaned Hie everage pore size

P I aur aF bR 1mB7 Pty Bna B8HAPET ot MesBbd i S 1o s
subst ant méwlmﬁﬂwﬁcﬁ@rq%bk alkwed td Qlﬁﬁéatﬁltﬁl‘cﬁ.@i Rentesseh0802 my
be constructed in anﬁgsw table manner with suitable materials, and

may haveT@Mttedeside di@to ﬁem]@@i%de ddBchut pagsage of paY substanGe it

appl i cat | SR
construcbﬁ @Jond I ng Iﬁu aélro‘);?ﬁ bf?% g&\r’/a ﬁng reac‘?é* esgg

carried ddRis sebsﬁanhﬁiyqareveﬂadmrddtmcdcedA bi oreactor for bi odegrading
the contam nants aerobically is referred to as an aerobic bi oreactor

and a bi tor_.for . Dbiode | ng the contam pants an obically is
referred @363 OGRS ég'rﬁ‘?%F%é{c%W“SE&mg%wm%@% 1% BGANCE t her
aerobi c Wthaeimablét}hété@iaw RetRa§ h@w a duhVeRBEhalLtRERAE] AR of he
present invention, endi ng onthe particular application. e

a

bi or eact Bte ﬁ&lgl‘«lcw@rapn tl@a EpxABRlE, Hig bigreratopmay bisi salecied or. The
P 0 Snct i dlBF B BhThE . e Lk BabBRA RERRITHFo ok et
‘is aerobic or anaerobic. A bioreactor for biodegrading the contaminants
aerobically is referred to as an aerobic bioreactor and a bioreactor for
biodegrading the contaminants anaerobically is referred to as an anaerobic
bioreactor. As can be understobd, either aerobic or anaerobic bioreactors may
be used in embodiments of the present invention, depending on the particular
application. The bioreactor may be a heated suspended solid aerobic
bioreactor. The bioreactor may be a bioreactor suitable for wastewater
treatment or reblamation. Bioreactor vessel 102 can be any suitable tank or
vessel for containing a fluid. The material of the tank or vessel may be
selected based the type of inflow and biomass to be contained in the tank or
vessel. When it is desirable to heat the mixed liquor in the bioreactor,
bioreactor vessel 102 may be made of materials that are suitable for high
- temperature applications. Bioreactor vessel 102 may be a thermophilic
bioreactor and the biomass may be thermophilic. For example, the biomass
for the bioreactor may be cultured and acclimatized so that it is thermophilic,
as can be understood by persons skilled in the art. The materials for

constructing bioreactor vessel 102 and any piping (not shown) that is required
8



vessel for containing a fluid. The material of the tank or vessel may
be selected based the type of inflow and biomss to be contained in
the tank or vessel. Wien it is desirable to heat the mxed liquor in
the bioreactor, bioreactor vessel 102 nmay be made of naterials that

are sui t fdrltee bperdtiophof the spsteat mag rmwltbctmtﬁe@mant%cbncﬂ@gn:ar vessel
102 may be a thernophilijc bloreactor and the bi omass be
t her nophPitReNMeRt: teugrePial digestion Ankto weak agidor a@@@é B, #gabe

cul turedy @u@d@%%b&'ﬁg pﬁ%rﬁg‘#l@t'{’ thelgst thernophilic, as can be

under st ood erson he art. The materials for
constructing bloreactor vessel 102 and any piping (not shown) that is
r equi red[QDii‘Td)r tMembma‘reaw&mayfb& adlat gbeetrmemnprares istshoven, mesnayt ant
to biolo ttac

b d .t Kk d
or base. e pherefios SOQEE ine Gr b goaibperinber Qe sBrIcOR < he art .
[ 0037] W@maﬁﬁeh@% BY been &hd fotin @mﬁﬁ{enﬁ@r@'ﬁé%ﬁtﬁiulé‘%r%hﬂ“mor@fhdmy
be of another suitable t¥pe or shape, as will be further described

bel ow. ivenBhegis ortmyarapt membranenaybeningudechdisrmambranemodsie uni t .

rerbr anc e Mgy Bt AUGu ke pnaRe o Sl adordiio B % o7 zcs,
dependi ngpglitatibe. Tﬁ@ﬂierﬁbﬁah@nnodﬂﬂe m&ybe afanyedithifle Taye, krichfagany
suitabl e type, such as double-face flat sheet, fl at sheet cassette,

spiral weerle-fech lipksheatoiat sheet eassettegppiralavaunds tuuaz plinw ibesne

108 may QeHeafe of any suitable material. The wall of nenbrane 108
may be mcroporous The nmenbrane may have hydrophobic properties.
For instance, the surfaces of nmenbrane 108, including its inner pore
surf aces[Omj}' béflembrarmtﬁﬂ mayrs mexiamflany suitebeuméteries Toe walhdf t he

f t ide 1 h hobi ¢, le th
Feed "5 BETEIPRE L8 BEY BE ipmusiRun: omemuras R v isiropheSic '
nmenbr anepropaHRSy. FFor |ﬁst|@hdé ORBQirfaces be rﬁe@ﬁ&aﬁé%ss md'hﬁﬁﬁg ﬂBYnm
chem cal I y or'ﬁéhyy cally modified or treated so that it

hydr ophi PRI€, SUACEENMIRY hmm&rgpwucworo%am@lﬁa theeaﬂrfafsesm and thahe
menbr anepS@s&%c@@%%a?,fp&n%%lté/ BRfe 184 Vﬂe hydrophobic, while the feed

side surface may be hydrophobic or hydrophilic. When the membrane
material is hydrophobic, the feed side surface may be chemically-or physically
modified or treated so that it is hydrophilic, as can be understood by one
skilled in the art. The membrane may be made of a polymer material.
Suitable materials for forming a distillation membrane includes microporous,
hydrophobic, and polymeric materials such as polypropylene (PP),
polyvinylidene fluoride (PVDF), polytetrafluoroethylene (PTFE), and the like.

[0039] The material and pore structure of the membrane are selected so
that gases such as water vapor or vapors of other volatile components can
permeate through the membrane wall, but liquid and solid matters are
prevented from passing through the pores. It may be advantageous if the
internal surfaces of the pores are hydrophobic so that the pore surfaces will
stay dry during operation. As can be understood, complete blockage of liquid
and solid matter into the pores may not be possible or necessary. Some
wetting of the pores or passage of liquid or solid material may be tolerable,

but it may be advantageous to minimize or reduce such wetting and passage.
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Suitable materials for formng a distillation nmenbrane includes

m croporous, hydrophobic, and polyneric materials such as

pol ypropyl ene (PP), polyvinylidene fluoride (PVDF),

pol ytetrafl uoroet hyl ene (PTFE), and the |ike. [0039] The naterial

and por e Fal edainples i9GokeeeBodinfsies, 3he avelRp! SsteSize fagthedingRs such
as water vapor or vapors, of other volatile conponents can perneate

t hrough OIS EHHPEALO Ranicromand theywied thiskness may hetindhe range of 0.05
t ' t : i f
Phe. o VP Mo, D% bl RLEBorddn TRMRrBS FERORRIE !

surfaces will stay dry during operation. As can be understood,

conpl et e [M40]k agEhemeniltrand matrdakmky dhavatdtiesr optiomat bengeesearymay not
be possible or necessary. Sonme, wettin f the pgres qr passage of

' qui d oBNSBAHTES & PEAParige enear it (e apRIicaien agy asean bo

advant ageadgrstéodb bBlseRsYkilfeBdH He BHCEoMBXdrhpR, fRiappesage. 9 For
exanpl e, in some enbodiments, the average pore size Tray be in the
range of advamageousifithe matenaldesists ehaimicahordiinlogicamatiatis fromt he r ange
of 0.05 mmto 1.5 . The menbrane may have porosity in the range of
50 to go%)mppasﬁ Of;{ﬁ]%m@%rane mat eri al may have other optional or
necessary characteristics or properties, depending on the

appl i cat [edgnd MDBFRN0® enayalde isdlehs other O RfRRenEKIdgUBEd ifdy ithe art .
For exanple, it may be advantageous if the material resists chem cal
or bi ol o§IRRAr oReraliars Whigharepehhoa ior simplicity;and darityreasarns. vDBR 100
may al so-i ; & ' . ration,
which ar hast el i SRERRRSENR SR ERD < pblile RoSe ke BREry

ski | | ed pnoptena compmmentsaddnye ohihesetcantharethipamydescribeddelonedessary

or optiopal ¢ onents. Sone of these conponents are described bel ow
in the gﬁ]?%ﬁ%r}‘g%ﬁre‘?xeé‘%lﬁﬁf% OEWF‘mnts. [0042] In operation,
one or nore biodegradi ng agents are disposed in chanber 104. For

exanpl e, [6042]01 I Pertiofd oRBURhordBiod TR dudtito ARG Bispledims an
activated sl udge or_an anaerobic biomass. [0043] An inflow such as
wast ewnat ehamber 14 dtrrce@nplectherhiegegrading agants may include a biomass

such as an activated sludge or an anaerobic biomass.

[0043] An inflow such as wastewater is introduced into chamber 104. For
example, the inflow may include organic wastewater, such as dye wastewater,
residential wastewater, agricultural wastewater, or the like. The inflow
contains one or more contaminants, such as organic contaminants, bacteria
or the like, that can be biodegraded by the biodegrading agent(s). The inflow
also contains a volatile feed, such as water. The inflow may contain certain
solid or fluid components that are to be removed and separated from the
water. For example, wastewater may include one or more contaminants
including solid contaminants, which need to be removed so that the treated
water can be re-used. The inflow may contain suspended solid particulates or

colloidal dispersions.

[0044] The biodegrading agent may include biomass and may be capable
of biodegrading the contaminant aerobically or anaerobically, depending on
the application.
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exanple, the inflow may include organic wastewater, such as dye

wastewater, residential wastewater, agricultural wastewater, or the
like. The inflow contains one or nore contam nants, such as organic
contam nants, bacteria or the like, that can be bi odegraded by the

bi odegr aqimm@]agefrﬁeé flowTaie] 1haf Biedegralfiy SeHte RS mixadPihaiHanthdredd.
such as water. The infl ow maﬁ/i contain certain solid or fluid

conmponent® Qrﬁhml@dellqb@l‘ﬂgﬁr ifuen d 06apay eoRrlairt a orxedhdquidesoded. For

ol d coftane T Jid ok r 108 bt S BT P eplidodf ™
wat er cagohiain eatisedsolliss, stMemmmamsncdergohj@Hhe
parti cul ﬁt es or . colloidal di spersions. [0044] The bi odegradl ng agent

may i ncl dée MxeRdigson 100 may #Js0 captai eth%ﬁre@traa@bmatﬁrwés Bl
tam b
Copl 1 oat PondBRIPRLEAted BboRATPACPIER bwdfEREME Mk, Ui & Sdifibination
m xed i ntledraabehs &6d betundeostood; mexiod mmm‘ro-é@éc(ij almsménhg pg\\érder 106 may
tai 1 xed |igui d=sqli i gyor e
Contain ErdlbiE suol AsrPAS Anf e PN AR ATGATHC SueSapfas aad
sus pende@aﬁ@%\h@@ kAéefor teRtdri &%crﬁhéﬂﬁﬁbl@é‘lly, e frB@tmér‘lt'ﬁﬁaterPSEd

| i quor 106 may al so contain other treatnent raterials such
powder edaaazwspﬂr’@@ddaftmﬁ)mlxmhguorr althougbosaiee suspendeasi nnakeﬂalsam a

adsor b ngARRREA0S B i B0l Rt RBR S RinerPls DRl abteRaR ko

or gani ¢ mgdysieiplesd andhamber PO cieds pbmsfrﬁéteﬁarstsﬁfchaa%éréﬁmmm
Typically, the treatment materials are suspended in the m xe

| i quor, BPYARIGINCYEHRD BakpkwiRne) netdihcdike. Abuftaragmsdditieiforay settl e
during t%@ﬁ‘%ﬁﬁ@?u déH%ﬁEé‘&f A8 m&bﬁ??ugﬁﬁﬁ&'baé éd&éb%to Hﬁé(mBSr pogced in

chanber porous nateri as ceramc

(1 ncl udi h@t@m!smdtwaﬂm addextitct dffEErhbdﬂﬂUWeﬂﬁi 1rmgnmlahy thab‘I@r

adj ust| n |[;| e,of the PNJBEEUN be added i nto chanber

104. ‘?”aqlg @tHﬁtusegr‘\” fan @H‘a ﬁPrB[&at' B2 may al so include any

sui tabl e material that is used in conventional MBR applications.
[0046] The feed to the distillation membrane contains a volatile component

to be collected, such as water. The feed may include any fluid of interest that
is suitable for producing the desired permeate by membrane distillation. The

feed may also include more than one volatile component.

[0047] For ease of description énd illustration purposes, it is assumed
below that the inflow is wastewater, and the volatile component of interest is
water. However, it should be understood that other types of volatile
components may also be collected, as can be understood by persons skilled

in the art. it is also assumed that mixed liqguor 106 contains activated sludge.

[0048] An activated sludge may, for instance, include micro-organisms for
digesting contaminants in the wastewater. The sludge may include biologically
activated microbial solid and may contain a mixture of flocs of microorganisms
of bacteria and fungi. The sludge may be obtained in any suitable manner.
For instance, it may be obtained by high temperature acclimatization of
activated sludge taken from a room temperature wastewater treatment

process. Alternatively, the sludge may be obtained by culturing pure
11



[ 0046] The feed to the distillation nmenbrane contains a volatile
conmponent to be collected, such as water. The feed may include any
fluid of interest that 1is suitable for producing the desired
perneate by nenbrane distillation. The feed may al so include nore

t han one tiy@hsphiiR sauean g0 furtted @AEinaive i€ s euifire d@8iIGdcRinatiRe and
il lustration purposes, it is assuned below that the inflowis

wast ewat 8tixtugnal Pue thsrmapphikc barssaand artivetacsludge fiom qaeem.
However, té%ﬁggwe%gge%gﬁqrt%qgﬁgn{ Er%tceg{; her types of volatile
y € col'l'ected,

conmponent’s al’so e S can be understood by persons
skilled inthe art. It is also assuned that m xed |iquor 106

cont ai ns [@®49]vat Euk biflodgeay beC@hihudnsipded irdd Gibrehcidgecsssl 10R0r

i nstance, include mcro-organisns for digesting contam nants in the

wast ewat he s}. e may_include bi.ological.l actiyate | cr.obi al
sor 1 0" andb9aR) e RN, Shng BrudainantS Lt Pripad tipdteaged by the
bact eri ap@iifadditBioreHafraless8el 0T YhREp RN RINgeA |ovcamimnaritaM Sy in
manner. For instance, it nmay be obtained by high tenperature

accl i mat Picieaeiar vesseid02vAtcedtaminagbmexkenbipdegiageddo any sugeblet ur e

obt ai ned IRPUERRRar S PET 38 todis HLARIN Bebncidfh, BoFalisston

al t er nat iave regudtions MdtabglisandhagetropBs, dendoorgakbiioghf pure
t hernophi]Jic bacteria and activated sludge froma room tenperature

wast ewat ERCMPEROHORNS pRIgelsaR and 602y trarsTeRANGviesiMeRt ebH ksous! y
fed int OTPFQé ?@éﬁtﬁbs‘fﬁé?%%}rgﬂmmb%paﬁmesw&ﬂ 1d {0 SO HEOoNnt am nant s
e} ed b e

in the inflow are egra y biomass 1 n bl oreact or vessel
102, t husemppediwendgd the hixed baqeamapatsol d hmntaimedin dne earige fromsste|

102. A con .nant be bi odegraded ipn an ui tabl e, biql ogical
Feact | ontd 08 LEnARCa s BORROBIAT g REeEBTRTAIUTE S RisgTeed) S5 BUdE on
and 1 edugistifatior @eAftsthhs TaR ROMICLR Agher MRIMBERANSL, HPRMHay thus be
chenolithotrophs, electron and energy transfer and investnent, or the

li ke. Theéantagaeus tnepomayppopticationst t enperatures from 10 to 90 C. The
tenperature of the mxed liquor nay al so be naintained in the range

from 40 dgha0 Gn thS iclthelfo, PRIAGLAL SborbribslI it GEREL Ry ure at the

established across distillation membrane 108 so that water vapor permeates
through membrane 108. However, transport of any substance in a liquid or
solid phase through membrane 108 is substantially inhibited. Even water in
the liquid phase is substantially blocked by membrane 108. Therefore, the

permeate 116 permeated through membrane 108 has reduced contamination.

[0052] Permeate 116 is condensed and collected as an outflow, in a
manner dependent on the MD technique used in any particular embodiment.
The outflow may then be directed to a desired designation. For example, a
carrying fluid or cool distillate (not shown) may be caused to flow by permeate

side 112 to carry permeate 116 away from membrane 108.

[0053] To increase the permeate flux, the temperature difference between
feed side 110 and permeate side 112 may be increased. For example, for
treating wastewater the temperature d ifference may be in the range of 5 fo 70
°C. Mixed liquor 106 may be heated. The permeate side 112 of membrane

12



distillation nenbrane can produce a higher perneate flux, and may

t hus be advantageous in sonme applications. [0051] In the nmeantine, a
sufficient vapor pressure difference is established across
distillation nmenbrane 108 so that water vapor perneates through

nmenbr ane 108&mayibeeveled. W eu RolNéctiviy surfacelhst siiwen) Mag bei movidedon
solid phase t hr ough nenbrane, 108 is substantially inhibited. Even
wat er i nPefmealq aaea sﬁa%@niem@%ﬁw@léﬁqugBln%@ﬁaae@ge ThasPheRingos.

e o1 Gy A Bl e L R S

col | ect e@aamr@rﬂwd:(rﬁdtcshpwm) a'henammeratdmom#émncecshcnjftébé/@utﬂe@muyque
used in n"éﬁ artlcu ar enbodi The o t hen be |rect ed

LoCs s it b Riobhs Sperton sy 1o g arang i %&H@mn RECqasSiAndgp
di still atigs HBSted é’r‘Pﬁ@atEIibeSUlCrﬁbl?%r}@e O%Mnl@ﬁégﬁ ficatioR i@ tﬁé2 to

carry perneate 116 away from menbrane 1 53] To ncrease t
per neat e typasxof infiew/oe d'thermlmdfliqeloeﬂﬂﬁ alb&eﬁbsde l@oday hdee 810 and

bt ovat &7 DREEEe Mids B FPEF oG e R rios hES0 16.88°%1 Mo 70

C M XEdtémEQﬁH’cuerﬁ] mRyYmeatdsidbead 2 ﬁﬁb?b@ﬁrﬁ RAFhad 6fs Hl3o af, Agnbr ane
12 108 may be cool ed. A cool collecting surface (not shown) nay be

provi ded agipmalis teanasatiirg sontrol systern @ deschianisrafaotbiovey taybe he f
ol 1ot | REPef B (oo B eiibe 2 Ge UM e WHERS of o DBrditig e

carrying
t enper at theenmrrlimanence shoul d be sufficiently |arge for proper
operation of the nmenbrane distillation process and to obtain the

desired te but dj |ication and

the | typlBRi™] h houles ATesRB Ao FieEaay be o vaieoap HugoqIte 110

may have cértaﬁweéﬁfFﬂﬁbéﬁste Fof e&Bﬁ‘np’I@ﬁﬂ AnUnatPoliie bﬂﬂe&to? Fnét ehﬁia&aﬂ?ﬂe
e in

of 30 to 80 erature on perneate sid
range of pBduses@s@ rewlt oflibe indegracatiser prooess, onzincin maystinsném or

G 11 or enfoPBRRIBRENARR G 18Rk iy o U Plorboh e = e 1

controlling the temperature in the mixed liquor 106.

[0055] Woaste such as waste sludge may be periodically or continuously
removed from chamber 104. Mixed liquor 106 in chamber 104 may be
aerated with a gas such as air. Air or another gas may be supplied to mixed
liquor 106, such as by a gas injector or another aeration device (not shown)
placed at the bottom of chamber 104. Aeration may serve one or more
purposes such as providing oxygen to the micro-organism, fouling control, or

other purposes.

[0056] FIG. 2 shows another exemplary MDBR 100, a variation of MDBR
100. instead of a simple flat sheet membrane, a double-faced flat sheet
membrane module 117 is used. The membrane module defines an internal
channel 118. Membrane module 117 has two flat sheet membranes 108A and
108B in parallél arrangement. The feed side 110 of each membrane faces
outward and the permeate side 112 faces internal channel 118. Membrane

module 117 is submerged in mixed liquor 106 of bioreactor vessel 102.
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[ 0054] A heated anaerobi c bioreactor nay be advantageously used in
certain applications. For exanple, in an anaerobic bioreactor nethane
may be produced as a result of the biodegradation process, which nmay
then be conbusted to generate heat to conveniently heat the

bi or eact §005AhusVID8F 10 hap detdivailadynpesated as MDBRe 00, k@hédeﬂ,@r

106. [0055] Waste such gs waste sludge may be periodicall

cont i nuo%%?r MEFRSGBE SHIBRT BRI BXAX dtM’?@&dR'HHGB?OQUB %Hgﬁber

104 may Beyn lﬁ%%@mté& ﬁaggfra@epﬁeﬁﬁe@brfovﬂﬂay% Ghairaer Teas my be

supplied to m xed a gas’injector or another
aer at i onpdeuéagte ’(1&)16 C}Dlﬂeme):l fraoh abadnelt11t&1§‘ heatiledtiat ofcthardsemehls! .

the-mi or BAEPe RIHEFRE R BB EBGRATRoD T8 BT of e ol ThogubU o

2 shows gpaiifhels vﬁh%ﬁhﬁhér %&ﬁb@a@cbelov@ féaédr@bhféﬂﬂ?fcoh@&%erﬁﬂ

I nst ead of a sinple flat sheet menmbrane, a double-faced fl at sheet
menbr aneld®dul e 117 |s used. The nenbrane nodul e defi nes an i nternal
channel 118. Menbrane nodule 117 has two flat sheet nenbranes 108A

and  108fqayparbl gl At ALY IR S RRL QUBBR A Omgdgipge! ane

faces d and the perneate aces 118

Menbr ane100Has @ thibidlar mauhmegﬁddula 1ﬂ19>6aqaléoe:|®rqneﬂ:%ar®é myduleaty or
vessel WgZ 13 [0057] MDBR 100 r@y be simlarly operated as MDBR
100. HowdyRwlar em%rﬁgsrm%%ﬂaﬁed ines aneintaalriiannsbi Rl ans! Resad

| i quor R@)dleﬂ ﬁ/&ﬁ@r%?@%h%@d's‘i&éw é%%nta?glwfﬂh%lxgdflﬁhgfﬂl §eheRat ©

fl ow nmay be obtai ne pernmeate 11 ect rom c annel
118. Thepewh¢atetsidn162’ frdre whichrpatrecatei 116 tan bacohested ésougbhed bel ow.

ch | 1 losed fluid circuit, L D
foetne, btSmATdhaslindal fhe Bladuineis ifnbinectiofhde s &y Higws
[0058] Héatild dubstEiceaits pefmBagESkdthdeddkid 1A 18 FedPBBe U thangh MDBR

100" has a tubul ar nmenbrane nodul e 119 in place of nenbrane nodul e
117. Tulthe permesitiondisdh Addul e 119 defines an internal channel 118
and has a

[0059] FIG. 4 is a schematic view of an exemplary MDBR system 120.
MDBR system 120 includes a bioreactor vessel 102 containing mixed liquor
106 in chamber 104. A membrane module 122 is submerged in mixed liquor
1086.

[0060] Membrane module 122 is similar to module 117. The internal
channel 118 is elongate and extends along a central, longitudinal axis 124,

which is horizontally oriented. The membrane is thus horizontally oriented.

[0061] A fluid circuit 126 is provided for condensing and collecting the
permeate from internal channel 118 of membrane module 122. Fluid circuit
126 includes fluid pipes 128 and 130, which are connected to respective
ends of internal channel 118 to provide a fluid flow path therethrough, and a
fluid reservoir 132. Pipe 128 defines an outlet conduit for extracting the
distillate outflow out of chamber 104 therethrough and guiding fluid flow from
channel 118 to fluid reservoir 132. Pipe 130 guides fluid flow from reservoir
132 back to channel 118. A fluid pipe 134 connected to reservoir 132 guides

the outflow from reservoir 132 to a desired destination (not shown). A fluid
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tubul ar nenbrane with a feed side 110" in contact with m xed. |iquor
106 and a perneate side 112" from which perneate 116 can be
collected through internal channel 118 . The nenbrane in nenbrane
nodul e 119 only allows volatile substances to perneate from feed

si de 110'punep fiB6ehas} Be pidded t drighthetfhiad ﬂ@wrrﬁamidoarmtﬂslmcoonh9059]
FIG 4 is a schematic view of an exenpl stem 120. MDBR

syst em 120014 18 maydeprovidedde cop! hediug ﬂQ‘@Q‘Qc‘Brﬂ'—%alﬁﬁr%’f T6&@r1 i quor

[quor 108 0o RUEPIR A R Faisd e plel, VRF BEng hIAG3, 1

i nt er nal flostiegtredretht®ighs el ongat e and extends al ong a central,
| ongi tudinal axis 124, which is horizontally oriented. The nenbrane

is th | tal l i ent ed. 61] Afluid it 126 i .
br ovi dedt 80820 onbs Vel SRpeE ancLafitrip enets ik Be conaiiwaed wring
channel Lhy QiitabRIABRMRI RS Suifeble nfdritef TheGHAlerialk3Br tHéC[.MHQ@%nB' ui d

pi pes 128 and 130, which are connected to respective ends
i nt er nal o¥MRIMEENPANERS mqyrbﬂ/sdec@dfdane@dfngomﬂmappIImtlenha:bugh and a

fluid r_ezjgsrq\ﬁ%éédéﬁéw_m pe 128 defines an outlet conduit for

extracti |l ate outfl ow out of chanmber 104 therethrough
and guiding fluid flow from. channel 118 to fluid reservoir 132. Pipe

130 gui d¢e063)ui das cawbkromersteedyond or mdle lakkcdrard kanipehedbinap
fluid pi E’e 134 connect ed to reser voir 132 quides the outflow from

r eser voi Pe1oVvidgd foryeantralina e fiquwt ingn ! §M%iﬁ/ﬁ) Fosexpmpie. fovpunp
136 may l?@te%@f%%@ﬁgé@%@é hME cBﬂ Goil Vaheh lflwl[z@“&ﬁa' &fol gqgfbc‘irﬁ%lﬁr?q]ﬁ% uf\ 4

cooling unit e provided to coo
circuit bperatiborof teesyglies). t he cooling unit may be coupl ed to pipe
130 for cooling the fluid flow ng therethrough. [0062] The vari ous

pi pes an onents onstyucted usin sui tabl e
mat eri al T?(ﬁéi;ny IE e&%tllc@ r?a?ﬂ{ﬁ?m' gd H’J@é‘f PEay W%quéf ISes and
ot her coiffstRiRbE if@Ychzentss! 10l GHedRMAP A AI0bO ThilidIF tPeEH GREMAAbeRS
di scussed above.
104, as described above.
[0065] A carrying fluid such as water is initially provided in reservoir 132
and pumped through pipes 128 and 130 to maintain a fluid flow in channel
118. The fluid flow may be driven by pump 136 so that the fluid is withdrawn
from reservoir 132, flown through pipe 130, channel 118, pipe 128, and then
returned to reservoir 132. The fluid path thus forms a loop. The reservoir 132
may initially contain clean water or treated water. The carrying fluid in fluid

circuit 126 is cooled by cooling unit 138.

[0066] Mixed liquor 106 may be heated, as discussed above. Thus, there

is a temperature difference between mixed liquor 106 and the carrying fluid in
internal channel 118. The temperature difference may be as discussed above |
with reference to the operation of MDBR 100. As a result, the permeate is
condensed in internal channel 118, as discussed above with reference to the

operation of MDBR 100°, forming distilled, and purified, water.

[0067] Distilled water in channel 118 is carried away from membrane
module 122 by the carrying fluid, through pipe 128 into reservoir 132.
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[ 0063] As can be understood, one or nore fluid control conponents nmay
be provided for controlling fluid flowin an MDBR system For

exanple, flow rate neters or gauges and control valves may be
provided for controlling the operation of the system [0064] In

operati or[ooes]conTlaglpuaﬁ@diwuatéH in\esarobir 432wasy Byekehcted ad Altfleduced
i nto chanpber 104. The inflow may be initially treated in chanber
104, as deseehige 134 wed t[amagftevkt@ardeﬁlrﬁg deisignatiencsrcksasiar durthey

initiall eservoir 132 and punped through pipes 128 and
130 to Xre%{trﬂéhfj&dﬁ Ejls'éd flowin channel 118. The fluid flow may be

driven by punp 136 so that the fluid is wwthdrawn fromreservoir
132, f1 oWB06%r outhe puflowlday hetmdrm:ltedfrﬁm reispevoir2i82 cordinuoesly or at

returned.tor serv0|r 32. The, fl husforms | ogp. . The

| osorver il SIPRE ot i Rishyals OBt A aPYRey Petadciat or
The carr ye @n&i’n@'dﬁ!h% érhé'ur‘ﬂ ofcﬂukPéM:éuﬂ@l@té@ln%%ﬁglrﬁﬁfﬂthé‘g uni t
138. [0066] M xed Iiquor 106 may be heated di scussed above. Thus,

t here i ¢mbadimgst, axtraetlm of @mtﬂnwenaxebagmmem ﬂlulqmmresm@ouamaZt he

ray. be adoatich A e hEURR 008 whelh i ARG BRI T bR

©100. Asalgwsgult, the perneate is condensed in |nternal channel 118,
as di scussed above with reference to the operation of MDBR 100',

form ng IStI||_g and urlfled water. [0067] Distilled water in
channel 14%7Qls chHre ferap MGFH%W%@%F 104 angehaneel M8 mayihevariad: yi ng

fluid, t*96BH%lﬁhQ%l%§§t|6N5@6e§§%rnmhé glaﬁ%eatkﬂxo%ﬂ sm?c Ygd 1 ed

water in reservolr e extracte out rou pr pe 134
and tr ansbepmpemmreodlﬁeMBrrmy Ues;e@md amntewamtcaallcma cfertan’mer

treatment or re-use, The o t.fl ow cted fram
oo var redimbRtAmRast RSt op0S M il e ssg 2 ASGS halariay
i nterval solldRéd eMalLbd maHbidrRnBBYIcbE22Xt ract ed depending on the
amount of fluid accunulated in reservoir 132. In one enbodi nent,

extraction of outflow may begin when the fluid in reservoir 132
[0071] To increase the permeate flux, one or more of the following steps

may be taken, The temperature in mixed liquor 106 may be increased. Mixed
liquor 106 may be stirred, such as with a stirrer, to promote turbulent flow and
eddy current therein. Air or gas bubbles, or air sparging, may be used to
induce shear stress at the membrane surface, or to promote turbulence in
mixed liquor 106. The viscosity of mixed liquor 106 may be reduced by
promoting attachment of micro-organisms to a bio-media support. Vibration of
the membrane surface and molecules in mixed liguor 106 may be induced
with ultrasonic sound waves, to prevent fouling of the membrane surfaces and
to promote evaporation of water on the membrane surfaces. Other suitable

steps may also be {aken.

[0072] Various variations or modifications to MDBR system 120 are
possirble. For example, FIG. § schematically illustrates a variation of MDBR
system 120. The MDBR system 140, which is only partially shown, has simitar
components as in MDBR system 120, including bioreactor vessel 102 that
holds mixed liguor 106 and the fluid circuit (not entirely shown) for circulating

the carrying fluid through the internal channel(s) in membrane module 142.
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reaches a maxi num | evel and stops when the fluid is at or below a
m nimum |evel. [0070] The tenperatures in chanber 104 and channel
118 may be varied to control the distillation process and the
perneate flux. For instance, the tenperature difference may be
reduced Mermbtazevabguled 42 s anvdaublefacdflattsheat meambrane cesduie ositmaat

I bi or eact or 2 before ter [ C ect ed .t hr ough
ooy e BE e Fhod @R X, HEeNEr CASOE MOTHISTA2 R AN e oF
nore of R/Bmcfamr%\matgoﬁrﬁ&%ntmy.Qetﬁ@bﬁgltuénhﬁx éﬁmeﬁﬂ?é infembn m xed
| i quor 106 may be i ncreased quor may be stirred, such

as with @hsnmelmﬂhe mnpbr@netlaorlanwdn@ﬁmcallyommﬁ@r @bdﬁﬂec‘erlent

t herein. 0 as, bubbl es LY. .S | nay, I nduce
shear. o PEtOg. i KRS ERor e Rl R mBiangRn diadii dea o 41
m xed |i gaiftafEOubbl@gowl SReSebMItiag lmmlﬁr@vbdmfod%@nﬂathbl%ct@%@@d by
pronoting attachnment of micro-organisns to a bio-nmedia support.

Vi br at i oRdigcent ipthgenembmne syfage: Gasdniestare sueb a&ﬁlhdbﬁfyaensl ‘tﬂjrbareloa
my be ' SQﬁSHed}Ma{H% t%ttdc;ﬁ%%io‘ieé&ﬂ ShAABES103 £ rgﬁﬁ cihg e I Orprﬂa?%e

t he ane sur ces an I‘OITD e evapora

rrenbr ane 1481iffi avtesd liGudrer06s i U‘thdHoet ardee@md‘tfate a!h@ flowalitezkion of {He072]
Vari ous gbat Il ons or nodifications to MDBR system 120 are possible.
For exan%P legcdring aperalaL: |A€h'mfpeﬁ'qrb§?¢t§f 43045 pEvidad torhest mypesk
system 1ﬁ§uorTﬂfB MDBR system 140, which is only partially shown, has
simlar onponents as in MDBR system 120, including bioreactor
vessel 102 that holds m xed |iquor 106 and the fluid circuit (not
entirel y[@V@ln) Avearbeappiedcialgd, shist alégmvemtg)fﬂheilwgiﬂmndmaxiswth

| ..ch ' dul dul 2 i
2 doubi et gaNesdtind R AR o B it o Tet SR, TTOD haNtARE
nmodul e 1{Aderseysyidat th@pﬁm@aeon@@t@t{e/e&tvo%uy’s(:mdr@ntaﬂhowﬁritalfyalié y

i nstead of horizontally, e., the longitudinal axis of the internal
channel Yfed Rereipimass Qr@rﬁecﬂ ertelly & thecygrtigal ariharizental girpelign.e 144
I's provided, which can support the flat sheet nenbranes in nodul e

142 and ff74] FIG. 6 schematically illustrates another variation, the MDBR system
160, which has a tubular (or hollow fiber) membrane module 162 submerged
in mixed liquor 106 in bioreactor vessel 102 and oriented horizontally.
Sensors 164 and 166 are provided to monitor the temperatures at different
points in the circulating fluid path. Each sensor may be a thermometer.

[0075] Membrane module 162 may include membrane tubes {or hollow
fibers) arranged in parallel. The cross-sectional arrangement of the internal
channels may be in any suitable pattern. For example, as shown in FIGS. 7
and 8, the channels 168 may be arranged in a diamond-square pattern (FIG.
7) or an octagonal pattern (FIG. 8), where the arrows indicate the air bubble

flow direction.

[0076] An octagonal layout with more space at the center for tubular
membrane distribution may be advantageous. For example, the octagonal
layout may be more compatible with the overall internal fluid circulation in the
- mixed liquor, may produce more turbulence generated by bubbling flows from
the air diffusers, may be more suitable for additional air sparging, and may be
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facilitate bubble flow, thus resulting in inproved hydrodynam c
characteristics adjacent to the nenbrane surface. Gas injectors such
as air diffusers 146 are positioned at the bottom of bioreactor
chanber 102 for producing air bubbles 148 in mxed |liquor 106. The

short ar coneeniodl Mabamﬁmh flliolodi. Direict air s@‘a&gjri&i@md@ﬁ.ﬁ@h beﬁoﬂhm%d hllgide
operation. An_imrersion heater 150 is provided to heat I quor
106, [ 00PANCIREraRHMBEle, B Withrastoctagehiakpatierny aron cated hkthe

| ongi t ud t not
be mecesEupyS TG!S fhelce MHRE iewfbr fRb iiadae R siowlet B kB
"ori ent edidessross-abtjonad viewoof thetraddtleris shawvaldt ytie bettomsed herein to
nmean oriented generally in the vertical or horizontal direction.

| N h ion, th
cystem W77, WRERARGel S aRROeRN | FoF S HRa R Al o

162 subngggsd fourh chﬂUﬁ&hé@ﬁtér%u%@é%@ﬂié)hea‘tﬁ@s&iu Béauaed
oriented horizonta ly. Sensors 164 and 166 are provided to nonitor

t he tenpéreichiatfogs can preumplate poithe @eiahng weil and get sadokgdf.ITg d pat h.

el ude TSR BB OFHIE o By may ey R RS iR dind Sl 11
Cross- seaﬁthﬂr@iorﬁfm@ng@mﬂs rajrthehetd p\’ﬁe@énﬁfloc @dﬁtﬁmﬁlﬂbﬁomr lb!ﬁbblés any
suitabl e pattern. For ex as shown in and 8

channel s My aeHed 40 F%@@Berﬁﬁdac% HHtAcE- %’lﬂl@ﬁé'%&i E‘%ﬁ"ﬁhFFqu‘x 7) or

an octag I where the arrows indicate the air
bubbl e @%\?é(:j)ll’ Ct]?%(ﬁgs&%%] An octagonal |ayout with nore space at

t he center for tubular nenbrane distribution may be advant ageous.
For exanfl0y8]t héAndisagesex abo\ayd:‘m memybrlaeermomledmaaﬂ\MDBR syistédmt he

over al | |nterna fluid,c xed |iquo roduce

mor et ur BEVAIRE Pgloitad aastoClauBe plierrBroAt Feamplays st Plser o

nmay be NPIGSSYO Eaﬂbhel free MOBR syheh Pio [n%m@%gld\tﬁore%i&tbrf@éséﬁdﬂ

convenient for pu g fluid fl'ow Direct air sparg %

per f or me@ithishegter ammﬁr%@dmu@t!ﬂ@‘@owmam@mn@@m@ﬁaav pafluisk n, as

i ndi cat egoP\ﬁ%q@%tlow\x/‘ﬂ){‘@lorgafb&e&el %Ere a front view of the npdul e
e top And 8 )

i's shown

[0079] Membrane module 172 is a side-stream module. Membrane module
172 may have a cross-section as illustrated in FIG. 11. As shown, membrane
module 172 has a tubular membrane 119 similar to that shown in FIG. 3.
However, in the embodiment as shown, the permeation direction along the
permeation path 114 is reversed — the feed side 110” faces inward and the
permeate side 112” faces outward. The feed, instead of the condensed
permeate, is flown through the central, internal channel 118’. The permeate
116 is collected in the outer collection channel 118”. In a different
embodiment, the permeation direction along path 114 may be as shown in
Fig. 3, in which case the feed is fed to the outer channe! and the permeate is
collected from the central channel.

[0080] A fluid circuit for circulating mixed fiquor from bioreactor vessel 102
to and through membrane module 172 and back to bioreactor vessel 102 is
provided, which includes a fluid pump 174 for driving the fluid flow, outgoing
pipe 176, and return pipe 178. As in other systems described above, a fluid
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side cross-sectional view of the nodule is shown at the bottom

[0077] When a heater such as a heating coil is imersed in the m xed

| i quor, fouling may occur on the outer surface of the heating coil
because microbial flocs can accunulate on the heating coil and get
"cooked" cirdoit forexblleeting candevest peomkatedis dldtepioaidedmshidieinclugased from
time to tine, Wi t hin sEort tig“ﬁ intervals. Further, to

h
prevent PIRSS ugﬁ%ﬁggigﬁfa%t@“ 99 aad i pgap d3Pect ed to the

i mmersed coil surface and the liquid near the coil surface may al so

be st 1" g8bad00TRlonhsatle GHizee flgabiot sikaretpahe Bsiapaubin n an NVOBR

system rmay also be located external to the bioreactor. An exanple is
i || ust r abiseaeior Fess®l 100. Bisgeadtor eseMbBRnaysheaentedi Aftadles a

by ane SRR 439 Firdfet B bR S aSir SRR e becenl "
102. [ O0pHmbeimermogulsei2lwa bibe 176, aarkl Hfough esHttalefidhsel 1MB7BF ane

modul e 172 may have a cross-section as illustrated in FIG 11. As
shown, nEHBRBIASE Medurd 7272 prisneste ypporpreasursrdifierencs is patablishad

por moat | anrcier Be fresfrar S R weldl Ay PERRRABR Uit Pl 1
feed si deedital'cHannieb118Meodiershanne! 118 T pefhdatelid Zontlesssl and

out war d. TEee f@igd in?tead of the condensed perneate, is flown

t hr ough FREEGehOY A coql peapaale sHdliTe(in mannerwﬂérmethe@roqewess
col | ect eddl 5 ' W i ent
enbodi neﬁ{sw?%%?%gwri;@gﬁggﬁaggt&? gﬂ@gg@hlmgélrégc[ nel@ﬂaﬁgy{?jgas shown
in Fig. regyclad bdckcth hioreactdrerebseldl 02via eeturmpipeel 781t er channel and
the perneate is collected fromthe central channel. [0080] A fluid

circuit I rcul atl m xed | iquor, from bioreact.or vessel .1 to

andthr olfiPdferia e AR AP I tah M e B CiBaSjBGeun e 1
provi dedcaibeaBuséd Inusiefeartdn wWisdeP1OD akhid ticallr doHem ddtvehtiohal fl ow,
out goi ngMEﬁ%pe 176, and return pipe 178. As in other systens

descri betfiEibaiecesges) Thus, atleast aqartion ef thedipmess igyciceHated Sem
per meat epjose AlSPveRY 165 % ah8 1R uGRGh&ABRNe module 172 and back to

bioreactor vessel 102. Recycle of the biomass can be advantageous, as can

be understood by persons skilled in the art.

[0083] A variation of system 170 is shown in FIG. 12. The MDBR system
180 is similar to system 170 except that a sedimentation tank 182 is disposed
between the bioreactor vessel 102 and the membrane module 172, and that
heater 150 is removed but a heater 184 is disposed just upstream of
membrane module 172 to heat the feed stream going intc membrane module
172. The construction and function of sedimentation tank 182 are similar to
those used in conventional wastewater treatment plants. Specifically, mixed
liquor extracted from bioreactor vessel 102 may contain a lot of suspended
solid. After the mixed suspension is stored in sedimentation tank 182 for a
period of time, certain suspended materials such as sludge floc may settle to
the bottom of the tank, which can then be recycled back to bioreactor vessel
102. The feed exiracted from sedimentation tank 182 and pumped through
membrane module 172 contains reduced suspended material and may be

either discharged or recycled back to sedimentation tank 182.
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pi pes 128 and 130, storage tank 132, and fluid punp 136. [0081] In
operation, mxed liquor 106 is heated and bi odegraded in bioreactor
vessel 102. Bioreactor vessel 102 may be aerated. A feed produced in
the bioreactor is then punped from bi oreactor vessel 102 to nenbrane

nmodul e 1[@D84]a Mgeard be unaeestbdd agters d70rmaby deamvahtabbdus @k
menbrane nodul e 172. A perneate va@or pressure difference is
est abl i sREEPAERY Wsaystene 1R0nbeaasesless RAHiREeRirantblgss Ph¥siRRlAPase

through pat Qechif@df FOftheft SPSEAI 178 AAlegbt 1edPe Mt cofilaRBRN 118

The per neat condensé y a cooF’ perneate solution,
i n a mantfes regard) imayobé hppreciated et andDBI systembwitie a slibendrged
passed t hrough nenbrane dule 172 is recycled back to bioreactor
Vessel 1BEMIENEERedYIC SARPEISNeN MoEs SpmASCLan BBV SHHES CXPRAESY he
feed WYeﬁ@fﬁyﬁb%d&ﬂ@ﬁﬁatﬁmﬁ&ﬁ,'s@ﬂchte{‘gﬁsterﬁa}ﬁagﬁa@‘l’(ﬁﬁ&é ipneheasd or
vessel 102, "as is typically done 1n conventional MBR processes.
Thus, at madsisnamceorstson of the biomass is circulated from

bi oreactor vessel 102 to and through nmenbrane nodul e 172 and back to

bi or eact Ss . f the biom n._be advant ageous, as
can be Ej;\%\eéﬁst ?OU(E&%? %{eﬁé%ﬁ%eagﬁr?ql d'r i ?'ﬁ@ﬁ%ﬁ .pr?%‘f[ Qvari ati on
of syst esumerget! BRHWYH GudiitEpeAreattlendMPBR ppyGie® inkB8ngke sinlar to

system 170 except that a sedinmentation tank 182 is di sposed between
the bi or BEROESFING &iafe| ADPMDBRIPIOREssERY ks Beripdne@ without usiad t hat

heat 1 e . : . of

e e LSRR R P RN o RSLERAETIE

nodul e Bt nEhesT]myso mset;iophisﬁoateﬂmmémlensiv&ciedirumehwém tank 182
t t ) I n conventio st eyat er treat nent

o) ants. EDBIRIEEP MPETTaT Ri e a0 TaROn LR 45 BN 6P KA BrAS By e

102 may [ARd drésstird  tH peHReE €8k ctidRl dHhnndl £ bk MgHEPHESh B pensi on

is stored i n sedinentation tank 182 for a period of " tine, certain
suspendeliuidpeegsars osdbé fesd sidadgben Ithe meybragetdrdtstfivers hee batkeom of

mhe 1 oo Wit Ve oRBW bR i R AR TiaAt: Sk e RS TAbatS: MPgugn
nmenbr anebaeididwe wbGld esslitah 3% infAbEatd, SHERLORONPrRchE fl@ndvHey be
could be easily detected. Alternatively, if the feed and permeate pressures are
similar under normal operating conditions, a damaged or wetted membrane
can be detected by measuring conductivity. As can be understood,

conductivity may be monitored continuously.

[0086] As can be appreciated, if the permeate pressure exceeds the feed
pressure under normal operating conditions, even when the membrane is
broken, the back ﬂow‘would prevent contamination of the permeate received

in the permeate storage such as reservoir 132.

[0087] Further, as a large portion of the dissolved residual organics in the
feed is blocked by the distillation membrane, the resulting permeate or outflow
can have less organic contaminants. in comparison, in a conventional MF/UF-
MBR process, the permeate can contain substantial fluid contaminants such

as residual organics, particularly when the membrane breaks down.

[0088] With an MDBR system, all or almost all of salt, non-volatile organic
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ei ther di scharged or recycled back to sedinentation tank 182. 19
[ 0084] As can be understood, system 170 may be advant ageous as

conpared to system 180, because | ess equi pnent and | ess physi cal
space are required. Further, system 170 may require | ess energy

consunpt icempoluhds Tahd&ni:ﬂgafgianlsms ey e sapaesd fbRche hirmaatdVPRB
systemvvlth a subnerged nenbrane nodul e can be even nore conpact and

may requiHE ye%q‘]qve'gg of thecpgjynaaie dpan MIERBR progess eamhe higher thansy st em
h
may have gyl queo gwrrpa%hvw TS ?Rétpﬁgrngnercgleadﬁ%htﬂ%{ on

can be apprema SSWth a
qual ity maﬁaayemmms smesmmmugewepenaeat oigthe biglogicekadtiviliestirithe An
VMDBR proce f or med 34 t hout usi n&easophl sticated,. .conpl ex

t echni qu@x%gg@{d@ﬁ@? 5@"@?@9? rmisniotal ofganie carganecontent; (J Qlokin the

necessar i V, é%
t echni qu}gghﬁgé'%gcna}?%]@b Hﬁﬁﬁ%ﬁ%’r@ﬂﬁ“ﬁﬁ?ﬁﬁﬁﬂ@f@ as b?gaodown

As the Hqund!rpaeeeuemilanal MBR peocesat Ehepermeaﬁeoquaﬂnammbeeargdmei

hi gher than uid réssure en the menbrane
o *I'ts 1 PaRided igfbn SaRvETET MR PERCSS oAt PEAMITRVERE per ear o
si de backsk@sishgdeed side. The back flow would result in an

i mredi ate, sharp drop in perneate flux, which could be easily
detected. Alternatively, if the feed and per meat e pressures are
sinmilar [MRRA nG‘?"PTM é}reee%gcaibn@dupeﬁess eprdantingsed extlig abg flux

oY ane cafPardife 451iREGhdito FEAUELNG: FPASHARENRAMERS GRRERE

under st 00 &ona Vi contrnaousl
can be appmoeseas.ed, if the permeate pressure exceeds the feed
pressure under nornal operating condi tions, even when the nenbrane is

br oken, ack, f uld reve conta nati on of the perneate
oo vedlOapTE e AR R G Fag e iavea T Sartup o [ o087,
Further, as a large portion of the dissolved residual organics in the
feed is [domaged IRaNtMBBR sfdtbmathe Brgdpidfcddttion fife(©@RIi$ Ng per neat e

or outflow can have | ess organic contam nants. In conparison, in a
convent i thespenteniof the hydraulic retention time (HRT), and can be very Iong, as it
is only dependent on the reactions involving the organics. In comparison, in a
conventional MBR, organics can be lost with the permeate fluid and the ORT

is the same as the HRT.

[0092] Further, an MDBR system, particularly one with a submerged
membrane module, may have a smaller “footprint”, and thus require less land
or physical space, as compared fo conventional MBR systems combined with
RO.

[0093] As the pipes and tanks used in an MDBR systems may be operated
at low pressures, such as around one atmosphere, they may be made at a
lower cost than those required for conventional MBR systems combined with
RO.

[0094] Various energy sources may be used for operating an MDBR
system, which may include waste heat, solar energy, geothermal energy, and
the like. The MDBR process does not require a lot of electrical energy, as it is
a thermal process and can operate using low grade heat for latent heat.
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MBR process, the perneate can contain substantial fluid contam nants
such as residual organics, particularly when the nenbrane breaks
down. [0088] Wth an MDBR system all or alnost all of salt,

non-vol atile organic 20 conpounds and m cro-organi sns nay be

separ at ef095]m tAe MEBReysmm it bemaittginaaddatqlialver Yost, aswmeiregat e
I n an MDBR proc ss can be higher than that obtained in a

convent i Bhapm be serventiopgbwastenmagierdreatmiant gystemsne  MDBR syst ens

is substantially |ndependent of the biological activities in the

m xed |i gytye]i n Arﬁ‘ﬁ/l[*}BRCan g8 m glge UseldFor %g?waqe'c@é a’(rjlﬁ%é.?gésppm

(TOC) in the per neat e | ower, such as less t
as conpanear apower statiod qrpneineratorc onireany mdalkstrivBRepe sestasvaihand

per neat e .can bt ai ned from a. conventional MR
process X‘%ﬁ% gﬂ%%t %&Q@ep@:ggﬂ& @li%Q hae)aPHligaL] 'nA‘NaﬂﬁB’ﬁ&% ocess
can produ@atrh@ﬁa'oﬁ@mhgmlaageemwtsfda@é/stﬁor% Wh@%e wastPReathke to the
permeate flux obtained in conventional M or UF MBR processes.

[0090] AabwmBRtSnskpaceda lianted. have a fast start up time. [0091] In
an MDBR system the organic retention tinme (ORT) is independent of

the hydr de(??ﬂ . r%se{;‘z%] B8 JnERstbdiH maS'fVI n%&\{br]rﬁg%é/oqsﬁo oi)%g?teatﬁe' t is

only dependent on the reactions”i hvo fganic

conpari sb:cml,reécc}oaatdmgh\tempemmesl‘vﬁﬂ?onw @ancmseqjﬁg?eategg%g ]mm:: dlsd Hm
perneate flujd an as the urt her,
an MDBR §9§%€£H§> aﬁavmﬁﬁ%ﬁ%| §f tBomnaphike bacigHaevgien canéq?ovraﬁe rmdul e,

may havecgn§iiRingSf the  OtRGE éﬂtls op&ted nﬁ't?allgeéik‘;é@ﬁ E’@%rétﬁpéj

physi cal space, “as conpared to conventl on ens conbi ned W th
RO. [0093] As the pipes and tanks used in an I\/DBR systens may be
oper at ed[0028]| ovn seessaprliications thamisedligdoronay aontaiphelatile byrey may

1335 S{rzgg @@@cﬁeﬁ%@hpﬁg %M«Q %fbdteg adation urbggéjs lfn e%?@r\égg{oro'iqhe b)'\r/—B R
products may include ammonia, acetic acid, formic acid, methanol, ethanol,
and small volatile organics of ester or ether. In such a case, the permeate
may be further treated to remove such volatile by-products. For example, a
bubble column unit may be provided to remove some or all of the undesired

volatile components from the outflow.

[0099] When the inflow contains inorganic salts, salt accumulation at the
feed side of the membrane may occur. In such a case, a limited amount of
sludge waste may be removed from the bioreactor to reduce salt
accumulation, as well as for other purposes including those accomplished by

sludge waste removal in conventional MBR systems.

[00100] To further illustrate, some specific examples and test résults are
described below.

EXAMPLE |

[00101] The first example MDBR system was a system for wastewater
treatment, with a layout similar to system 120 illustrated in FIG. 4. In this

example system, the membrane module used was a double-faced flat sheet
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[ 0094] Various energy sources may be used for operating an NMDBR
system which may include waste heat, solar energy, geothermal
energy, and the |like. The MDBR process does not require a | ot of

el ectrical energy, as it is a thermal process and can operate using

| ow gr ademduedd, vittereinahemerdbedne Was nHREOT PVDNDBRe SvetR® porg dife of
mai nt ai nﬁ% at a | ower cost, as conpared to sone of the conventional

wast ewnat H1e Mepkraes s aRauytdhe? mieeos] hamemBrans: wee sybmeyoaskindsed f or
wast ewat fixdd IR \A}]alﬁéﬂzm R bifRALtd H&Was%r?e}qwseéh th’éﬂ rator,

or in any 1 ndu ere wastewater a wast I'S produ ced I\/DBR
may al sointewvial epginet detvesern thewastmbrane shedis extereled Hiaizootdllyr iThe

| hi t wh st.e heat ab t
o P ¢ aiked BRI RS ROt R RePRH 4 R Sie A PRRMBA TS o
operate Hﬁﬁ’ng fés‘i’ih@a?ﬁé’beﬁheé‘ﬂegé’idé SRR rﬁbH‘fb?éné‘th PV fRatuhs bgase

perneate flux but~also to speed up acclimatization of thernophil
bact eri agabo#tizai?Ccan be time consunming if the bioreactor is operat ed
initially at roomtenperature. [0098] In sonme applications, the m xed

bi adegr ARSPRN" o CTHE EBh ety %ﬁtﬁ%@ﬁ%&gf%ﬁrﬁ&%@‘*q@ﬁataﬂiqe@dﬁefohd
i ncl ude ?vmss; m theanixed ligabdwab & gl CThRCEbmiBEE Baieh deghdan@OD) and
smal | atile organics of ester or ether. In such a case, the

per neat eWa R £ (e AYSter was operaied siralaslysarceseibediaboviey The oduct s.

For exa e provided to renove sone or
all of the ung’(gglbﬂ’rgér e%t& ggﬂ{i\glé@%ﬁﬁpng%é%l{ﬁs fromthe outflow [0099]

When the inflow contai ns i norganic salts, salt accunul ation at the
feed si di®0d03] he rr*élne)parmeamayﬂw«:was mdnitos&d:fmrd‘lcx@es Dauring rihe &ickt &nount

f sludge wast.e be re ed fr m t oreactor to reduc salt
accunul st A s PRGUREY ianeton fiathel sSprE e ai ek guitacs
acconpl i shede lan%s She HEiRedVAELEr RENMBYEH akfateq FFM@rﬁ‘EH@B@t‘torW@Bs&d@rttﬁ@B
[ 00100] To furt illustrate, sonme specific exanples and test

results @eawbra@%urfa@@ bel ow.
[00104] The observed permeate fiux is shown in FIG. 13. As can be
seen, the permeate flux did not decrease significantly over the 11-day period.
In fact, when the membrane surface was scoured with bubbles, the permeate
flux increased by about 30%. The average permeate flux was 0.71 £ 0.09
kg/m*h during bubble scouring.

EXAMPLE Il.

[00105] In this example, permeate flux was monitored for different types
of membrane modules. The bioreactor used had a chamber volume of 48
liters. A thermostat circulator was used to control the temperatures and to
provide internal circulations in the mixed liquor. In different tests, both flat-
sheet and tubular membrane modules were used. The particulars of the
membranes and membrane modules tested are listed in Tables 1 and i

respectively.

[00106] The inflow wastewater used was artificially composed. The |
chemical composition of the inflow wastewater used is listed in Table 1ll. The
23



EXAMPLE | [00101] The first exanple MDBR system was a system for
wastewater treatnent, with a layout simlar to system 120
illustrated in FIG 4. In this exanple system the nenbrane nodul e
used was a doubl e-faced flat sheet 22 nodul e, wherein the nenbrane
was nade differéviRharddteristiosr afdiee inﬂow wagiewadter fohdifieesrirtesis dre listealin

cont af nedaple 31 BReaueo oS bl arlos Mpnd VaeThEICS i na

channel geygeen the nmenbrane sheets extended horizontally. The m xed
liquor in the bioreactor was heated to a tenperature of about 35 C
during testing. The perneate side of the nenbrane had a tenperature
of about 26C. [00102] The concentration of the biological m xed

| i quor suspended solid hal 0, the d was 3 g/l. The
chem cal oxygen demand (1%‘%% b?lnepﬁﬁqelﬁnth g?@?em was oper at ed
simlarly as—described-aboye—The ol & he_paLfE.aLL\ABS_LDWEI‘ t han
3 ppm [001Q3] Temipenereat ¢ fl ud was ponitoked fof 11 d#lys. Dyring
the first 6 days,Tyﬁé bubbl eﬁat%gﬂucpd Q%t&%&atl OE curg JPt sqour the

rrerrbr ane Surf anAn fnr‘ _I_ﬂlln}“ at ed
fromthe botlt om tMateigbur the "R¥Rbr ane sumTiBe. [100104VDFhe oljserved

permeate flyx is W in Fl Cﬁmlhﬁc?rewAS cagla,{gﬁusnseen Asl'ahleu ﬁ}%f-rméclt e flux
did not decrfease—sti UIII eat  ARCAAL Te—11 uay "‘e. ot mi IQ.Lt, when

the nmembrand. suresee @AY stour 92t h bubb?$%. the per®fate |l ux
i ncreased by whotickrR%gmmhe avengge per neateof | ux was k561 0.[09

kg/rrzh duri r_g_b_u_b_b_l_e scouring EXANMPLE || [ﬂﬂ’lﬂ Ln this exd n‘pl e,
permeate flyx waomsity t ored foB0%i fferent T0Ppes f meniskane nodul es.
The bi oreactor usSed had a chanber volune of 48 Jlrters.. A tnernostat

circulator was used to control the tenperatures and to provide

internal circul ationpaii |f. Merfibéffé hbauRs uskh iftfd fisft tests, both
flat-

Module | Il i
Type Fiat sheet Tubular Tubular
Total membrane size | 0.0134 m” 0.0347 m* 0.0347 m*
Effective length 0.14m 0.115m 0.115m
Size of the permeate
channel 4.5¢cm 2.6 mm (ID) 2.6 mm (ID)
Number of
membranes 24 24
Other feature doqble-faced Tubes in diamond- Tubes in
with baffle square pattern octagonal pattern
Table lll. Wastewater composition
Chemicals Conceniration
Glucose 12.5 g/L.
Peptone 6.25 g/l
NaHCO, 0.218 g/l
MgS0, 0.156 g/L
KIH,PO, 0.812 ¢/L
K,;HPO, 1.219 g/
CaCl, 0.156 g/LL
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sheet and tubul ar nmenbrane nodul es were used. The particulars of the
menbr anes and nmenbrane nodul es tested are listed in Tables | and |
respectively. [00106] The infl ow wastewater used was artificially
conposed. The chem cal conposition of the inflow wastewater used is
listed in Table Il1l. The 23 different characteristics of the inflow
wastewater for different tests are listed in Table IV. The neasured

results are shown in Ta to 16. Table I.
Menbrane used in the te?ltag’?e &W?ﬁﬁ?&aﬁe"l&qw%”% Fl at sheet Fl at
sheet Tubular Material PVDE PTEE PVDE ___Source M1 pare TM

Sartori usTM AsahstdM Pal|l TM Poezlsi ze (nm) TesPR 0. 45 0. 2 Tewalll

t hi cknesg (fmJ 0. 125 U. L/U#)S@Zr}sg QP 9% S5 A8 & UW&S"?U%E%a(?z/L

Menbr ane| modul epoused i Myd

Tubul ar [Tubul ar Tot al _ngriotahi73ikgiday). 0(168310&7@@!9@7 nﬁfq}alogﬂl&kg\(@y

Effectivle length 0.14 m|0. 1]3%9@ pBm115 Im Sdlagg rfn the permgtpﬁ.n cm
Nu

2.6 mm (| D) 2.608n (I D) hannel qr
feat ure doubl e-faced Tu e‘?tq'r?%?éfﬁ‘ﬁﬂﬂ- (‘Pt?bé)smfal‘fg"d@\)f)t h(t%ﬂpﬂp%k%(w&e

pattern |oTstagpDRbadryd de€ N bl es |1 1. wat &I _Ggonposition
Cheni calls Gorazett vahtmeon 1'4681‘9'“1 day V\a's‘{ .day R4 kg.m®.day”

b

get

To;?;r'gggol:)\a,g]isrgnger 0.26 kg.m>.day” 0.26 kg.m™.day 0.79 kg.m™ day”
pH 6.82 6.82 6.44
Conductivity 2.26 s/m 2.26 sfm 3.04 s/m
MLSS 14-16g/lL 14-16¢g/lL 53-56¢g/l

Table V. Fouling on membrane surface

Materials in fouling layer Membrane [ Membrane |
Soluble 168.10 332.53
Protein (mg/L.) Non-soluble 181.38 383.98
Total 349.48 716.51
Scluble 552.75 553.68
P°'ys(fn°gﬂ_e;”des Non-soluble 491.99 405.53
Total 1044.74 - 959.21
Extracellular Soluble 720.85 886.21
polymeric Non-soluble 673.37 789.51

substance (EPS)

(mg/L) Total 1394.22 1675.72
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A ucose 12.5 g/L Peptone 6.25 g/L NaHCO3 0.218 g/L MWMSOH 0.156 g/L
KH2PO4 0.812 g/L K2HPO4 1.219 g/L CaCl2 0.156 g/L 24 Table IV.
Wast ewat er characteristics Tests Test | Test | | Test I I | COD
22,341 ng 02/L 22,341 ng 02/L 45,408 ng 02/L (total 0.073 kg/day)
(total 0.073 kg/day) (total 0.218 kg/day) TOC 3,895 ppm 3, 895 ppm
7,946 ppi®01Q7dt al OGHESBMI:kg/ day) (total 0.013 kg/day) (total 0.038

kg/ day) Total COD | oading per 3 3 3 bioreactor vol urre 1 46 kg. m day

1.46 kg. i 4.5 Tot T adi erO 3. day '
0. 26 kg, ottt $8s{8, 95 serffioPine i 23053 Bab shaleitdngh 52
6. 44  Corfy@hiiv FIG. 8. Pife HdmBraAl b uédsids mlgh%’iaﬂeﬁnodlﬂeﬁ /L 1.4
- 1.6 g/L 5.3 - 5.6 g/L Table V. Fouling on nenbrane surface

Mat er i al ¥/3SEUdHIBOAE I ém:mm#ﬂmwﬁ@nd hesizpntatly arientegb(Tiel average 10

332.53 P égy 8 9 Total 349.48 716.51
Sol ubl e géﬁ&@éﬂg g?tuﬁﬁ[éﬁﬁéc@ ar| % bﬁﬁ‘? l\ﬁﬁﬁ1 sol ubl e 491. 99
405.53 Total 1044.74 959.21

[00109] The permeate side temperature was digitally controlied using a

refrigerator and a cooling coil. The permeate temperature was monitored at

the inlet and outlet of the membrane module using digital thermometers.

[00110] A digital peristaltic pump was used to control the permeate flow
rate at 1000 ml/min with a corresponding Reynolds number of 347. The MLSS
concentration was in the range of 1.4 — 1.6 g/L. The solid re.tention time was
infinite (there was no sludge wastage). The mixed liquor was aerated and the
total aeration rate was 12.5 L/min or 0.26 L/min per MLSS unit volume. 10
I/min of air was fed to the mixed liquor from air diffusers for biological
activities. Another 2.5 L/min air stream was injected under the immersion
heater directly to prevent damage due to the formation of microbial floc cakes

resulting from accumulations of microbial floc on the heating coils.

[00111] The mixed liquor temperature was at about 46 °C. The permeate
temperature was alternatively set at 25 °C or 15 °C, with a continued duration
of approximately 3 days at each temperature. The measured permeate flux
was dependent on the permeate temperature, as shown in Fig. 14. The
permeate flux was essentially constant at each temperature, but changed
significantly when the temperature was lowered or raised, due to the change
in partial vapor pressure difference. The average permeate flux was
approximately 20% higher at 15 °C (about 2.6 L/méh) than at 25 °C (about 2
L/m?h). The permeate flux was rather stable over the 16.8 days of operation.
It appeared that fouling did not occur in the system at this level of permeate
flux and bioreactor temperature. The TOQ in the permeate was found fo be

lower than 0.7 ppm, and the COD of the permeate was lower than 0.5 ppm.

[00112] After about 16.8 days, the membrane module was removed from
' 26



Extracel | ul ar Sol ubl e 720.85 886.21 polyneric Non-sol uble 673. 37
789.51 substance (EPS) (ng/L) Total 1394.22 1675.72 25 [00107] TEST
l: [00108] In Test |, the setup of the MDBR systemwas simlar to
that shown in FIG 6. The nenbrane nodul e used was nenbrane nodul e
1. It mbbcmﬁorg&meimembeanﬂ soduld yas inspedtadoior aoydepbgitioniofént ed.

The aver . aps twe t ubu nbr anes wer

[06100] " TiTingHe AGAT RelsihaaVat Mot (ReE8 b o FRSEBRBH It "L ng
a refri gepasitdd anthatubafrimémbrire erF&epaumhe ShedTPRIL 8B sWasre
nonitored at the inlet and outlet of the nenbrane nodul e using

di gi tal tiRepsitareakihs sidgsoefithememarajiea tybe petting basase Thispuagestatsied t o

Ry ol ds e AR A0At&y6 ¥ oG dhsed nad 1> pBb et dr BRI BNAC! oF
1.4 - 1. pogf heatldel saks dranefer riffichndy, irethassubmdrbediMPBR Mmetelenaad no

sl udge wastage). The m xed |iqguor was aerated and the total aeration
rate vvas")_@oge derpsition OBNﬁ@Sﬁ%%a es®/PSstigns coyld kavexpedied B ni n of

air was ggql, %}g gga%q %ﬂoﬂgor from air diffusers for biological
activities. Another 2. [ mn air streamwas injected under the
I mersion heater directly to prevent damage due to the formation of

m cr obi a[0G113¢ cakdE&ESTrlésul ti ng from accunul ati ons of microbial floc
on the heating coils. [00111] The m xed |iquor tenperature was at

about 46 e pe ra al t rnatlvel set.at 25 C
or 15 C [‘@‘&14% comn?ﬁ%}gh tﬁﬁ@ﬁpoﬁhgm%&%’i %t\néq%,s@ﬂaésnsth each
t enper at ghéwn Th FIGESS Thednabrar moblildusethras epgpeartitififfehent
perneate tenperature, as_shown in Fig. 14. The perneate flux was

essent i amemirenstaaterials. hemmixediguer wae at Biemereatyrriof ahaytise °<§3ant ly

bart ol ThE TR RRM Gnlal e BF fhe el 83 Simef aFink e iBoi i S

?pgr oxi rzrmeeé ynoHidrdd gftRdigital #erfadnédtets ard thd-avethye Deameate 25 C
about
temperature was kept constant at 25 °C. A digital peristaltic pump was used to

control the permeate flow rate at 700 ml/min with corresponding Reynolds
* number of 248. The MLSS concentration was in the range of 1.4 — 1.6 g/L.

The SRT was infinite. The air aeration was performed similarly as in Test I.

[00115] The TOC in the permeate was found to be lower than 0.4 ppm,
and the COD of the permeate was almost zero.

[00116] The permeate fluxes for different membrane materials (PVDF or
PTFE) were measured and shown in Fig. 15. The PTFE membrane used had
a thickness of about 70 micron and pore sizes of about 0.45 micron. The
PVDF membrane used had a thickness of about 125 micron and pore sizes of
about 0.22 micron. As shown, the fluxes declined for both PVDF and PTFE
types of membrane materials. The permeate fluxes for the PVDF flat sheet -
membrane decreased from 12.7 Lim?h to 1.9 L/m?h in 7 days. Further flux
reduction may be possible. The permeate fluxes for the PTFE flat sheet
membrane decreased from 20.1 L/m?h to 3.6 L/im?h in 10 days. The flux
appeared to have stabilized at the latter value. The flux decay appeared
worse for PVDF than for PTFE. Cakeffouling layers were found on the
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L/ nR2h). The permneate flux was rather stable over the 16.8 days of
operation. It appeared that fouling did not occur in the system at
this |l evel of perneate flux and bioreactor tenperature. The TOC in
the perneate was found to be lower than 0.7 ppm and the COD of the

per neat e nvasblianesurfabas fé&. oth WDF A0 PITHE Aét siiecthoerhbimes. Tags, the
nmenbr ane nodul & was  renove from 26 the bi ?reactor nbrane

modul e WaEMPRS @e &he gakef Iaamrﬁwwavwmﬁw%aﬁ@m efers. It
b h th
Fobur oy CPéfdatciidenBhg HfACORISIATRHL SIBslaPERIEPSTREAL RatRAS! 1C
at the siltesestdltsdre shomr inrBahlede Adtwoughd® TS éat sﬁeatsn@ngwmeed i)
th di. it .to th tti b hyd
e T R P L T i
nodul e, g@agositibn oﬁll’iﬁ@Pfl‘ﬂEOﬁéttdh@@t RfenBrafet WaESmath h 1R itgk ons

coul d be expected at i gher MLSS concentrations. [00113] TEST II:
[00114] favrdey PVDF fdatesf@@t oenasranas. Wbsmogr;zgn@aimaef RoIp$acohatides hat

h [ . t it
G 1 or enfEbgiinBes KM TP E R SR SRE R et h e e, ot ur e
of about nfeniffaned TEhip eesEES RydettPBatbulyeacetiaride® probably pneceudn et  of
the nmenbrane nodule were nonitored with digital thernbnmeters and the

aver age Wmt@'et'@ﬁ%mwéewn@me sutasearit the VBB pracassglt al
tal "
Irone; Irnsnaw!;ﬂt corres ponﬁgoﬂ&gdgwéqfkem o;tﬁgi%.ﬁ c?hgﬁ‘f’g/h%é?@%t if

concent r gdtis@rerGrafmixedt ligior e perfturk) than dnderghk testidoddiishswisest |
infinite, The air aeration was perforned simlarly as in Test I.

[00115] (EI&4OTE0T mixeddiqyer teraperaliars)fdimte the ahangesdn peraeate. lixppm

luxes. 1 ST EprteR o et At Rulittlefibiarso PP & b R FLORG . e
and showmayrbdefective forl tentFiliry perisdie flunsaterhadubidat Mieekirgas of
about 70 m cron and pore sizes of about 0.45 micron. The PVDF

menbr aneMPSBLE iI§a§EE. t hi ckness of about 125 nicron and pore sizes of

[00117] - TESTIIE

[00118] Test Il was conducted using a setup similar to that shown in
FIG. 6. The membrane module used was membrane module ll, and was
submerged in the mixed liquor. The mixed liquor temperature was about 56
°C. The test conditions were as listed in Table IV. The SRT was 137 days.
The permeate temperature at the permeate side was controlled to be at about
25°C,

[00119] The membrane module was air sparged as illustrated in FIG. 9.
The two air streams, as indicated by the arrows in FIG. 9, were injected near
the potting bases at the center of the membrane fube bundle. Each air stream
had an air flow rate of 2.5 L/min. These two air sparging streams were used to
promote a turbulent flow regime in the membrane tube bundle and to enhance
the permeate fluxes. The permeate temperatures at inlet and outlet of the
membrane module were monitored using digital thermometers. A digita[

peristaltic pump was used to control the permeate flow rate, which was at
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about 0.22 mcron. As shown, the fluxes declined for both PVDF and
PTFE types of menbrane materials. The perneate fluxes for the PVDF
flat sheet nenbrane decreased from12.7 L/n2h to 1.9 L/n2h in 7

days. Further flux reduction may be possible. The perneate fl uxes
for the Pt 1004 mmirwithreepresnonding Raveelds ﬂamb@moi?:&h@iaio 3.6

L/ nh | .
val ue. ! Tﬁ&%g ﬁﬁﬁt e‘g§§1f£ gjlélg}'g %@g@ﬁ'ﬁﬁ?w %ﬁldrﬁ I@%;EE e latter
Cake/ f oubhéragiohayas fsedVleeuf alriffusers,fer Brom@tiny o giaa faaﬂﬁﬂeé and bot h

PVDF and PTFE fl at sheet nmenbranes. The conposition of the |

cake/ f oulMX{g !w@f%ds VRUOrahap @eireams e+ rd-/Bin pretlevere injected inside

pol ysacc a r (

concent rgﬁﬁg%@br bﬁﬁ@% ugéhkégpgée %\b\%@?rﬁ %bgﬁiﬁmh@ﬁgé ﬂB‘inE flat
sheet nerdbe ah@<$ Limiowrateidjextdd gheer thedheating cstl abthe manemd:rehéahtex t he

total prot it the P fI t £
was. muGHGHER SHAROE HAFE PISThBIaL S BEmeR oy AL IR RGO ST

concent r g iheatiRPLyipacchari des  deposit was Iovver on the PTFE fl at
sheet nmenbranes than on the PVDF nenbranes. This result suggests

t hat pol ysacchari des probabl y pl ayed an inportant role in fouling of
t he rrenb%&ﬂ@ 0% ur f afles PEAMESE TpBrRaD NMBesed and thenkestis expebowd in hat

of mi xed 0-aitsr T0e PR TR Y AE AR ERBR bR Aorekiibslilo ppftacr 1

(at 46 CI'IG)é patmesdtd fluyuaricdenititinat small rarbecoft H0Y bes abangén, with gar neat e
flux. Mre aeration or_inpsoved hydrodynam c conditions, or a

combi nat 2¥RT2ge vebigof 5. Frﬁ}/rﬂeh effective for controlling perneate flux

when a tubul ar nenbrane nodule is used. [00117] TEST 111: [00118]
Test 111 ond t FI G
6. The rooaeahe. moms ATHhEE fRrRERIPIS! Sabliy v terbus REHbrbTed

submer gelaydradymamic cardlitlanguand thehostagoresd 1dyiogl of theembmtmm ehamrselabout
56 C. The test conditions were as |listed in Table IV. The SRT was

137 days[gg@ﬁf peffﬁ%bg@gg&g%gg of ﬁ’gﬁtqutaﬁ‘ﬁf Wit g%é v?a'lt?e 1oW&F than

controll be a
0.2 ppm and the COD value being almost zero.

[00123] Test results showed that sludge production in a heated
bioreactor was relatively low but TOC in the bioreactor was constant. It
appeared that the endogenous respiration for thermophilic bacteria was

relatively low.

[00124] The results showed that a submerged MDBR process may
provide acceptable permeate flow rates with high permeate quality. The
permeate flux obtained from a submerged MDBR at approximately 5.16 L/m?h
was 123 times higher than in a reported submerged nanofiltration (NF)-MBR
and the permeate TOC was lower than 0.3 ppm.

[00125] Other features, benefits and advantages of the embodiments
described herein not expressly mentioned above can be understood from this

description and the drawings by those skilled in the art.

[00126] The contents of each reference cited above are hereby
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25 C. [00119] The nenbrane nodule was air sparged as illustrated in

. FIG 9. The two air streans, as indicated by the arrows in FIG 9,
were injected near the potting bases at the center of the nenbrane
tube bundle. Each air stream had an air flowrate of 2.5 L/ mn.
These t wincairporafed penein by refarenosere used to pronote a turbulent flow
regime in the nenbrane tube bundle and to enhance the perneate

fl uxes. rmea eg.at s. at_inlet d.outlet of th

ey ane [OEETe e ol chEFRE Y608 desausBiamBouRitSadinendkajo de o
peri st al fliustrativePorigandsinthd Wag Mitirey. THedesdRat Smbb&wieraé are Whi ch
was at 28 about 1000 mM/mn wth a correspondi ng Reynol ds nunber of

347. Tot &Hscepiiblg foonapymodifigations of form, @reangemsant of pars péetails sad

vol ume. ' atr . fe ' [

pronot i néﬂz)%ri) 8@?5""3 “afﬂ‘ ?Q’\% %@'@l&)ﬁaﬂa&wﬁé}z#‘l%ﬂe{g %é@éﬁﬁ%ﬁo@%ﬁ% air
streans @idifidationiwithdae ity seepe asjefiricady thei glaimg.he nenbrane bundl e,
as di scussed above. Another air streamwth a flow rate of 2.5 L/mn
was i njected under the heating coil of the inmersion heater to
prevent damage to the mcrobial cake formed from accunul ati on of
flocs on the heating coil. [00120] The perneate flux was nonitored
and the results are shown in FIG 16. The perneate flux was al nost
constant over a 15-day testing period. The perneate flux varied
within a small range of 5.01 - 5.46 L/n2h, with an average val ue of
5.17 L/ n2h. [00121] The inproved perneate flux stability may be due
to inproved hydrodynam c conditions and the octagonal |ayout of the
menbrane channels. [00122] The perneate was of high quality with a
TOC val ue | ower than 0.2 ppmand the COD val ue being al nost zero.

[ 00123] Test results showed that sludge production in a heated

bi oreactor was relatively low but TOC in the bioreactor was constant.
It appeared that the endogenous respiration for thernophilic
bacteria was relatively |ow
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[00124] The results showed that a subnmerged NMDBR process nay provide
acceptabl e perneate flow rates with high perneate quality. The
pernmeate flux obtained froma subnmerged VMDBR at approxinately 5.16

L/ n2h was 123 ti mes higher than in a reported subnerged
nanofiltration /%.I MBR and the perneate TOC was | ower than 0.3 ppm
[00125] WYHAT |Sé%b: MIED [Benefits and advantages of the enbodi ments
descri bed herein not expressly nentioned above can be understood from
this dedcrA ptatbod ahtreating dcantamgimated inflowecarkiplisiad: in the art.

[ 00126] The contents of each reference cited above are hereby 29

i ncor por at ed Bﬁf‘ﬁd‘ﬁ?s a'éeaﬁdt%g%s eﬂd)é}ﬂ,ﬁd aﬂ; QRN Gamidie above

descri bed enbo dto ustratlve only and in no

ol 11 oat i onePOIES o sfFARTINERbREE Bofted wi SARhieRkfon Brdfh

operation. Theand iv&uoidi communichton with émbeﬂl&t&ﬁnﬁmt,encorrpass aI I such
nodi fication within its scope, as defined by the clains. 30 WHAT IS

CLAI MED | S: 1plabirites BRsogitaltdgeat bAE said edvtamimabe thfiow Inodaid reaction
conprising: providing a bioreactor vessel defining a reaction

chanber; provtrmBeatabistegrage peontartnanidn sgiskeariaminaied inflamgwith
reaction cha §E1 blgi ICIElPaéé Ihg‘luggfﬂgHﬂ&lﬁ td |8ule Cén’ﬁaﬁlﬂpghllt hﬁSWCOHdUI t;

pl aci ng a bi ol 0gi ca agen con am na ow i nsaid
reaction cha to_biod rade nt armni ai d contan nat ed
o ow wi th - 8Rling Y b eRg susSOeh AR e A e W

contam nant i {HrbGyh saidl stillatibA Inembramier mogueé ahidutfiw;adhd sai d | ower
contam nant inflow through said distillation nmenbrane to produce an

outflow and c@xddtmgtddid obfflod Qﬁ’ttcﬁf'% faHctigh &%Hberr%%hbﬁ%awém‘ﬂﬁr

through said outlet™ conduit. 2. The method o laim1, "wherein said
cont am nat ed ¢@ndwly conpri ses
2. The method of claim 1, wherein said contaminated inflow comprises

wastewater and said outflow comprises water.

3. The method of claim 1 or claim 2, wherein said biological agent comprises

a biomass.

4. The method of any one of claims 1 to 3, wherein said membrane
distillation (MD) comprises at least one of direct contact MD, air-gap MD,
sweeping-gas MD, vacuum MD, and isothermal (osmotic) MD.

5. The method of any one of claims 1 to 4, comprising heating said lower

contaminant inflow.

6. The method of any one of claims 1 to 5, comprising aerating said reaction

chamber with a gas.

7. The method of any one of claims 1 to 8, wherein said distillation
membrane has a feed side in contact with said lower contaminant inflow

and a permeate side from which said outflow is collected.
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wast ewat er and said outflow conprises water. 3. The method of claiml
or claim2, wherein said biological agent conprises a bionmass. 4.
The nmet hod of any one of clains 1 to 3, wherein said nenbrane
distillation (M) con}_)ri ses at | east one of direct contact MD,

ai r-gap BD, Thamedpichg-gjaisn KDrheeeiusaidvibstilatidninsembeanesis stbgresgéd) MD.
5. The met hod_o n ne of claLns 1 to 4, conprising heating said

| ower cont' rﬁaf’fldqug'%ﬁgp '”%f.‘t Wh%wmet hod of any one of clains 1 to 5,
conprising aerating said reaction chanber with a gas. 7. The net hod
of any ope THe mlethdthoflclaion 8.or\Wimed rwisdreih sHis fédd 8kieas at ggRdr ane has
a feed side in contact with said_|ower contam nant inflow and a
permeat e sit@BPErdRTawsRichrermepts side \atiasseconddempgratyte, @ndmwadd figst hod

ermeal e siteEIPEFBHTAUELPysRepInsiis . shing! fthod
over - cont A Raraeie ok e it kB SR A S TR PEET 5. 7

wherein said feed side is at a first tenperature, said perneate side
i s at a $ecmeimethacofatlaine9, whdredmisdidffirsistempieratuee i i the rnggef 10 han

sai d second t rature by 5 70 C 10.. The netho f.claim9,
wherei n_ani 8 9 Lot sheond Briperiturhes iigaanee 9551 3058 C - and
said second tenperature is in the range of 5 to 30 C. 11. The net hod
of any on¢ THe RletidtBoflariyorddof WERAEH Ro 981 Whetsih ishiPdisiktioRenor ane is
porous, having an average pore size in t he range of 0.05 to 5
m cron. 12 MEMErana kRProws,diayinghan aversigsi pase sizeointthe range of .054p &
di sti IIaticmicr nbrane has a thickness in the range of 0.05 nmto 1.5
mm 13. The nethod of any one of clains 1 to 12, wherein said ‘
distillation nenbrane has hydrophobic properties. 14. A systemfor
t r eat i ng12. Tdenmathatbdfeahy ovié ofclaimespto 91 perhereibisaidedistiltationessel
defining a rea%tion charir‘o,elr(, for Ri odegradi ng said

membrane has a thickness in the range of 0.05 mm to 1.5 mm.

13. The method of any one of claims 1 to 12, wherein said distillation

membrane has hydrophobic properties.

14. A system for treating a contaminated inflow, comprising:

a bioreactor vessel defining a reaction chamber, for biodegrading said
contaminated inflow in said reaction chamber with a biological agent to

produce a lower contaminant inflow;

a distillation membrane located within said reaction chamber, for
distilling, by membrane distillation through said distillation membrane,

said lower contaminant inflow to produce an outflow; and

an outlet conduit in fluid communication with said distillation membrane

for extracting said outflow out of said reaction chamber.

15.The system of claim 14, wherein said distillation membrane has a
hydrophobic surface.

16. The system of claim 14 or claim 15, wherein said distillation membrane
comprises at least one of a flat-sheet membrane, a tubular membrane,

and a hollow fiber membrane.
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contam nated inflow in said reaction chanber with a biol ogi cal agent
to produce a |lower contam nant inflow, a distillation nmenbrane

| ocated within said reaction chanber, for distilling, by nmenbrane
distillation through said distillation menbrane, said |ower

cont ani ndit Thensystemt af gmochecef cainmit4 tows, whdrmxmsautdlelillad:londui t in

fluid communi cati on th said distjllati for extractin
L ous 1 oeBTaRT celapasseadralstialselatien Trofs po S ot ol ai

14, wherei i 0 drophobi ¢ surface.
16. The sy;?cg%wﬁ){”aeﬁglflnqoilgbogn%?méiﬁﬁtﬁmrﬁgeﬂésal d distillation

menbrane conprises at |east one of a flat-sheet nenbrane, a tubular
menbr ane,18. Bhrisystawml ofanyf ongeef claims dhio 132Wm¢!‘elﬂ'ﬂétd§pemmmﬁ any one

mtor ol scra RIS sBE ) aed one B8R o RABHEEE iSRS S

pol yt et r af | supsepitdrgbe MD, a&uuﬁw[syaﬁide]@bﬂferm@y(oymtwj Mbaims 14 to
17, wherein said nenbrane d| stl I 'ation (MD) conprises at |east one

of direct pc_ﬁnt act MD, air-g svveeql ng-gas MD, vacuum MD, and

i sot her md %ﬁtmofmy w Oﬁfﬂ@n!,sy%‘& &on! B C%[HE)”%HQ aHaINGHRY 14 t o
18, conpri de(;@;eg:iaﬁ?%.a ’Bicﬁ&ﬁgbr vé‘&&ﬁj'f&daératuﬁg?‘ggud%%w&?Et?émlﬂ&ﬁﬁfﬁh d or e

aerating sal ction er wt stem of any
of clains lgast o 18, wherein said gas conprises air. 21 The system of
any one of clainms 14 to 20, conprising a heater for heating said

| ower co 'nan inflow 22 he s em,of , anyone, of clains 14 t

21 CompPPol I SERte i ATSh e PR IGrS 14 I rgharataraiyians 99 HPRee b ar ry
said outflow away fromsaid distillation nenbrane. 23. The system of
cl ai m 2221 cThsystembfanyanid ocldiend ¢4 td 20, éstaplisiflg Shshtecdr heafisg

fluid.
said lower contaminant inflow.
22.The system of any one of claims 14 to 21, comprising a fluid circuit for
flowing a carrying fluid to carry said outflow away from said distillation

membrane.

23.The system of claim 22, comprising a cooling device for cooling said

carrying fluid.

24.The system of claim 22 or claim 23, wherein said fluid circuit comprises a

fluid loop for recycling said carrying fluid.

25.The system of any one of claims 14 to 24, wherein said distillation
membrane is porous and has an average pore size in the range of 0.05 to

5 micron.

26. The system of any one of claims 14 to 25, wherein said distillation

membrane has a thickness in the range of 0.05 mm to 1.5 mm.

27.The system of any one of claims 14 to 26, comprising a membrane module
selected from a double-faced flat-sheet membrane module, a flat sheet

cassette membrane module, a tubular membrane module, hollow fiber
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24. The systemof claim22 or claim 23, wherein said fluid circuit
conmprises a fluid loop for recycling said carrying fluid. 25. The
system of any one of clains 14 to 24, wherein said distillation
menbrane i s porous and has an average pore size in the range of 0.05
to 5 mcron. 26. The system of any one of clainms 14 to 25, wherein
said distillation nenbrane has a thickness in the range of 0.05 mm
to 1.5 mm 27.The system of any one of clains 14 to 26, conprising a

menbr ane modulbeandsebgicd aduhd omembamgrheddlacsdld Mahbiaheehodmerbsapasing
nodul e, a fl at ,ﬁheet c%ssette nmenbrane nodul e, a tubul ar nmenbrane
modul e, KR GRIFURE MSBDFRNRII ¢ and a spiral wound menbrane nodul e,

sai d nenbrane nodul e conprising said distillation nenbrane. 28. The

syst emefTid gygterd of cliare, Whepdifl sERIMAEABLar ek 8lctRifinds Binaftehidl Alial
fluid channel for receiving said outfl ow perneated through said

di sti | | atGheRnaEiepFeasding saif @uitavy peifecaied threugh saididistdlatien meanbrane,
b .- - 3 1 N
onen ot Jor s mightah@ Wi O BEHIBRT be Aldidoet i sdiffoR¥eéditiinaRl’

di stil |l atinbew.nenbrane. 30. A nethod of treating wastewater,
conprising: providing a bioreactor vessel defining a reaction

b1 otogPadt oyt afly Ao ior oM 13 28 ipusa 2lieine BRGAAN PRI

react i on disthiatitbe ménsbraneduce | ow cont am nant wast ewat er; and
distilling, by nenbrane distillation, said | ow contam nant wast ewat er

t hr oug aid distillation nmenprane to.produce purified water. 31.
The ne?'ﬂd%”@gh%ci 8%%’?%*6‘9 W?\gg%r’s%ﬂrﬁprbﬁ"gqmss is activated. 32. The
met hod of claim31, wherein said activated biomass conpri ses
activat ed Bioyifljeg adipreavier veasebdeiing papact®w, chameesi n sai d
bi odegr adi ng conpri ses bi odegrading said

providing a distillation membrane in said reaction chamber;

biodegrading a contaminant in said wastewater with a biomass in said reaction

chamber to produce low contaminant wastewater; and

distilling, by membrane distillation, said low contaminant wastewater through
said distillation membrane to produce purified water.

31. The method of claim 30, wherein said biomass is activated.

32. The method of claim 31, wherein said activated biomass comprises activated
sludge.

33. The method of claim 30, wherein said biodegrading comprises biodegrading said

contaminant aerobically or anaerobically.

34. A method of treating wastewater, comprising:

providing a bioreactor vessel defining a reaction chamber;

providing a distillation membrane in fluid communication with said reaction

chamber;
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contam nant aerobically or anaerobically. 34. A nethod of treating
wast ewat er, conprising: providing a bioreactor vessel defining a
reaction chanber; providing a distillation nmenbrane in fluid
comuni cation with said reaction chanber; 34 biodegrading a
contamnant in said wastewater with a bionmass in said reaction
chanber to produce | ow contam nant wastewater, said bionmass
conprising ,thernmophilic bacteria; heating said | ow contam nated .
wast ewat of ; DISAGOTRREHY £ CPRGTTR IR RAR IS AERT 1At HAMESS 3 g eaction

cont ani nant cH@RbaMRt Bl RWIbNtSRIN@nBivabicWatdr SfidMisMASY SorhBridthgduce
purified water. 35. The method of claim 34, wherein said distillation

nenbr ane i stes®gphitic bactsride said bioreactor. 36. The method of claim
35, wherein at least a portion of said biomass is circulated from
sai d bi or eabe@lingsaid w centeriinkied wastavaatenandenbr ane and t hen back to
said bioreactor vessel. 37.A systemfor treating wastewater,

conpri si ng: digtilbhartyamembrars distillaliehi saiddowa cortaminant vedsiessater tHrough

bi odegr adi ng_.a 4. . AT t. 1N, saj ste er. with a biomass in said
reaction chgI gPW%%%%&@?BW@H&%WH@% W\%%'t ewater; and a
distillation nenbrane in said bioreactor vessel, for distilling, by
menbr ade- The wethodzafickim: 3. sherein satd distitation anersbramens lasated eutpideseid
cont am napbuRelevwater to produce purified water. 38. The system of

claim 37, wherein said biomass is activated. 39. The systemof claim

38, wherein said activated bi omass conprises activated sludge. 40.

The sy3$beeonetiiodighclim hevhsirein shiessbapestian ¢fssaidpishassds circulated

bi odegr adj i ] r R ) f claim

0ok 3P ero BBt 80908 BB AN o and B S SR S
bioreactor vessel.

37. A system for treating wastewater, comprising:

a bioreactor vessel defining a reaction chamber, for biodegrading a
contaminant in said wastewater with a biomass in said reaction chamber to

produce low contaminant wastewater; and

a distillation membrane in said bioreactor vessel, for distilling, by membrane
distillation through said distillation membrane, said low contaminant wastewater

to produce purified water.

38. The system of claim 37, wherein said biomass is activated.

39.The system of claim 38, wherein said activated biomass comprises activated
sludge.

40. The system of claim 37, wherein said biomass is capable of biodegrading said
contaminant aerobically.

41. The system of claim 37, wherein said biomass is capable of biodegrading said
contaminant anaerobically. '
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cont am nant anaerobically. 35 42. The system of any one of clains 37
to 41, conprising a heater for heating said bioreactor. 43. The
system of claim 42, wherein said biomass conprises thernophilic
bacteria. 44. The system of any one of clains 37 to 43, wherein said
distillation nenbrane is |ocated outside said reaction chanber. 45.
The system of claim 44, wherein at |least a portion of said biomass is

circul fromsaid reacti,on chanb to sai,d distjll ation nmenbrane
and t nih Bace{Eh BErdy SFEGhe Rl SRR Bhrcoming & hebler 1t heding'sa
bioreactor.

43. The system of claim 42, wherein said biomass comprises thermophilic bacteria.

44. The system of any one of claims 37 to 43, wherein said distillation membrane is

located outside said reaction chamber.

45. The system of claim 44, wherein at least a portion of said biomass is circulated
from said reaction chamber to said distillation membrane and then back to said -

reaction chamber.
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