NUTRI ENT RECOVERY METHODS AND USES THEREOF Background of the Invention
Wth the rapid expansion of intensive |ivestock operation worldw de, and
wi th the woeneamisag demand of renewabl e energy producti eoTfcaamimseass,

| ar ge- scal e anaerobi ¢ 5di gestion of what were fornerly consi dered

"bi o-waste materials" (such as animal manure) for biogas production has
gai ned much attention, due to the potential econom c and environnent al
benefits. Anaerobic di gesti on produces nethane rich biogas, as well as a
di gested effl uent (aI so _known as anaer obi c di state cont ai ni ng

si gni fi cant anmpunt SUSRIENF REGO VR METHODS Ad EREB§en, phosphor us,

and other plant nutrients. These 10nutrients are vaI uabl e for pl ant grow h,

however, mBicksidahd 60ihe BiNen@baON in the digestate may be relatively | ow
conpared to commercial fertilizers. Currently, the only practically

feasi bl e opti owifhahe fpidaghagiot ogRsdnait€lit&todk begitioaR@ridGalel &1 with thand. Due
to the low concentration of nutrients, the relative cost of transportation

can be hi difreaingienay o cuab! eetﬁagyueot}fﬁla? Gea s Srarrpladnigo¥t di gestate

My OCGUr d@stfon’ o Shhi werlBRMeMd cdnbRbred SRULWk @ MaferbRN{RLNSGni HAT €I N may pose
potential environmental risk to the surroundi ng wat er bodies if inproperly
¥

nmanaged. B fof Brogpsigodusher basicamedmueh ignid. fyedmtiearoiersialiesorinyest at e
woul d al | quy Erﬁﬁrohﬁ@r{tﬁ%%ﬁéﬁtsg %&&%@bldcﬁ bsPdn JrO&REs rFlétH&Héchﬁ b?b%gs Lhebir as

derivatives, and thus a nuch | owered environnental risk umrary of the
I nvent i on aziogesied phivenalenkngsses PRAEtPbitedigdstatep eovainies significans pooets efet hod and

systems { QiR EhESRILYEL XuSERREALhRGL LAHIES ol ARG dhelsn b o wast e

materials, SUCh as anaero us . or better
ext r ad0i omutients ke ahwmbletier phant piostit Sowever. atrishoumemgatintie thealigsstahus  one

aspect of NG LINRIN 190 BLAVLAERBRolideli, Al +SRARC AL 41, Lo for 2

25bi o-wast e t
cationi c peisipéd aptibm ﬁjrynaeagmg dhg@tdm io-dinexs tipplwhtidnuo @;ndaﬂde to(tBg losepar ati ng a

solid portion from rition of. the bio-was e t hrough

o chan, eacorinRlebpiidtt SRR Dl ati e bR i LNCOUON
is vvastewat:@fonmsmtmffd@ttete Brockglingaof i geseanayeiotis as b Rgulpingean@gtiat i s an
anaerolglc di estate t|n from an robic 30 d'lgtlot ion of .an organic

wast e. °Th&! 5%?183‘ d¥iprqlea %“8‘}‘“‘?‘?63#85 § JUreuRdig VAR hyr e,
ani mal Pafbﬁai8§i$$rnﬁt6ﬁer@frﬁzgﬂagedp|l\gcﬁté efTEdtieE g@hnaumgafgel\mtsf gfrom sawaige, food ] f
processi ng,. wast e n- deri ved wast e, carde 00 a mxture t hereo
In certai lgéﬁtstaawtdrﬂ llgw fpjacrgasgd %@@wfﬁﬁaﬁ BIOgHes BET erd e dof  about
2-15% abempils a3nkB¥6wsd @R mEtB Wk 51 n certai n enbodi nents, the high

nmol ecul ar wei ght cationic polyelectrolyte is a CIBA(r) ZETAG'-type

cationic el ec rhoIIyt e or simlar synthetic or natural chem cal
COprOUI’]dS mary of the Invention

20 The invention described herein provides an improved method and systems for
more effectively separating liquids from solids in bio-waste materials, such as anaerobic
digestate, which may be useful for better extraction of the various nutrients in the bio-

waste materials.

Thus one aspect of the invention provides a solid-liquid separation method for a
25  bio-waste mixture, comprising: (1) adding a high molecular weight cationic
polyelectrolyte to the bio-waste mixture; and, (2) separating a solid portion from a liquid

portion of the bio-waste mixture through mechanical / physical means.

In certain embodiments, the bio-waste mixture is wastewater, sewage, etc. In
certain embodiments, the bio-waste is an anaerobic digestate resulting from anaerobic

30 digestion of an organic waste. The organic waste may comprise one or more of: livestock
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In certain enbodi nents, the CIBA(r) ZETAQ'-type cationic polyelectrolyte
is one or nore of: CIBA(r) ZETAQEr) 7623 (or 8110), 7645, 7587, and 5250,
and MAGNAFDQ@(740s48338, 351, 1011, preferably ClIBA(r) ZBTAGA2)11/6@:32( or
8110) or 7645, or equival ent thereof In certain enbodi nents, the
cationic polyelectrolyte is added to the bio-waste m xture at a final
concentration of about 100-1000 ng/L, about 150-400 ng/L, or about 200-300
ng/ L, or about 250 ng/L. 15l n certain enbodinents, prior to adding the

cati oni c PNyl emalsRyeasses adioiel. plapt meiersdl ovarienaisr.sewagselopdl BrogRssing mi xt ur e
(s mechaniGalo! yunhgflyed waste, biScoF@RUTALoAIRRMERRS the mechanical -/

physi cal neans for solid- |qU|§'separat|on I ncludes centrifugation or a

sl udge dewat er [mrtalmafbaﬂluﬁm(sahgbm VBTt RIFEIRS adlid@panadfabdut 22165 certain
enbodinentg the od fggther conprises: (3) adding to the liquid portion
a phosphaﬁ/mﬁﬁégl MoSHgents, and, (4) settling the resul ting phosphate
preci pict ati on n
enbodi rsrent S, ncept%iosp gle;ﬁ)t?gtg?%ig{l git% ?Egﬁla}g‘géel%ht%ﬁoqm }?Teyél&tr(&%{e lﬁh or My
salt. 25IﬁHBé?EEH%(bmbgdumemtsdeh@HmﬁehmmmﬂuKVMhﬂmcmnpmn$dsnmapturlng
ammoni um from the second Iiquid portion and purifying the second |iquid
portion. fﬂ annnnlun1capture agents can be, for exanple, digested solids,

di gested solidp d’e%ﬁffneeﬁlbg&'mﬁﬁﬂs Ctﬁe CWZWAUQ-%%)CM(%@ olyelectrolyte isond? certain
enbodi nents, the secqnd ,Bﬁgg tion is purifi %ro§g§ one or nnre

30st eps ofor Aok &t F1BA 24 uﬁ3r(alr$]|19} deton) 8% é@ﬁbﬁé@ BIMACNAFERE or i on

exchange. 3bg Ber i %ré@?&@l@'dl’ﬁ!&‘@%m%@ gIA] kcfrBS'lT@ * Y65 bfeafalched OUt prior
to the amoni a capturing step. In a related aspect, the invention

provi des §W§@éns or apparatus that are adapted to carry out the nethod

steps of the ipvention. For e e, em of t venti on may be a
S0l 11 quid SBYERan Dol erS R REyEHg PN GRUTE SAIPBIS BeFoRaHFng the hi gh
nol ecul ar miktuvit glfihalCdhdeaithfon P byl €0t T@OHEL tBolithe0 O mpas beatiuxt ur e, and
any suitabl e nech ni cal hysi cal means for separating the solid portion

/
fromthe |P%aP%H§ 3yl ‘%ﬁﬁ%%% Lbi o-waste m xture. Any embodi nents of the
nventjion descr] AedIBLENMGRL G EPN SIRLAE bfc B8, SOTRINABIE Wt D any. ot her

enbodlnents of |nven on wher e appFica enbodlnents
to be conbwm@dnmmw‘meb&ewamamemyede&mhmbeﬂymnﬁﬂr different aspects of the

invention. Brief Description of the Draw n FLgure 1 A schematic
representatlonhbﬁﬁﬁnﬁV@Péawnﬁd??F@ﬂ@nW@débﬁ¥%ﬂ ey ralid-liagdne steps may be

0pt|0n3|,saﬁﬁm%Hﬁﬁhﬁ%@&%ﬁﬁﬁgmB@opﬁﬂ&B&W@thﬁgﬂmﬁ&g&Eﬂhg%@&Hﬁﬁ&ﬁ%rl5
conpared to m@ag is shown
separator

20 In certain embodiments, the method further comprises: (3) adding to the liquid
portion a phosphate precipitation agents, and, (4) settling the resulting phosphate
precipitation to produce a second liquid portion.

In certain embodiments, the phosphate precipitation agent is lime, woodash, or a
Mg salt.

25 In certain embodiments, the method further comprises capturing ammonium from
the second liquid portion and purifying the second liquid portion. The ammonium capture
agents can be, for example, digested solids, digested solid treated by acids (such as
H,S0,), efc.

In certain embodiments, the second liquid portion is purified through one or more

30 steps of microfiltration, ultrafiltration, reverse osmosis, and/or ion exchange.

In certain embodiments, the purifying step is carried out prior to the ammonia
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Figure 2 A schematic drawi ng show ng an exenpl ary ammoni a stri ppi ng

process. 1 - direct heat exchanger, 2 - indirect heat exchanger, 3 -

anmoni a swoipoagsssower, 4 - gas-liquid contactor (opti @enalQa20l@F0602hot CO2
or flue gas, 102 & 301 - CO2 stripping gas, 103 - circulating water, 104 &
203 - hot water, 201 - line-treated manure effluent after 20settling, 202 &
303 - hot manure effluent, 204 - cooled circulating water, 302 - stripped
gas, 304 & 403 - NH3 stri pped effluent, 401 - CO2 gas, 402 - CO2 reduced
gas, 404 <Cappingpégpt di schar ge. Fi gure 3 Represent ati ve results of

anmoni a strlpp nder fferen conditions. (3A eff of t erature on
anmoni a stripp ‘}fg %tt e§ S AMFIHORTEFCS %@}15 ?:rfmlf) eﬁﬁpﬁeﬁg%mmni a
stri ppi ng cairy @fitheanethdAX6SOR the (BGhti @i fFacéxaﬁfpleQ;Bz ¢t eNthe aive@fon@fayanmoni a

stripping.,at 25C an i son tripping from
nur o of BF gl dssbaiaien yeng B a Al e e At icghaneh ot i 406
CQ2 gas, (wht wtﬂohlc%é%e@@olga% thé Bio-was?hixGRERAd A5 aRitste ﬁB@lﬁﬁ&baﬂ/S”l ppi ng

frommnure effluent with diff erent concentrations of CO2 - at 25C and
pH 10.9, (PBG)caheasEoRpRaBesh B! porigmfromripliaud RIHPHY %blmaﬁ

mai nt ai ni pYg<«RK - (A NHACL solution with 0% CO2, (B) NH4CLl sol uti on wth
14% C2, (C) manure solution with 14% CQ2; (3l) influence of the CO2
concentration iAny stbodipenigofyhs invent@hkiadcribel lwhsmbmtamplav&dtmhmi um
concentration was 80 /Lin.snh i C_solution an i.n
ranur o ef £POBRESE piE AR, HeramgsAt BEmein B e Bieing apen
Cent r i1hugeehbddigrats eshbdivaibitee nel fob sepatatdy ddstiitad vptier HdJerenf Bypetientthe f uged

di gested nmanure effluent (initial pH 10.5). (C Centrifuged di gested nanure
ef fluent @YPE9%I pH 7.6). (D) Lime-treated, NH3- stripped digested nmanure
effluent (initial pH 10.15). (E) Tap water (initial pH 11.5). (F) Tap water
(initial el DRycription of the Drawimiggur e 5 pH change with the anount of CO2
injection for line-treated and NH3- 10stripped nanure effluent at a rate of
0.2LC® /(m Eighreelf Wsam’nha)tlc répedsanthigsh dDaSyZpiéalbhliltﬁént@écotzé‘rﬁ flow\camt.i on

The inventjon j ed on the su I Si that certain

cati on o SORGaIBBRoPS e oS gr e e e S R PR “igenaded fo

bi o- wast ecﬂﬁpﬁédwﬁmpi’slsﬁdswrﬂ.ﬁ o solid-liquid separation, greatly facilitate
t he subsequent solid-liquid separation step. The Iiqui d portion, once

separ at ed fr onFigote 2d Apehenmatia dm‘mggshpW@gsam@r@nmlamrtmg strappigepreeehy ect ed to
further dqwn LY BN ially greater
ef fici enc?/, %%ecg?em%gﬂ%g%géd?ﬁ%{ﬁ%ﬁ%ien a %ehlnﬁer 0 m‘é"sﬁ?g@?%oﬁi&tr Aguch as a
l'iquid di lgaehquid omtdceedgitionds 1Dh- ol @harflob gp $0% & 320A(ﬂ§hrsd1ppg1g@as t he
instant i ri%’?ntc{rglﬂat W ?er 1%4 é’c% dhos[%\p raZtOI Or] tﬁea?e% manu eeftl?uent gﬁSt e mxture
is provide, the net /Ko conprisSing: addi Rign ol etulcar wei g © cationic
pol yel2oct rsedlinke22a% 8ok botonanast efflusnk 204 ecocﬂﬂs&blrcalap@‘aatemgoa— siopped port ion

froma liqui rti,o f the. bi e tur chancal
physi cal | %gslaggg&@g —m@#“#me%& uﬁl)rﬁaz\f@l g(tc‘?t)x 5 Zrognp%&p%?‘ifg&%%?t?él vt e is
pr ef er abl yffafent diehbrgpe and 25equi val ent to the CIBA(r) ZETAQ'-type

cationic polyelectrolytes. Preferred CIBA(r) ZETAG@'-type cationic
pol yel ect rol yt Eiguredd Bderessneating reprdis of athmo@p Baipping arieaditieyeny gn@iticns. 8110) ,

G 1) TR s MKkt o 92 ma 088 oo TR 100 < Very

sim | & t @H onammonia stripping at 25°C and 14% CO,; (3C) effect of CO, concentration on

di gest ed

ammonia stripping at 25°C and pH 9.5; (3D & 3E) comparison of ammonia stripping from
manure effluent at 25°C and pH 10.9 and at 40°C and pH 9.5 - (3D) with 14% CO, gas,
(3E) with 75% CO,; gas; (3F & 3G) comparison of ammonia stripping from manure
effluent with different concentrations of CO; - (3F) at 25°C and pH 10.9, (3G) at 40°C and

30  pH 9.5; (3H) ammonia stripping without maintaining pH - (A) NH4Cl solution with 0%
CO,, (B) NH,4CI solution with 14% CO,, (C) manure solution with 14% CO,; (3I)
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ZETAQr) 7623. It is also a cationic powder, with slightly higher charge
and the sane 30 nol ecul ar weight and viscosity as ZETAEr) 7623, and can be
consi der edoani2agos4sal ent / repl acenent thereof These Cl BATrOA22EHIAW@OR) or
MAGNAFLOC(r) cationic polyelectrolytes are cormmercially available from Cl BA
Corp. (now owned by BASF Corp., Florham Park, NJ). A "ClIBA(r)

ZETAG ' -type cationic polyelectrolyte"” include all cationic

pol yel ectrol ytes having simlar or identical physical / chem cal

proper t i esnflugpes ob thef(Proqonemtratiady irisirigping Ses onrpblepting congenpti aafAmnogRIn he
respectiv jl}{lﬁgﬁl@\ r i J simlar or
nearly i dgﬂﬁe%t{%réﬁiﬁg&%%%%si ti o%m&ﬁa%lgg?%g@%gfggﬁn%dég% wei ght ,

vi scosi tyefftusal or de-watering capacity, etc. Sui tabl e cationic

pol yel ectrol yte. may he add to the big-waste mxture at various final
concentrati ons?lgtl@p%gﬂliuﬂﬂl&%dﬂ"ﬁ‘ge ENHEBP]?%IIBg ?%'e%féeﬁglfk}%rdlgfété and the

bi 0- wast e AnRiEMical (Mg PA 12).e@)T@nirifxRTRIRE Yl HANGEaTILal (iasl pror anaer obi c
digestate / manure effluent are about 100-1000 r’r%/L about 150-400 ng/L, or
about 2001860 (g/Gentrifed Fisattebnanuigeiflusn (ipivak R 7.0). (D) Lipe-freateda NAL-

enbodi mentg;p EHdigésteﬁ%ﬁqwe@%éﬁh@niﬁﬁtpmm.ﬁ).pg)%b Qaler QhivibigH P1.$)herpi owast e

m xture (sucﬁ as anaerobic digestate), the bio-waste m xture is

mechani calliap vigiex 6aitiai@iR2s i s partly based on the discovery that certain

bi o-waste m xture (sugh,as anaer obi c di t.ate .cont ai rge anount
of “phosphar e t higtrecaAgades SARHCddat U Sefpdor bR mRtraE b W thou
t he addi t iseipped mendresMadnt phosphdDe-Ipcosi(pid- Btifaentpgent s. Overal | phosphate
recovery / renoval may be inproved because of this mxing. Mst (if not
all) bio-waste materials nay be treated using the subject nethods. In 20
certain enbodi nents, the bio-waste m xture nay be wastewater, sewage water,

etc. In cqjfied RIGHH oMM R InVBRioRI 0-Waste is an anaerobic digestate
resulting from anaerobic digestion of an organic waste. The organi c waste

MRy conprises QREINQEntIR [Epaftly bakddVesthOGlfpiBipUiRovaP iHiBderaR aAGHes and offal,
pl ant material, wastewater, sewage, food processing waste, human-derived

wast e, di PelelgeEplyte@r “rolymaersn &g updeherar wdn apldet teer-wpitg/matehds piig- wast e

m xture h ~ i n : 189 =109 ; ut 5-8% For
D1 0- veiet o ekl A BEMCR el AR L g oAl ey sl §
cont ent wdde &gt @prtioh, anheseparied diomdiofid peran uiag e sybigehpethedumpdet o adj ust
the total i i.tabl | ~ I for
sol 1 -1 g LS AR o S b B o URE WA e BT SRy RS, O
sol i d- | i queifdigepar atay ba useBulirtalylie a meabs of npdraiches, socheaw apresisliluertfa@r y press,
filter pr SSiiof %lirtl f‘iatilt%[ lggtess, various kinds of centrifuges (including
sol i d- bowl "decant e?I}, Bkt odewat er | ng, etc. In certain enbodi nents,
the nmephod fur esrdin® thé #8&at ihvhii & disBIgd-LiQuid fPataliSHinShb@Id b BN -Rasghosphat e
precipitation agent, and, (4) settling the resulting phosphate

preci pi t atigirais pisygbemathed exsmifisinggaddingrdrgh Balecutyrweighi giogic t he

phosphat e ,af ekt @1d MR pRARRLe FRKL End LERIAASE dotid Pk Mgl £ or 1y

be wood ash-Iike materi als. - bbased phosphate precipitation agents may
i ncl ude quotiehiofrthe dro-whstomtxtyse theough mesicham ki mhessicad negans. above 95% CaO)

hydrated |ine . 0., above 97% Ca( OH) 2 owder .or Li 1] k thereof Certain
| ow- gr ade Iirre(rﬁ?al%g]? F’éﬂi)e&ﬂarsﬁ?:‘ﬁﬁté%é%;‘?ﬂ%eﬁwr &1 E’r(#erﬁyn‘g[] e RE #Ker eof ) can
al so kg usgalvalbdt i@tk lOIB AU FETAS " ay SOIHRbEX péll ¥ bdiio 160 PERbrfddn@BABSt | y CaCCB,
CaO Ca( 2, ghd CaMg(COB)2. Suitable My salt mahi ngl ude, .for exanpl e,
MyCL2, MyBETAS Myposaionicy elRgEtde nsludn et ear at Rty ZFoiCe PP {%ncy Mycos
may al so Be1MSRAs Ul ang8bi@hid KARSNAFIONE® 338, 351, and 1011, most preferably

CIBA® ZETAG" 7623 or 7645, or equivalent thereof. ZETAG" 8110 is very similar to

ZETAG" 7623. Itis also a cationic powder, with slightly higher charge and the same
30  molecular weight and viscosity as ZETAG® 7623, and can be considered an equivalent /

replacement thereof. These CIBA® ZETAG" or MAGNAFLOC” cationic
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In certain enbodi nents, the nethod further conprises capturing anmoni um
fromthe second liquid portion and purifying the second |iquid portion.
Anmoni a rworeelo4bs4em wast ewat er can general |y be achi evedTidaougisoghysi co-
15chem cal , biol ogical neans, or a conbination of chem cal and bi ol ogi cal
means, including air stripping, biological denitrification, steam
stripping, selective ion exchange, menbrane separation, and breakpoi nt
chlorination, etc. The choice of a particul ar anmoni a renoval route may

depend on pphelesizalvieears rommerciatls peatable fromdCTBd €orazpew owrekbsBAShped NI -1 3
gas may bg golhestadandpurified in its gas form Alternatively, NH3 in
t he NH3- enrolﬁ:lghed alra 0 ngy be further absorbed into a solid matri x.

In certain enmbadioBat ZETAGE -spcainiohit pelyélectpnd i igeludesallatiodic ed t hrough one
or nore ste@s of mcrofiltratio ultrafiltration, reverse ogfm)m s, and/ or

i on exchaif electrolytes having sppifar or endieplnly esly shenienl Prsnpries, Ppgorbaslions carri ed

out prisor stfllati@r ﬁé‘ﬁﬂ?ndlddﬂte@l@m ﬂ{elréhge&fﬁv@[!IB&® yptaedseMAGBNE&PDOENt rati on of
anmonia in the i portion to facilitate 25easier, nore conplete

stri ppi ng.products, mﬁwl%&ltnaﬁrrprélﬁ%bfdﬁ%ﬁ% | sherpical|compositiosia FAEYFE 2¥e&%Esed, it s
pr ef er abl yndi@slak ev@lgﬁmls&%ﬁpraﬁd@mm@n@Jabm!yrwc because |ine precipitation

i ncreases sol ution pH, may be beneficial to the ammonia stripping
process. Suitable déuomhmlydatmlykamqf bd dilded/@rthcohis-vwastp @ctiareaf virtoas i nvent i on
are descrl te water (e.g.,

d bel
Aheer oot o i ebrenflions SbaRRRE G GRFEY Ban et lvareSel BRI bR o hor us
may beaot rﬁ@mﬁl beyngatlremwdbE&erﬁﬁla@h@ﬁ@hﬁﬁtmpf@@n@rdbﬁdlmtaageﬁmsh ! red O rgm)ve / 6OI
recover at e n. ce In e | al e e renove
/ recoveféﬁf‘gg}t &Y ?ﬁﬂu&m&h@ﬁ §g8 gﬁiwggso%ﬁﬁﬁ%%gdg%g l?gslé%}‘fractl on
(e.g., mXsWhigL ;?]\@yrﬁér); and centri fugatl on. Phosphorus renoval from di gested

| i quid can be achi eved t hrough physico- 5chem cal, biological or
conbi nat i on of Incdeeiringaibodinuntsi mloo ity alding teenmtiaic pdfh@eqbﬂwlmi @(jhe woreni cal

t r eat ment “pr%%g;tﬁﬁes(m@ hs ana%ro%fi ﬁetst%fég%e B' ars]te Lyatahbisat % g&‘d

adsor ption NZatTon u5|ng be used
for tHi5Ss ghispopaetly Mst@omﬁlbldmed)\gery thatmertzpn bmxpasteatane @nm}esnsmobmy al so be
used for P.recovery from i 10The ntrifu e ested. liquid can
oact vt HSE08) SaveolifH o e on g S oS bt SR G AR al'ong w th
r esi dual slcﬂchainqaaﬁﬁmﬁg ©shduahe hédis@pateateanl ﬁkro@phatdnlﬁeélplwubﬁbgdn;s settl enent
and/ or ad aﬁ % SrPhgunds of centrifugation. The Ilgyﬁj effl uent can then be
punped i nt PSR TSEOTY { BRIONY RS MPIoY ehbReptse Sﬂ“ﬁ‘ﬁ’ﬁng, or be

subj ected to wgj | LAt g, 5 sNg, In an
xonpl ary et gie QM UDHRNIA0IEHAL fnEhe Ab S BT AELACARENE |0, Sani ¢
P i ncl2idedertpremb@limdnts thefo-phstaooduasiny bandsi@waer, iev@% pfatel.ietee In A. Struvite

PreC|p|tat . %’ﬁ? i S

L0 oo ERL53L INSHAN S BLEELOI PR A3l

preci pi t atdigestiqorod @ spawawakie bee@tgamc wassd iewat@nprisessat wembread: livestock
manure, animal carcasses and offal, plant material, wastewater, sewage, food processing

waste, human-derived waste, discarded food, or a mixture thereof.

25 Preferably, the bio-waste mixture has a solid content of about 2-15%, about 3-10%,
or about 5-8%. For bio-waste material having higher solid content, dilution (with lower
solid content wastewater of the same or different nature) may be used to adjust the total

solid content.

Any suitable mechanical / physical means for solid-liquid separation or dewatering
30  devices may be used to effect solid-liquid separation. Suitable means include screw press,
rotary press, filter press, belt filter press, various kinds of centrifuges (including solid-

bowl decanter), electrodewatering, etc.



20wel | as other bio-waste treatnents. The struvite precipitation reactions
can be expressed as: M2+ + NH4+ + HPO42- + 6H20 -> MgNH4PO4. 6H20 + 1-1+
My2+ + Kwe 2biP@4as48+ 6H20 - > MgKPO4. 6H20 +1-1+ In this pcodaesiyeEeoequal
nunber of noles of phosphate and ammonia (or 25 potassium is recovered.
Meanwhi | e, an equal nole of magnesiumis consuned as well.

Technically, a nunber of My salts can be used for the struvite
precipitation Proce.ss. Powders of the selected My salts can be directly
added i nto t helpeseingimbadimsatsrtbameted further eonwrisessGraddingielthedeauyCcl12, MO,
My(OH) 2, ~ uoh ' ~ 1 ice, it is not
preferred%gglgggi%% ﬁpgﬁ%g{églﬁg%hoﬁ{g%gldg? ’e(g3 ggﬁgﬁ%&@ggggh&@g};{l y due to its
rel ative Ipessmpetationcto @rmsiyce Grecenddiquidmertidnakdr eNvy@le2 thie phenpbdte preeigititioncer t ai n

enbodi nmen it dis i 1 i 1 many ot her
My salts. ta?%‘pgg‘?:dgﬁﬁwé’?%é‘?a%’n%eg%l?”fﬁg%@?"4%89%?8%?&3)95‘%%@%% erred for
struvi te pardipposphite preciguaichagediemnay inowde qudding arbndshepraddedmbvenef i t  of

rai sing sol uti,on i Gh be henefi ci stream.a ia

Er T pppng (o hidle Bk 1) 504 ARY B @E" R S0 CROHRLT A TUACTRRLY: « o

pr oduct i onhesedft @bdtan foor-gm@dalimemetefidlsiandlsas linwhils tust (o@ dinteewitd thersof) tanser i es

supply manure effluent .and a sal t . J.,.MO or (Cla;) suspensi on
sol uti on, aﬁ8$58%etdi ll;étpikﬂn{aBStés va?qnﬁp?exrr&%&r‘%fonéalr‘\@n%ﬁlpftg'gq ’ég(%’econd react or
for struvidaeOHprdaatdadp(COhe Kfifable@und saltSndyligdudeetor bethpld) MR, M, ruvite
settling n whi ch y have a cyljnder shape and a cope-shaped bottomn
over ni'ght 5\%@@3@ G@Mﬁgﬁaﬁph%%ﬁql%ﬁﬁwmﬁ lcreggyowﬁgﬁ&aw Shrbs BRIMH cer t Al n
anount s ofcen@ebragidngand settled in a solids settling tank. After settling
fromseveral hours to overnight, the supernatant fromthis tank 10 is

di rect ed t hr oufhcedaigrearbulliarenaché mathed hwihebmpfiGACHptomhgammorkih fwent fr om
the GAC c?llleusréyon%qnmlae f&o%rag lllrll}yf% Hara ?ht %rak Iu%% further treatnent, such
as ammmoni a renbvall andl or vvaP_er pgrl freatian. PPaa bench-scal e trial,
residual phosphatfontLRRSMI Tidhi Wiktddeke? Wanleln BEIPEARhichéd RRoRERIsR¥Ed Using a
simlar set up. Wth increase of the initial avail abl e phosphate and M,
phospHat e chemsdlabiolegicalanans pr aragmieation of plemiahaiddielegical Popps. Bwbieent s
wher e ammpisgiHRBLBHbeicA deREifRhfo VR if stippill GBlehhSR&GT exch@Re thigntRRs phat e
content, struvite precipitation may be used w th the addition of Phosphate
such t hat sepasitigni ahil deeakpaatshletinagfons ei¢. alheaphpisn plaa pasticulas emmesevemned wi t h t he
phosphat e j | Lnqe I e pH of the
Bt ravi to prie P iR BHE navre of the wastonnlds e YR TRAIRINTY, st

pr ef er abl yndyebeweldarted .afd purljedfimits grstionmal Alshasdipéizt Hr ot/ 8Hs-gnrrcbedaier y .

In cerztoaic ?ﬁlagrgg?%{tﬂgf%g% a?z(;gscihlagnalg p-waste is anaerobic digestate or

manur e e en . ati o of 'My/PO43- in the reaction is preferably
2:1, 3;1, 41 of chb@Ribodiments, thé SecERf @i pRIROd biedShrobfifode@rRREAt ur e of

struvite precipitation is maintained at an anbient (roo tenperature
(e.g., abéieps ?ngE)Cf.Oﬁ@S!Uﬁnad’étF%ﬁé‘F%lOéﬂﬁtf‘dﬁﬁmp@?a apffer ipB ¥darEe time for
struvite preci pi{abho % 800Uh, A308s Melis caried oul Mif BT h3LA, SDEI ment s,
struvite preci pl(fa{‘li SAOPEmERPPeR of{ulflgﬁewfctaﬁe 4 On o f TR EN n

mat er i al s caguseetkpng incedashthasorgbrttavibi ef powales &, thslaquid pdrligh @Sixilitand

bentonj_.te powders. Addi ng. sand or bentonite powders has the added benefit
of i oV iCAYET more comp ete stripping.

In certain embodiments, if lime treatment is used, it is preferably carried out before
ammonia stripping because lime precipitation increases solution pH, which may be
beneficial to the ammonia stripping process.

Further details of the various aspects of the invention are described below.

30  Phosphate Removal

Bio-waste water (e.g., anaerobic digestate) containing significant levels of element

phosphorus may be treated by a number of phosphate-precipitation agents to remove /
6



30phosphat e renoval efficiency, while adding struvite powder tends to
increase the crystal size of the precipitated struvite. In certain

enbodi mrenwe,20m40848t e precipitation is used for digesteadCranna/ 50021t S
better efficiency over the undigested nmanure. In a |l arge-scale
stirred reactor of struvite precipitation, the stirring is preferably
strong enough to mx solutions conpletely and at a high rate. B.Line
Preci pitati on 5Anot her typical inorganic phosphate-precipitation agent is
| i me- basedeagyerphespaief Incegrpingmbsdmpelg. atement phpsphsiticRayale remevaddst commonl y
used cal ci u xi de

(o g, - above SEY bl npih Hea el ARerla RSB 63 S et or
lime milk watesr edfcegrifugaeon ncl ude | ow grade lime materials, such as |imekiln

dust (or lime pmlk thereof) and. granulime. Linmekilp dust acorrplex 10
m xture cont ai ﬁb%@h%ﬁewv @@dlgﬁg)ﬂq@g(‘%@%%ﬁﬁ té‘a%ﬁ]%@ﬁ T In contrast,
gr anul isme ceé&tital B181opRA I Yorkikkidn (0P tHical &ﬂﬂblﬂlﬁg‘lcﬁlQEm&% VEiephefitect i ve due
to its | ow dissolved cal cium For exanple, . th of the linmekjln dust

sol ution icBenisal frgatmenbproepsse H&yat%l@@reﬁwnsﬂonsmaﬂlhzqﬂﬁnwéééﬁsor%@r eas the pH

of the gr %Héﬂaﬁﬁlé@k&ﬁﬁt@@ry‘sﬁll&ﬁﬂoﬁ u%né:i/lgo fa |_?7 Be M!erPortﬂFl@ pR_dosage. For
hydrated |linme at a dosage of 10 g/L reached 12. 4 15The |ine

preci pi tat/’il@ﬁlaﬂé%btlin%f’rpfﬁ%l?l%mh%?%%‘falﬁataispée ogsifer pecaes oMp e descri bed
as: 10 CaZi,g 6 PO42- + 8 O+ -> Caio(PO4)6(0OH) 21 + 6 H20 The dissol ved Ca
cont ent changes with the |Iine dosage. The dissolved Ca in the agueous
sol utilon of ||m'ﬁé<¢dnmfdgeﬁtdlgeswabo)uﬂ c&Bact ﬂwztmvombdh al limedodsagesutf 5 - 50
o/ L, ZOWhE s it is ogllg%ag é % . /L\/\(l)ththe%ma osage for
granul i e PISRBAGPEEBIYRA BHM FGSH@ sghiEperlisfemay SepIREGEOBAI HIUE|  eaches
945 ny/ L. b¥Retfemédd@ndloreaaiived r&dds ONeRATiAtid MHRMReANCS RANRARAILe for
hydrated |line and linekiln dust. This is likely ow nrgbto alimted

2

sol ubi | i t PuEPedaiochy ammanigsirpping foyer éwrm%raestwr@w & 40IeFtRRIe YT dust |
however, ipgriffti§ibn b&WRIor bi@Aniniata dufp rIﬁ’-Eu?Qxekﬂp[@y sdip.ickificdl 'pﬁﬁ%lﬁleﬂeﬁ dUSt 25

t he usable Cain granullrre is nmuch smaller. In certain enbodi nents, the
hydr atléd Iferrecoyedegeiso afrtee mgepgnic Ponelygded; pH b|90Uv§a§%é>f(V@06 ash, ake$-obi ¢

di gest at e 1&fof Lught ) . Al though a line dosage of 10 g/L is usual | y high
enough for phosphate precipitation, a |inme dosage of 15 g/L or higher may
be required foA. bet$tivikedtretipiigtiool t he precipitate. Thus, in certain
enbodi ments, a hi gher dosage (such as 3015 g/L or above) may be used to
facilitate betOsp typeak phiopighater preaipitayor eggar i maghpsiugebaseq gagniciar stewite or t he

lime dosa%fe%lp(?ttltlc;]nB ﬁ@gtr&Qte?réc thggtgdl_ v\(%éﬁe%k%g used4l %%E\!Vﬁa’ tfeia en{ W ther

i ncrease I me dosage ov not significant enefit manure
sl ur r \20s etwelliag gtheQbio- Waste treatments. The struvite precipitation reactions can be expressed

as:
Mg*" + NH, + HPO,> + 6H,0 — MgNH,PO,6H,0 | + H'
Mg®" + K"+ HPO,* + 6H,0 — MgKPO,-6H,0 | + H'

In this process, an equal number of moles of phosphate and ammonia (or

25  potassium) is recovered. Meanwhile, an equal mole of magnesium is consumed as well.

Technically, a number of Mg salts can be used for the struvite precipitation
process. Powders of the selected Mg salts can be directly added into the precipitation
reactor. The choices may include MgCl,, MgO, Mg(OH),, and MgSO,. Although
MgCO; is also a potential choice, it is not preferred especially for manure-related bio-

30  waste, partly due to its relative low efficiency. On the other hand, MgCl, is preferred in
certain embodiments because it dissolves faster in aqueous solution than many other Mg

salts. In certain other embodiments, MgO or Mg(OH), are preferred for struvite
7



It appears that linme-treated manure slurry woul d not settle significantly
in a short period of tinme (e.g., 1 day). Thus, in certain enbodinents, a
m ni nrum oo20B/dess8 are required for settling. But w thprPam@2harses2
settling system this period may be reduced. After settling, pHis usually
not considerably affected, while residual phosphate 5concentration is
significantly reduced. In certain enbodinents, after |ine treatnent
and proper settling for about 10 h in a settling tank, about 50-90% or
about 70%PHTcipitaeonIses theslaytar 6ests andireadded banpipl raising seiyfion@HptiiisBd out for
further treat g) and the renai ning bottom
slurry mﬁﬁ%ﬁfﬁﬁyﬁgg %to rern)n\q‘;oéﬂs%fll[lglﬂlééq 10l n certain enbodi nents, the
pH Orl lime preoi ei)ileb?ﬁdnwmvb ﬂﬂﬁalmb?gfﬁ dy@tdmtfﬂr mrv]m priduetiSn SitaBld £} memhlreids

usual ly a Itica acfor that a ects osp tion, and it may
be af f ect éﬁf{%gﬁs QST RLND T SSF By PP ﬁ&%@f&@e@ﬁf‘ﬁi\”gﬁﬁ gF gaMet i on

sol utign Mg(é)fﬁgsméns&m&zluﬁb@ees@s&tualb ok ffﬂtgé'ﬂctoli)@ncf d;iftfbﬂzﬂry aQ@&dh‘d/ this val ue
if the neter was calibrated at | ower tenp e) i s |ower than

that at ZSea&F%’If%S“WFJf@”@G}OHOT@@)fﬂueWSéhelné@(@i?d lj}SlﬂFlaétE‘iVéfe P%@g Enper at ur e
(2.50) WagwhHRE al hK\%layWﬁﬁ‘&b?%pQ)inct zh@onle-@M‘@Jéd g&kmldvb&sghpfmﬁ@fhgmﬁt the

| ower tenperature, hence a | ower avail ty of dissolved cal ciumions
for preci 61%%1156Wkr1é9@tqnéi¥ ma«eéwrrthpﬁ”gquyam% qfer@@el aﬁwnﬂé%@rlata@pledsl n the

Preci pi Al AhehfRCIATer [lin é bR s@s%?ﬁﬂo&?ﬁﬁc% Rk Rﬁeea;ﬁ%ataﬁﬂffwhﬁ iief er abl y
control l ed at or above 2 g., about 20-3 Hi reaction tenperature
is usudllys ﬁwtedé}@e@aﬂrg}aan@Wefatedwbm (A Gregpl uan. difﬂd@Xtérdmbbfe @i\%i ng 200 g
of hydrat chani cal
stirring. %E?th{n E@%@@@g}%ﬁt{ﬁg eﬁ%@‘nﬁﬁ%ﬁm Itr%PCe Sgg%gﬁr}g@é(@‘sor 30 mn
bef ore usend/mh‘&atbnpmﬁcamnehtabamclu held tnaleremdhﬂ ph/a@hﬁé’c@melﬁemaﬁ/b@ywmei ght for
different /Lev%(s)esl r1168\‘;[ §u II;eC|51 lElrast ﬁhn&rease ﬂtlerlg]. ia avaltla an be

ef fected accc%r ihg to Stan ar'd gz% roced ure or Ina 0t reactor
scal e pr ephiphat a@MgFiblmxplgteasmosraeaﬁﬁt:mncyhaw hmgfua]nermrdr@sedal di arret er (ID) of
about 13.8 cm and a height of about 45 cmis equi pped wth a nmechani cal
stirrd? and a Yeshadipenisayiese apmenia gonfent gyihe PIGTWQSE’@S moeh gher fgBthe 5L of t he
cent i uggodhaeshth ThY Ve&r@&gdaﬂsrnﬁmmu&@ W?tﬁ(#l?éjadﬁfﬁoﬁ BepHcRARIAen and 2
certain anount of li1ne ers or lime mlk can be added while the reaction
sol ution |ﬂ@tgsugmnﬁé@tamomﬁ@ﬁtot@@mmow iy gsn rewveﬁ:du\sihﬁ@e phosghateaptiieriedt wi t h
wood ash, “\f&?{gd ash may be added first, and then line (powders or ml k) may
be added after 5 minutes of stirring. The reactor can be continuously
stirred for abpideridid efibbdihRets athe pHthE@We@)Edé[@taﬁ@h@wtloﬂQantr@ﬁleﬂH probe
andatherrmcoulema be set in the r or for nonitoring pH and

t enperXt urtebyRiPy arﬁ)@vet ﬁéef?ré%zep?tzyﬁen Srhie-5r @éew&ml@a?ﬁph@e F@é‘ﬁ’tva]dp‘i%‘iﬁw%ﬂ ng the
reaction. Afte i I | e sol ution
may be poured ?nn{eptgm g%ﬁalln]%&s ‘§he§y§? }i)%]f%és"f‘éle %rtlﬁ%pom Cﬁ%e%tate” Oqﬁ%mg‘he clarified
sol uti on réiuehs, the mmlayrapomfb@/mf uaﬁnd reahmrsleptelfmblgsmu s, 45balrh1giercol | ect ed
and dried at 80-90C for 16-24 hr. The sanples of solution may be taken
separatel y af t Brceriie embadifients. Bpiempeiofurs ofglrugtedramiyiaen s arnipingd

i medi at ely 23bieAedm)I4RR RS OF avbat o)W th a Col e- Parner centrifuge. The
super nat ant of each centrifuged sanple nmay be diluted by 50 - 500 tines for
phosplzat e anal Usdesiainyembedinrhisohe redidema itignerfot siag@predipitdion Saibphiels-rey be
determ ned .by t he amoni a-sel ective el ectrode method 10with 10-fold

di | ution. "EBr exanpl e, one diluted solution for each sanple can be prepared
and duplicate [RaztheHRBlfcARMAPICREG)EHoR NIt BuAlAl M bty o7 - can
general ly be control Resi dual phosphat e

concent r atcpibmg maieopls ds serding.cadh ag safitierponders fsand fly ph, adibaneanitef r eact i on,

and then f r he I'ine dosage.
At 15t he I?%ngégﬁeéj&ga E&nﬁﬂgpg‘&d%%%ﬂdﬁ?ﬁ&agﬂ%éﬂ% r%@m tual reduction
i n t ha&Or ephdiphite removal efficiency, while adding struvite powder tends to increase the crystal

size of the precipitated struvite.

In certain embodiments, struvite precipitation is used for digested manure for its
8



phosphat e concentration beyond 20 m nutes of reaction; while at the line
dosage of about 10 g/L, the residual phosphate renai ns al nost unchangeabl e
after 30 wornot2as0sa8 reaction. Therefore, in certai n enbedirmrys/osodoe
required reaction tinme is at least 20-30 min at the |inme dosage of about
10-12 g/ L (about 20C). The required reaction tinme may be 20 sonehow
shorter with an increase of |inme dosage. For large size stirred
precipitation reactor for phosphate renoval from manure effluent by Iine,
the resi d®ais efficiaacy ﬁVe[fH@qﬂél@é%tQﬂrmW be about 40-60 min. In certain

enbodi nent s, od as CI litate o treat ment.
P60d ash has higHaasReRRzBE el Staperhitgs he TGS e 1( 50, and
25 CaO. Adgodg @nugn‘to\mxadolaﬁsdﬁseaﬁplieﬂalcyre@aaeamgleram—l val ue of the bio-waste to
be treated, and may help to reduce the linme dosage required for the
precipitati on.BFurthieirenlbleeipitatifud ash shows sone effectiveness to reduce
turbidity and r of. nure. effl ents..W)od ash trea y be carried
out 1 nSbat oh- atPOGH Rt b Ao eC A SRGE (RGPt VBapher |

pressure. sigﬂlfﬁaﬁaﬁsMeﬂﬂﬁﬂlﬁB&l@ﬁ af thaglest cbRhotly RQEd €hl @@s taeinITommeur e
ef fl uent (centrlf ed) may be first added, and a fixed amount of linme mlk

(1 to 5 mapickémg laomovﬁgcalamm Pefa 62 CEYE T IOhgiiekimete.g.500ve. 5000

i 1'1). The oreauiOag) pewdtrashimk %nl%@lﬁ&élﬁdo%%qﬁ@ﬁd’éIMW%Me%q{é%térm& the flask.
The flask is then covered with a plastic cap and shaken at about 180 rpm

for 60 ni ﬁu@fasém@&ihbiilﬂséquBﬁleﬁ@%mfé?ﬁ ard; gigulipy #H?ekb‘é dig asueplexsi ng a
CORNI Ng pHik@p d?;ﬁfaﬁﬁng‘llﬁ&tlgf laper, %a@’ Eagﬁ“gﬂ Qm@taMg%g)z Rdorkastm  Of sanpl e
solution may be takenm fromthe flask and i nmedi at el entrifuged at 3400
rpm for 1Brauhimegceriains et -(REOTETIGenandinhayget beryasy s%qsévm@teatmts bW each
centrifug AMRLE 0 p@lazg nal ysi s
by Techni ?%F\Ol%fter saﬁrr%?élxn lg’ tllléjl%?gfr]tg %/lél?%lﬁl dl{lgéoglgfﬁggsnll@% o) ugﬁtgn in the
reacti on fdosegk ofvhy SQQ/LUSMte[r orhegias éremH”ththmTamﬂlrr@Gbiuﬂsn l,%loelyd9 43nB. T80t al

di ssol ved S%llt{l dssa]rr{ep@ ?rqlealg;a%edtf ea grdgsag? of 1 ?qﬁrep}@ tlZ%@ may Dbe

ext rapol at'e rge rea al n’ end rrents <5% (W' w)
of woad ash fT&Th@Em@Qfé@ﬂﬂltmw@ed&ﬁ&ﬂfoﬁﬁ@hﬂcﬁo@ﬁﬁdﬁté (@aﬁ@ﬂ;}%{@ﬂl)zm{bswﬁﬂeh l'ime
mlk treatment. 10Although |ine-based phosphate precipitation process does
not neces$&rily reduce the ammoni a content in the bio-waste per se,

i ncreased contact w alr 1 n utio ri and | arger head
space in the settling bl U uﬁﬂ) gsr@ﬁot eéq“g];@)gpﬁgz ﬁgggerabl e amount
(e.g., 10-20% tpd dlmﬁb%,co&%%ﬁﬁig@gw%th%%% doBEEOMRe @SsolRE ChiiMBier €acti on
pH, agitation strength, and tine. Such anmoni a content |oss could reduce

the | oad PEveohwluiBawhtimekinadust is ahqub Py 246wrs/L agndpsaasrd dquidrly reduce the
requi rgd @x'ihrerefai RV di gﬁrﬁ)togﬂcﬂt h?)’O%é/LQ\mhqge §aﬁ%’%osa§e for %Iaar‘lﬂgﬁﬁé Th) certain

enbodi ments, 1 n or ronote strippl ng of uring the |ine-based
phosphat e dp‘s@m(b@a far hsochatpfi bovessy dasageefat ol oephesirmes/ebysathieng devi ce
(such as t i tation
react or tgh %ﬁ@éd élon?‘gmjag %Ip ‘L“'a%j a} fe fgﬂ%dggte(#lngﬁm%ﬂ?%&gﬁta hsgf Ir@%ﬁe agqueous
sol ution. 1sﬁlﬁkebrovphgm1mlmedpsphmlm oﬁ;ﬂia(@H)z in fvaee nTird dvadald Ga{OH3, iused t o
ef f ect solldll ar.at i ta at be used to
aid more off elklélllgu er pi Pat 18We {hg ?1 Yfﬁfé%%ﬂ% IU%E eah%%élggdl%set | ow cost
mat er i2al stlsambblasavmgldnmmlé kﬁAchﬁnajler about 50 g/ L) fly ash (FA e.g.,
about 50 g/L), hydrated linme p ovvdersgd( HL) and sawdust (SD, 25e.g., about 20
g/L) may be uskucesgineambedinfenis thehvdraied limg dosages @rd abael lpda?(gﬂq})@)w@
pr ef er abl doRE MM endDRUA0RR oGk doTESP16ERNE il fighy a1 ds may e
added to %(%g ?ﬁem?ﬁ d\?ﬁeth sofﬁ{egﬁsusp% S|aon 0 ntllgrélglg};ong}énts are
shaken or ermghef@n rt1:19$nh9te$>rqcrnltetuorlf otimg dgwe@pﬂmLpehugb@rw beirempirgéfag. , 10- 60
m n) bef on dj ust pH
in order tbgﬁeﬁgé}w ?%gtpke%#éaﬁe%%{%sfenen% Al gg?lﬁ?r{%g%é ‘F\Q/%s% e@{wﬁl agOt he I'inme
set t | éfentl5 g/L or aboGamiay ibk ugpalttd ﬁmlmiybetrer smhng eld tos tegersl; thg sathing curves
AT eco0nl AR GIHNRTE Y15 LAE L A RS B b A% ARSRRLLRYPUS

lime dosage over 18 g/L. would not significantly benefit manure slurry settling.
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centrifugation can be colleted for neasuring total solids (TS) and total

di ssol ved solids (TDS). The total suspended solids (TSS) is calcul ated as
t he diffewenor/aetsdeen TS and TDS. Ammoni a Stri ppi ng SLiPKe/asany/osodoer

bi o-waste materials, the anaerobic digestate is rich in the nutrient

el ement nitrogen (N), which partly originates from degradation of N-rich
proteins, peptides, and am no acids present in the organic waste material.
A significant portion (if not the majority of) the el enment nitrogen exists
in the di gestaB@P@@fsdhﬁélmedm@ﬁld@)anuﬂefsl%tw%l%@}%ﬁ@fgﬁ sgtifieppthetn a e presence
OF ,Amon efidh S @le. Faal DAUSL 1) iR BUALAL £AM FANSP2A08L 0P 1| Cant

envi r onneAt conceri. because Ni trogen is an essential nutrient for growh
of organi smnrﬂﬁfqm@thnecngmlemenhmd sdtiing fyorea, itgs perigdjngy be sadvesdof

eut r ophi cafd S wthits
gas eous c?ﬁr‘f? gertthn le lﬁwggﬂgag?gﬁ%b%@&% WME r@ﬂ%b@h l@4 1-1 + NH3 (aq)
NH3 ég)@EqwnmwmmﬁmMQn@qmﬂYKﬂuﬁﬂn1betmeen t he un-ionized forn1(NFB) and
|on|zed form (NH4) in the aquequs sol ution depends on the p
t enper at ure. A?i?ﬁamﬁé}bé%‘%‘éts 'ctf%h@aHﬁqtmswtuaaérpwaeréa@a%&falhabfu@mhflpsa t owar d
the right xhand tsikdgoLeR8I0% A abdtt APRGE thé. ﬁé?@olﬁﬂ&ﬂﬁtthé%fettﬁﬂé%nl@% KASES
significantly with an increase in tenp eraPure i s apparent that at a pH
| ower t hamumpedertdfilarthex fraatgent Ssush s @mmyma ﬁnwg-) and the rpagaingbedan of t he
20tenperagHﬁ@Im&hk%mﬁhﬂ%&y%qmnghggg&prs the ammoni a stripping process.
Ammoni a renoval “from wast ewater can general |y be achieved through physico-
chem cml bi ol Dgéeeiain erdadisentds th@pld ofing pteciphativh ictdiroltal to dadithing ®gi cal

means. el t echnol o es dev %ope f(% a a renoval nai nI i.ncl uded

bi o ogi call | BeRtts AT P Grpr Cphqllseh AR PRTRERN BRAIOBPHY, P diect | ve i on
exc hange, aﬁ@aw @ﬂ@acﬁﬁﬁ@dn@}ieteﬁlﬁe PR Gx 20k e GRKRP LN reeftlcakbinasd an. LRegyes,

Jour nal 44: 1895-1908, 1972; US EPA, Prepared by Gordon Cul p

EPA- 625/ 4 9781 (Bggctualgblymight pydfipher bRﬁOWrtB‘@éfﬁlu%kfﬁl?erlB?ter W‘%ﬁ%ﬁ% apigy| | shi ng
Co., Inc. jok@&Rsetfiire), WBRh isiBR4s tha thai 289 EROIsHEd0REI16138). bdhid 18fver ence) . The

first two zlystems %al ned wi de applications in sevvagq()a treatnment, while the
ot her d5wemEl %M Emnsrage € Eacies mesidikgls sausphby Hbewas sobilibpdr t i cul ar

anmoni a r RYA}, af &Hi&ve&*%p%&@lﬁ@%ﬁ&‘hémeEﬂ%ve?%%ﬂl%ﬁih%foffdfl@ol%%ﬁmﬁ er to be
treated. For eXanple, biological denitrification i's hindered

| owterrperl%lf@reor@nmaﬂ@nmﬁm Acpradiapls ethe eeagifondemprarinic e the pmmﬁ@ms in
sui tabl e Hﬁ] or?l\ﬁ}\% 8% ﬁ%ﬁ@%%‘ﬁec%aﬁ&fﬁk re?e?mp%q%ﬂtﬁlr 8 B 5chaRge can have

severe dra en | erin ons a resent p0|nt chlorlnatlon
i s gener alelgy. abom ZQﬁQ%SHkgbeITrmctlpm mm)mmre Japplailyabtlr@nessmy ess the initial
amoni a to be rempved is very |ow, because of hj costs and probl ens

conneded to tHARe preadkaEyde pm‘ﬂeﬁé\})éfrr{llé@géﬂ@gpf %i@t?fl YR Py st Wi wat er .

SAmmDni a %bowefmwmy@ow)me@ﬁwhw@iﬂsﬁrhﬁg)umrﬁmmt&wasum ts, such as
those from Revex Technol ogies |Inc Houst on, S.). RTI devel oped a

uni que gasOMiORY Wied 4t or OFRder ?%mwlé@f%w ?l&f«'rhrﬁff gitest injteg lsAe ilhnmoni a

stripping.y,90y8er & 3‘%%&%\1‘3%\‘9?0&{}?‘5%& Bk | ppi ng from aqueous sol ution
cont ai ni ng 800 - were conducted in the RTI units at

t enper at ur es behwpkne ﬁt@mﬁmﬂloﬂﬁl@ng e trextpeiiti caee bé efffected @udotiding to standard

25  procedure. For example, in a pilot reactor scale precipitation, Plexiglass reactor having an
internal diameter (ID) of about 13.8 cm and a height of about 45 ¢cm is equipped with a
mechanical stirrer and a sampling valve located 15 cm from the bottom. About 5L of the
centrifuged digested manure effluent may be added to the reactor, and a certain amount of
lime powders or lime milk can be added while the reaction solution is stirred at about 2000

30  rpm. When using lime combined with wood ash, wood ash may be added first, and then
lime (powders or milk) may be added after 5 minutes of stirring. The reactor can be

continuously stirred for about 40 minutes at room temperature (about 20°C). A pH probe
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10 and gas flow rates were approximately 17 and 280 L/ mn, respectively.
The pH val ue of the amoni um sol ution was controlled at a | evel > 10.9.
Ammoni a rworvelo4edaBi ci ency | ess than 15% was observed i RCA/CA20 1030602
circulation. Ammonia stripping may further be achieved through using engine
exhaust gas, or other simlar "waste gas" that is rich in CQ2, and
preferably of high tenperature (e.g., 15higher than 40, 50, 60, 70, 80, 90,
100C or nore). Such glas streamis beneficial for ammonia stripping, partly
because ofan¢ héeraepouple pay bo s it thareagtor fos meridorpg phlandfiemgopueidefingyas,  and
the added jasaghih Phe A bORILEANIAHS o A% & ATR: B (LAGGHAN Fi xi ng COZ
in the gas stream An)}) of the above-referenced nethods may be and
are cont enpbstantallyt eonipteta theprhode ROftion mas de poured wirent-Linlaseepyelioy in t he
instant i [ ~ ~ N, | Ry i ARING"

gener al | yggtgﬁgrog&?ghtr' eTchS%rn;&jg%?O hpﬁ%%rll%tbreitsggvt& E‘flgérgent n%?%%%gﬁi S?ﬁﬁs inits
vari ou$ f eamig collagbdigidnigied bi0-HEE o1 Ifi-24dd. by sanipdesgé sdoum thartmtfkiene. , t he
NH3 gas), st Ql? te aré%te(%lfl? rNell_(Is%-(')-nesma steﬁlinorém rtngef;e (':g-nn Qte%iirg}n@glat% eattﬁalg:oal‘llt forms. In
certain efBoti ireits, the recovered fi roygen eremsnt 1S |nygaseous form In
25cer t ai n 380thpm erbdoimeilt s ColeHarmacemeried Mhd supganadl of pehtce@xifugbds 1 n one

or nore NH4+ salts. .. In c ai n enmhodi nts, .ajr . be used as a

ot 1ot o SABER T Bh ditged by 1 Colb AR BB ol uoh rBtiett ARERyRor car bon

%Xi de- eﬁit'tdgh@ﬁh thé $anPlles Y@ bﬁﬁlﬁebﬁg&tﬂ@d?ﬁ&mﬁﬁﬁa&éléétﬁ/ﬁ E!égtr(aﬁgﬂiﬁéhod'rhe f
-enriched air. or. gas, suc s those from an anaerobjc i gester, from

an et HQanl% lgr#%d e ey e %Pp%ﬁ'f%ﬁdsa%aager o Sﬁ?’@ﬁ*’éf‘%ﬁ? vemgﬁ in

t enper at urgd (&plidate nRasHmenRBh 8 adidd cut SOhe £Aly1idf err&an Bbheral Qe Or nore).

Hi gh-tenperature CO2-enriched gas is one of the mgjor by-products from

et hanol prodirtied énbeaviling &-3%ahi ch may be integrated with the anaerobic

di gest ' on syst ?Qgi&ug?tl%ogellna erc%t gesn]tr%tri]o%s Nae re(ljrrtl)eiltl((::algfi %‘[eeﬁh%‘tﬁ?%lbl |_rrlénu Qsd £ C2 could
be stri pped out SI I’TUP a eouslny rom aqueous sol-utl ons. ecause tqne
sol ubi | i t yeaofiorCaRd than faather redigenin @hotberalol 20rmih ldapentling ton dfe 13 ostidee At

CO2str.i.ppi,ng. Srate i rders .of , magni tude hi.gher .t han that of NH3. The
Gass 11900 it 5B e Sl SSFwS e R 5! RUBRE] &f BRAHBR ¢ hae i 1
L\Eclr eaSﬁ @hodptRte 't:dihcwiataﬁbn béyload ﬂ@lﬁmﬁﬁd’s}oif éﬁgetmhﬁﬁiﬁﬂﬂ’ & tisd 1gnd ddsagendflapoldt ncr eases
ile the N arti. ressure slight eceases. . i cants' prior

wor k- has. dn i st BreSe s sma ROl GEECaRls et P ymias pF bRt eons

sol ut i ons TihBtddéliim ger@indesdoftnanBNMUE Rq@iréd e timEhd & 1B Bmistat tePI N
process 1Qusing CO2-enriched gas is pH dependent. The stri pgi ng efficiency
is relati Varylopaggef about 5l Z7o/k (ahoyt 2¢ ﬁé B reayiEeA ESActioliBa@ds b8 t h i ncreasi ng

pH  The i ngharsehefietith MlindBRE BOIiRE Elésﬁ%_e?%l/_lairg% sTRIsErEd peapinged frompH 7.5
to pH 9.5 than from gH 9.5 to pH 12.0. Thus in certain enbodi nents, the
anmoni a steacipia@hespae canqval fzam mage giftuerby dimsHthe sesideaes tmegin they o,

pref er abl y. Ret Weth: Bor49:¢d-mihn theory, any (strong or weak, organic or
i norgani c) 1l5acid or base nmay be used to adjust pH to provide the desired

pH range. Pr ef &f ¢edinphibadijpni¢sts] wepdagie iiag bé el twlRciliand @usghatt imeof | i nme, HCI,
NaCH, HBP%%étm%;[lt(.: "Wood ash has high content of alkali metal oxides, such as Na,O, K,0, and
25  Ca0. Addition of wood ash can increase the pH value of the bio-waste to be treated, and

may help to reduce the lime dosage required for the precipitation. Furthermore, wood ash

shows some effectiveness to reduce turbidity and color of manure effluents.

Wood ash treatment may be carried out in batch at room temperature (about 20 C)
and under atmospheric pressure. In a 250-ml Erlenmeyer flask, 100 ml of digested
30  manure effluent (centrifuged) may be first added, and a fixed amount of lime milk (1 to 5
ml) is added using a pipettor (Eppendorf 2100 series, 500 — 5000 pl). The required wood

ash is weighed accurately and added into the flask. The flask is then covered with a
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Applicants' prior work has al so denonstrated that tenperature significantly
affects the efficiency of ammonia stripping. The efficiency is quite | ow at
about 10Gyolwt2/d4b848i gni ficantly increases with rising teopara2dLvS060Eor
exanple, in a previous experinent, the 20 efficiency for a 30-m nute
stripping was 4% 15% 33% and 73% for tenperatures of 10, 25, 40 and 60C,
respectively. In addition the influence of tenperature is greater than
that of pH. Increasin erature can reduce the stringency of the

requi red pRstaerjasd sh ersat Qi d Bhepafor 89 mireolgweriniieien @ﬁcﬂonrhém@hzﬁe in

fg%g'r gt 5?‘%‘5’/?}3 rllfge%lﬁed &mggrgcgmm@ Hh?ﬁgmle r &5 (lelll%%at ni%Ht %‘@%’%ﬁggq ‘o
i ncrease tlRenlof pinmbé sedutiohiayibe miwn fromykd ﬂasmnd mm@@mde C@Itrk@mdmé 3400
consunpti g n for.15 nuﬁé\\%' 'éo@é‘bamepéénﬂff}%@ ﬁ#epg&m{a%ﬁ Qﬁefacl%eﬁ{pffﬁ%erdat ed that C2

concentr at e stripping t's ammoni a- s
effici éncysamﬂlhmagfof: ddmted]myl(ﬁé@fodxh@eshoﬁpmdue amlysie &g ffn@jlnem Aﬁnlcsenmhlagl on,

i kely due_t e. arti al I eSS rered tion presence of CO2 in
sol ut on. 12 RS 2 REF RN Bl BREAA Bl by o BREPRRERAS 5650
mn strippif B’[Qld@@.fel’d aad t@altdlsablvét&@hasnﬁnﬂ)iagdé?scmm hdidfr M%me?ﬁl%)mdl 21% f or

CQ2 concentr t| ons of 14% 25% and 75% respect
nop! | cant St ied n by orp g HedRens: s ERBTE  EeY PP REVVOH armoni a
strippi ng weboll iagh @MChe adaecﬂwg@m@ﬁl aseiRuk&l i@ fchhjtitnbs with MaRmetk tatsdnem cal

sol uti ons cont ai ni g% ammonia. This is likely due to the reduction of free
C2 i nOsol uti ofltbeiighdinecbastvephbenhatpresipitefiorcriptssndaes npimeedsgiriateducef r om net al

| ons, such eaal%}]rg?arhé‘&%é}{?m fXbishia09 H‘se”ﬁ&lé&s%d gﬁﬁtic‘t'%hétsr d@lé%%%gﬂpﬂa hi gher

CO2 content e stripping gas Jecreases pH and e ammoni a
stri ppi ng t@edfériog emtiurgeshané spon althy sdiligheniurst do ppimeg lea‘SfOif eicemclgrablen be

nalntalnedln it o n c2-.enri.ched . f st rried out
at a rel at’ Omiltj i g?{g{)/ f HUre! dependiniy Oq'ﬁ&;ﬁ%acﬁorscgsrt aln ebrg?'ﬁl%1 pcr;}ﬁfnt S,
concent r atagnmlon ntrateth, prpd unge mh nmmnﬁ&%temrles‘s evath kqducmtherlmé fdrhizen 25%

trat
coupt a8 wirH A PGP B PG T ST R Te SO Lt Ak St monte. 1 he
gas / |iquirppingttévaiz. 1000 (nB/ nB) at 40C or above is required. A |ower

gas/liquid ratio can be used if a higher stripping tenperature is used.
In certain enbdbispiraesain embodmaeiant plel wmranote seprngeiinmeriia dwgernhcont ent

1000 4000 s NEEi 1 AR e B i R PR AEIAT R R 1

about 200@f80@1ﬁ11yr’og ingrBed on the terba uhe 1irBBOO pitagiok@Llor toTiely st @l sol i ds (TS)

conte o] tarti I.0- [ anaerobi c digestate) is
prefe?tgbl yghg%?r%ra%l M}t%% %%P%m\%%éﬁﬁ@@%@em{s%lgﬂ% The pH val ue of the
starting bi o- wastenaiale [fr&:qgtatlorﬁﬂae%ﬁlﬂmg%u@ﬂ i9a8sddas effedk SolftIRfurr ably between
about 9-12, or about 9.5- Overal |, Applicants have shown that CO2

(especi al IS§PaFBion.Cepaig ﬁ?m%ffvéérwga@stt%tbeuuéedéo 219 Rgre prisgnthreapitaiomanol  pl ant s)

can be usegdni\Qr/ RETRAI %%Iahi%ﬁ! RS-0 RAeRRE TR as %bc?e%ﬁ( Co%r abdlf e
conditions. In addition, Applicants have al so shown t can be used

for pH adj59§ﬂﬂeﬂ1§t ashf(F 4 fg@sitb@dt ek By dspipd lrappewddry ﬁﬂa)tafl@a%‘@@stéspl uents, or
ot her I R @ , in Flgurez
ot 8 o i g e be Tk SR EETRE S Sl R CREBIH" o5
exchanger pleftr@bly: osadagta dbeeecz:f ahaut@p g0 TheThentidiagiegaidsamnayr bel@d¢@3hecan t hen
enter an indire p f n

et roat S A sobf ShafRIgHH e ukoER alRulRES! ReSl i SpR TR ¢ he

i ndi rect hesaeciﬁasdqiean@eﬁmﬂe (eet, Up+i® nio) beliere demleﬁugatimeam Z&Xohancg}aash ihags t he
feed water flue gas 102

from the. d e By AeP @ PRihe Sout Pt 88 8-H5E Heihi s
st ri ppiong thedwed seBleaenst ri ppi ng agent 301, and contacts the heated
Centrifugation may be carried out using any art-recognized equipment, including

batch centrifuge and continuous centrifuge. If desired, the supernatant of the
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manure effluent 202/303 (which conmes fromthe indirect heat exchanger 2).
The water streamis circul ated between the direct heat exchanger 1 and

i ndi rect Woeabizexatianger 2. Al t hough continuously cont acPChgACZOA/Ga®2101,
this circulating water should hold a constant pH of about 6, due to the
limted solubility of CO2 in water. The CO2 content of the incom ng gas 101
shoul d not significantly change after contacting water 103 in the direct
heat exchanger 1 under a steady-state operation. The NH3-stripped Iiquid
stream 5 ZeU/iAgaicsan hgcdigtedder mepsurgeriptalsionds (Tohend tatakdignglvgd pelide a | ower ed
pH. 1T therpkh viley al'sﬂ%&eﬁéle'il s%ﬁ&s%@ﬁsﬁgéélé‘iﬁéed“%‘%ﬁédi%ﬂeh&%ﬁ@é@htl?tahﬂg, anot her
optional gas-liquid contactor 4 may be i1nstalled dowstream of the

strippi ng¥ner 3, for nixing sonme cooled CO2 gas 102, shown as 401, with
the stripped effluent, 304/ 403. The pH adjusted effluent 404 then exits the
gas- | i qui MRBANASIEPPINE 5o does the OR-reduced gas 402. 10In this typical
set upc the he i 8 i i R ] - J F
transfgrred toﬁ% Se %8@%@% “{)alptg-lﬁvf}a?eg@[eg {vi}/gter ?g%ée%ﬂ%ﬂsoggﬁlgt@ﬂdé%%ied wat er,
such as t lelenientmetroges 4Nk dvhaahcpag bt drigediea frasr depiadatingé Mt atheroteins.ough a
heat - exchange, medium (e..q. . recyclin ter ai,se the te rature of
the it rodencierand HMsbisdh el Bfihe Qe Hilrmidiie Mt SRR Moont act s

t he bi o- wast the wajoeity ofivthe REEnenomogen skists ppiha digeoave ns anfindiga (dHA5Ifawgel y based
on the experinpental finding th rai sed tenperature. greatly facilitates
ammoni & sERSRY Ry et b7 Ry ce Srrinta or et SoBery ™ BaleiHg PREHRgati ve

i mpactioof spaifRaitiealirdbheh@b¢tmtdrnbebyis©Rrogen ishe egbhttabg@niert if@provad e wat er .
The cool ed CO2-enriched gas can ﬁ be used opt itognallgi as a downstream pH

| s
adj ust er PEARSHE HTPSLESHT TS AND Fr§§’§‘i‘rsiaﬁffé‘&f‘:\?dé9§ fatetcaeyy  exanpl e, the

CO2 20 require L USE e d t from pH
10 2 10 pi 7. o aiogy Bl dSis Aol | s o R BB KB o
| east 10000 Kgnrigedvday is required for pH adjustnent of 200-n8/day
lime-treated effluents in_an ar;aenobic tre$trrent plant. If CO2 gas is

suppl i ed from an et hanol™Ni @t 2 the Nhdauct N @hpabi ity neeliddb be at
| t 1113 L : 0 L | ~ LS f : h t
[ pest LIS L ehenolifin 2, 408 A0 Ry i RGBS [ ApmLPe, exhavs

exhaust ndledsutas bau@in depasis o GB8HBU dayperalime s Aspid icoensts, thewar ds CO2

credits as the.CO2 gas..h been fixed.qr stored. & Sorprion The

ot et pped RRSTEAI SRR DR Pur e p PPt TR BB e

Al t er nat i \aeloynt o8 HYHZecraasds RigniidantBnvitlcdhaderadse immmp&retufeurt ik@ppaadns thabed i nt o
a solid matri For, exanpl e,. the solid portjan separated fromthe anaerobic
i gest at e A BRI FyB. Mgkt By haneHEILE THe Tod FReepraliite ) may be used
t o ab0or b tddfpratiire S Whik il Gurh,Midh@R the fgtholib orippihk Pockvat nmay be used as
fertilizer. In certain enbodi nents, the CDM solids are further inpregnated
with an acid, duuhongsrerRBOAom wasiavakes azegenersllabmashicaedstbrqueh piystapacity. In
certain e 1 ~ ~ - - cont ai ni ng
oM ool | genRTo bRttt Y ol AR L LR HERRIAAGLES Rl el On o

sul fat e, bechnabges deheopxidnicemhomas reowvafmauinp sphalbé biolvgtchledebitofigobn. d.

Appl i cantsirhg\r}/emsh wn tIt]]atmt hq %DM %ol ihds hav%bcr';lbi Lit it 9 sgrb gaseous
ammoni a f PO AR & TERHSTPRSE oF &V TR eé%\ﬁlé%ei’pf |san85%)lac?x?ﬁ’§fl ly 53 g NH3/kg
dry sabi ddraakpantrehiosibhatioa (Redvee lburadl VAo 44 61Y6- 190510 TR AISSEF A Piepatadat

noi sture content in i j a jnportant role jn anmonia
sorption. % %ﬁf@%&%ﬁ&%ﬁfﬂh&% 154041’1%‘zﬁﬁﬁpa‘%”%g?genfﬁmfc??'nﬁeébﬂ?nf ncreases the
anmoni a sehplishig @ Thé. OSdbaseks,. UPS t1ep4, s0hifbirated Y&V BY refdréiRef dthal ni trogen
content in the biosolids decrealses wi.th drying, even afl room t enper at ure.
Thi's nit rg‘é%ﬁw? isteas eangd widsgepiFaiensan g O et Wb o PR Settur | ng

drying. FQppliddss adeSpedifi€cak@l ahe BhdiEQgAPaRRIMaLAhmbia RinSal oG ne@n change
from53 to 30 g N}-13/kg dry solids when noisture content changes from 64%

to 109 af tdepengd 2n hsuratug ¢f thyyvastewass e betigeadatar examplesbigleeical not “wi shing to

be bound BiynigMtai@ it hinkérdd b R/Aedperdifl dndRbfndal fhe 2HIFESIRarhBRHce@RTONI @
absorption by water is |likely the key mechani smfor amonia sorption on

bi osol i ds compemds Resuiteble aouak puktherpigieare efdeds eerpppgnds. Ton exchange can
13



Packi ng density of biosolids in the sorption colum also affects anmoni a
sorption capacity. A high packing density is usually associated with a
hi gh amowoaopaupt4son 20capaci ty. Addi ti on of H2S@dTiaAa20HhesGEDM

bi osol i ds can enhance their anmonia sorption capacity. However, total
nitrogen content in those ammoni a-sorbed biosolids al so decreases with air
drying at roomtenperature. Ammopni a sorption capacity increases with

i ncreasing H2SO | oad, and ammoni a | oss from the amoni a- sorbed bi osol i ds
during 253@‘5/61 %@geraﬂwbenif@Mélalséléerfmﬂtlgﬂmﬁ@rﬁ@éﬁgy@mgBsz@mtlcw@anatrpnes added H2SO4
i kely entég,gg; ggr’glﬂ’ f Agoni um
sul fate. R ?gﬁyse;f?{) i agﬁalca;pgggiﬁg@mgggggeg%ma%gaﬁ %2) gql&gs I's
slightly sedty bonv, béransetoh Atshepstoaridgiretd¢ mGonnestsdite theareserve o§ armenyrsiedt ur e
content. sed by |l ess penetration and distribution of
anmoni a t%?%)ﬁn%&t#%&r%ﬁﬁ%gt ed dense biosolids particles. 30During air

dryi ngsof the Amh@tﬁﬁﬁﬂgeﬂaybﬂm dcﬁﬁ%vedaemu hm&rﬁeraﬁl Une sthéi Rlthddet r ogen
escaped fromthe solids. Howeve furic acid to the CDM

sol i ds enﬁ%?ﬁb%%veéﬁﬁﬁwplézgwnﬁt GRJA Hqtﬁ@n: Hédb&Tul 6?.%1%96@ ABNIGY $35719819nt ai ni ng
CDM sol i dgofgdér tha id d&fgﬁé’eﬁi%ﬁh@%fﬂ%f&hé’y érﬁﬁorﬁ@&ﬁﬁ;?hgaﬁév@ﬁl efasoul fate, but

al so the concentration of phosphate. Water Treat nent A | arge

porti on ofMIMBIAFERDRESTEN pgreeyssalugor Mg S¢Y - 30ane NiANdh Waigy be recycl ed
for diff elRbuckyoine RIPEANIMRnBBhRS doRtkh DERRII0-LOTHE BefitehiinguRfl ! he
resul ting swater. For exanple, the liquid portion after the initial
sol i d-10i quhdigasd]sar rateh orRrerapyrolsienapdly hi gtd@ﬁdulgm teoeeciive)y .t thetdd vadeedbfdi rect |y

i n cert al Pl ARGRGRSol RN EINARRL 1T GETRY b flentithi difiGafl al gae and
ot her m crporgani sns, w thout & need tor any er treatnent, although
certain (rhoe élapdlﬁ%fwaed))sehred@mab@rsnmtlrdutmsnI [ qU| d portion may perform better
in the 10sane bi ol ogi cal process uses of the recycled water
may require onéTBRONMAHRPPAITE yrher @@éﬁ%veéfthrwgéldtswgﬁﬁg%e@aw B&r O npr ove

quality b%ﬁféf é%m‘ilﬁle &a@@%ﬁ?ﬂh%@éﬂhﬁ@%%d%&&a@? of higk te@pfiRl&e d | vest ock
drinki ng wa nplary treatment is ultrafiltration,

whi ch lfay h!%‘ebtaﬁf‘r‘i“béo{ﬁ% 7Q;§Pn%9 éQOaﬁd)aFT@feiS%fihll%@Fr@Fﬂa%ﬂF henefigaldPt | and whi ch
may be CORMRAAIAdphiRY pl ARl Gnse of the hobd hE Plibial Atk GHIRY thescd, war i ety of
menbrane filtration in which hydrostatic pressure forces a gw d against a
sem - per meaplaed ﬂﬁeﬁﬂﬁeérbenefsgélpémm sgeAnhelsse garceny gslantthouglf ﬁ*ﬁl@ﬁ ol ecul ar

wei ght ar %J%e% , While water and | ow nol ecul ar wei ght sol utes pass

t hrough th rane. This separation process is used in industry and
20research for Aﬁ}dbftfhyhlﬁtg/e&&@reﬁ&dqﬂd’ﬂﬁddaiﬂa?@e BRLCAre bE@eAIAad to(bkQdaptedl06 Da)
sol utions,. especi al protein solutions. Utrafiltration is not

f undarf@nt 497Y45C i §'¢ReuL Nireqoy gpnimdhe insfanf YW eRtioBn or nanofiltration, except in
terns of the si f e ec ation is
applied in cr osAé%ﬁ(a(%l\?\%enn%c]mand%ng&ééagtu{l@&%i %%rh I%YB' %j‘le?lsttoy cw?hﬁnt ger goes
concent ramummntprd)érmntmabgmr(N)ﬂﬁlﬁameoadfodns‘ frehudimig (boe mibr langedgeomet ri es may be

used in UFgase§ S frorm (i'e., lequasi $he various NH," salts, or other N-containing chemical

forms. In certain embodiments, the recovered nitrogen element is in gaseous form. In
25  certain other embodiments, the recovered nitrogen element exists in one or more NHy

salts.

In certain embodiments, air may be used as a stripping agent. In certain
embodiments, the carbon dioxide (CO;) or carbon dioxide-enriched air or gas may be used
as the stripping agent. The CO,-enriched air or gas, such as those from an anaerobic

30  digester, from an ethanol plant, or from combustion of biogas, is preferably high in
temperature (e.g., > 40°C, preferably > 50, 60, 70, 80, 90, 100°C or more). High-

temperature CO,-enriched gas is one of the major by-products from ethanol production
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consi sts of |arge consecutive |ayers of nmenbrane and support materi al

roll ed up around a tube, which maxim zes the surface area. It is |less
expensi vewohwt2/msesasbe nore sensitive to pollution. |n tireTtaMzod12050692 br ane
setting, the feed solution flows through the nenbrane core and the perneate
is collected in the tubular housing. This is generally used for 30vi scous
or bad quality fluids, such as anaerobic digestate. The holl ow fi ber

menbr ane nodul es contain several small (0.6 to 2 mmdianeter) tubes or
fibers. Thnsewhickglaybe syegrteslusith the gugsrobitgspensysisaBatgenardies he ber s, and
the pernmegp g i Goddfcted in the cartridge area surrounding the flbers The
filtration can %e carried out either "inside-out" or "outside-in.
Utrafiltrati ONH3 Ianckeogtdiﬂad b StﬂlﬁﬁeabhﬂﬂnlﬂeIhMﬁl% frcﬁr&ﬁtlub@,lsrsullﬁtlaist her as a

conti nuou The perne the u filtration may be
subj ect ed?%esauaﬁ o) ﬁ‘é &fﬁhl“ﬂ gkl nEye ﬁ‘ﬁﬂi Bﬁgﬁ ‘E@ngpﬁ}gn
progressi vak % Ry bﬁfersﬁﬁ’@ﬁé@hﬁhﬂe%@h@ﬁtﬁﬁn thhMBfNHgt hﬁe g@rlﬁ@m dqafli@rigmy be conbi ned
with other waste water urther treatnent, such as UF, in order to

maxi mi ze thEiep éb%@@ﬁaﬂ% stefﬁtem show thaf yvith JycreaserofGQsin paterdi € may be

subj ect t Qqaay ﬁ@%ﬁ&@%@n&k&ﬁiﬁﬁ&%m%&&ﬁkﬂﬁeN?Mﬁ&ﬁﬁ;ﬁ%&ﬁéﬂ%%ﬂﬁ%&%&&@ osnosi s
(RO is afiltration netho&rthat renoves many types of large 10 nol ecul es
and ions fron1&@mummmmamby@dpMkwmmgwpaeéﬂmr@O&&nﬁhaigﬁkmﬁﬂnphmh@mn1t is on
one side of The r su t ute is retained

o he o Saudpy SAGRbs HE IRl R i TR ¢ s Rt e S uBRe Ptk boed 1
pass tl0 t heingClogsensthde gad if pHFddpEnder. MRe stﬁp[blﬁg:éﬂﬁ\lﬁncy it klgiveendrane shoul d

not aIIOM/kgig | ecul es or ions. hrou é@ oresﬁ%h |.es but shoul d
al | ow smalP ’i’BﬂngH B CedEs ‘5”8 H‘t“fe(‘} Rheyere 81‘3\? fppinge g.,
15wat er) tefrideassisfim®@ebionounced frofRQHET $& pmsgnmaﬁ fiofn FADST5 16 AR Yhknown f or

its use in drinking water purification fromseawater, renoving the salt and
ot her subdt SHEEOGMD e hRAPBIONRS|TweE@Ecesrs saried qubal a Rk B§tweendt >t he

normal 0SMB9 SreRFMBEERSweeh B M5 cnlth@&y Sagws%hg Bk adrbhidBMBSdhi@m an ar ea
of low solute concentration, through menbrane, to an area % hi gh

sol ut d5coneidmr base imsh be Tird o pdpdsd tp §f0§ldﬁ1thea1‘351ﬁ§1 nkbiepgen faefeired I?Pét i on.

However, tahﬁgtﬁlgaagankﬁmueé Hr%ﬁ@fb%%ﬂﬁﬁé"@@? NRIEIBeOPLH0si s and filtration.
The predonlnant removal mechanismin nmenbrane filtration is straining, or

si ze excl usi onApplicahisepript d@ESkas aBb deiesirekd dal lempaatireyaifantesfecexcl usi on

of particles ardl.ess of operatjon par aneters s fluent pressure
and concerf %f?%ﬁyoﬁgwgpggs Hﬂ§|i@eﬁﬁwévaﬁsWﬁ?ﬂﬂvaﬁﬁﬁgﬁ%?Gﬂ%¥63|ve

nmechani smsiaifichialy is@PRESNIOAsi R ifehfpialﬁﬂl%! Fo$ eﬁ@rﬁﬂ?é‘l de@preaeugs@beﬁrﬁem, the
concentration, pressure and water he nbraﬁ&s used for

rever 98 oSHisisneY F%@éoama@ﬁéfélpwawaém %ﬁ/e»r 3°/q1a11dﬂé°/0pf8{gfwgﬁraﬂlafts xOwher e nost

separ at i ons508CdhI$0°d, ResfBSilvels ARERIAI IR, B MHPLANE of BnffeS{ BB drdaRr Blah @i ONl Yy
water to pass through this dense |ayer while preventing the passage of

sol utes ($heH Bsasiagfampershyg canTpduse frestimgency of thie remiirethpld rages: {Jiwspr essure

be exert edeQfink Qﬁmﬂé&n&ﬁgﬁ%ﬂt’f@ré@ﬁ i%'c@ﬁmﬁ’fem%&'tﬁm&ﬁmﬁml sﬁ-giﬁ 2-17 bar
(30-250 psi) for fresh and brackish water, and 40-70 bar Eb> 1&00 psi) for

seawat er , ceiied uttvaan eleviaddenaergaie (¢.3580° §§lr)ab¢v&t Rrefgrablysnt’ ﬂﬁ"& gore that
nust oyg& 8?@?@0 increase ftheFéS d&ﬁ‘%%?ﬁ&&% Qgﬂ Esetlé q&ﬁ'ﬁ:@aﬁ?&ﬁm@@o éa?] subj ect ed

to additiona ounas o cesst urt | Nprove wat er |ty | on
exchange may  bappis@dts dgiv soreiaNf@the RRni s fr@sDME (&ﬂjﬂoh&dﬁ&@tﬁondﬂ@%SI rabl e

di ssol ved s‘lm%glsnglggs él?oeafggts Blrenrmrg)‘?lgts?nppmg efficiency. The efficiency decreases with
increasing CO, concentration, likely due to the NH; partial pressure reduction in the
presence of CO, in solution. For example, in a prior experiment, the efficiency for a 30-
30  min stripping carried out at 25°C and pH 9.5 was 43%, 31%, 27% and 21% for CO,
concentrations of 0%, 14%, 25% and 75%, respectively. However, Applicants discovered

that CO, concentration shows less effect on ammonia stripping efficiency in digested
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5The concentrate of RO may contain higher |evels of anmoni a, especially
when anmoni a stripping has not been carried out before the series of water
puri fi catwonostEpsts Such concentrate may be used in anmpoTaCAROTIIOSMORg St eps
descri bed above. Figure 1 shows a schematic view of a representative
nutrient recovery process according to one enbodi nent of the invention.
Note that the nunerical designations do 10not necessarily represent the
sequence of operation in all related enbodi nents, such that a hi gher nunber
step may eanggerefiusais sompased irchemicplaiions aopiaining asgmoma. cBrit iailikely dhat ed

enbodi manttéthe reductlorﬁff%%é @gf'gn 509;&09'o%r%ec[?'ﬂ{%tf@&a%??‘aﬂéa%ﬂ&te pf’ecﬁ)ﬁht'eéj pOI‘tI on
is separated froma liquid portion of bi o-waste material using a

Seper at or fipfmpetalfines, sushiagl Cpend M@neXQSlln&)n Illmylr hefflagis edltheugtve bigkertGQai zer ,
whil e the I; I pol yners of
the | nventc%n'g%ﬁllﬁthgg{né’gﬁg ggslﬁe%)efl%@éH\%ﬁd u§ ?O(éve\ﬂd thpalﬂ&gnlg tnggﬁlgh SAME as
Seper ator efff{cigney, Ageasnnabgdhgldar §Bpding éﬁﬁorﬂ:n@eqae r’oamamtalﬂled(IQ ypiteay upeg used as
bio-ferti l enhche'fd%?lse 1]f Ist%lé)gl)?lg 1socrarrbiaout arbp a reluﬁv%lyvﬂléhgtgrsnoclsrl glre( 1.1). Liquid 11

(2.2 fro epera s{reamtreatnent, such

as |ime treat mgpgs 1h@er’fa@rﬂ&ﬂl§‘odﬂﬁ&§§b@5@onc&9@ﬂ@n erstﬁﬂi’)'hﬁg g%gfiliid%‘s nmay be added
inthis process, including Al or Fe chem cals, wood gam fication

by- pr oductP&elerally pasiors thar &% oHpyever. @mlgilesﬁﬁaﬁcmcﬁrﬁwuon masabw% aheed

embodi Menty,e Was 1s%llmg(?5vlth§h%qg%@1ﬁfﬂﬁém%é?atﬁfe. si mul ta“eo_us' y with the
solid-liquid separation step I n Seperator 1) (and there will be no need

for Saparator Id dertaﬁi@ﬁfbbdﬁhﬁh@l’tﬁe gasamdululramssa/ldme(mﬁm dt 4a7@ oﬂ@@@zg@i zed
solid-liquid.s rators ({jevvaterlggéj? h]’%% such as SCI‘GWE rotary
press, fi |rff0é1fre<§ %%Werl%ﬁ/]fqul‘ Hef gl BULTHRIEMBRralpiE i Py uges
(incl uding sol jdhowle,fAegan @rtheccﬁll GRLEGAGHRL ShiBa nflben RRAf AR |1 qui d
Il (or the liquid portion o ynmer - assi ste |qU| separ ati on)
may be sulsjagoigeb-tveste welat W@ntan@be@ingdle@tett@ 1y &hoot/0D- 4O%mgéﬂisﬁh@bq)hat e, such
as 30 |i d i re aration
5o dé’géo% mgﬂﬁgove o&gz%ﬁﬁ;ﬁ@ ngl 'V%béu%!zBo&g@ ngsinthgt & abg P

as descri bé erel preC|p|t e’ content may
opt i onal | Y5oemgait;lledrtenotal solite(TSetdnltant of timstwﬂungblome Wehm (separated liquid

3.2 b d t ) ti i1t
Coet) an s ARErtiRe eSS & bbbl R e dh TR ahed st dive ar REaHBE bl ont i VL
t he separ af é@ slartthgi bib-(v3st@vateB(e. sl ansaudlji €dib&thid) s @BRrabdly bedveen hbaumds 20f

ultrafiltration ég‘ and/or 5). The concentrate may be pooled with the sludge
equi val ent®! pput frddd i n Separator |1 (2) for repeat solid-liquid separation.

Slf lime treat 6‘35&%11'&%%&% ha%@?ho%d[ﬁﬂdq?rﬁﬁséb&al hof ébs%grld%'e'h }ga% fFEANAHCI ve to

downst r eam amoni a st at ment st ep I's preferably
carri €9 oly-poetuotd ethand m)iaam tanj fgpisergfor ammonia meplog undsr eptgna phl aofl

per moat e (R onE S daBihof oot Bt it o S8, bR 0 20t e
pH adjustment of di gested manure effluents, hme-treated effluents, or other bio- Waste
liquids.

Thus in an exemplary set up, as shown in Figure 2, hot CO; or flue gas 101 may be
25  directed to enter a direct heat exchanger 1 to contact feed water 103. The heated water
104/203 can then enter an indirect heat exchanger 2 to heat up manure effluent (maybe
lime-treated and settled) 201. The cooled circulating water 204 from the indirect heat
exchanger 2 returns to the direct heat exchanger 1 as the feed water 103. On the other
hand, a part of the cooled CO; or flue gas 102 from the direct heat exchanger 1, is then
30  directed to the ammonia stripping tower 3 as stripping agent 301, and contacts the heated
manure effluent 202/303 (which comes from the indirect heat exchanger 2). The water

stream is circulated between the direct heat exchanger 1 and indirect heat exchanger 2.
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10 to additional rounds of UF, or reverse osnosis (6). RO concentrate
usual Iy contains high | evel of ammnia, and is best suited for anmmoni a
stri ppi ngvendi2oxo®8r ption in a stripping tower (7). ThePROD(ennm@wa@2 (6. 1)
may be further purified by, for exanple, ion exchange (6.1.1) to inprove
water quality. After ammonia stripping (7), the liquid portion
(7.1) may be recycled back for 15 further water purification (UF and/ or

RO, while the anmoni a gas may be collected and purified as gas, or be
i ncor por at/ddopgi eontnupysly gorftagting COz &ps 10y BisgHcdpRentdersbeypd h@ﬁ a(7.2).

Exanpl es constant i\{ﬁgpaﬁ(ﬂ% ﬁ)rtﬂ‘l-: hff]ﬁ ﬁﬂ}bllﬂggf é@vfr‘lr\?@lterp F[ﬁi;- eo’, @&t&ﬁ“@? di ments

of the inventio escrib ab ove, e exa bel ow are provi ded to
further i Itlimgcqnanggzssﬂééslﬁq@mp@mﬁsmﬂv cmlgh@ftﬁarrwetmtlr@nvatamweltgener al

teachi ngs dﬁr@ctthgﬁfe?él%lr s&Q étﬂ@rﬁgat%%p' SRR %tr{gg (%ﬂﬁ%lcfﬁﬁ%' bed

i nvention, specl re not I1nte edt Exanmple 1
Cat i onisc %4M%comnpommﬁwaipipnthRmmﬁahmddlhamgt |@eertd prIulfaha MVdﬁeﬁl gested

Manure Se er ream QA\MB% eeIC:IT Lﬁhe)a QHS IIIrl_I%QnI hé%o ‘?{ona[ %ﬁs {qiu CO%‘?&CtéI’E‘;rl’%g 7645 and

ZETAG 257 were ‘use occC occ on o I ges¥ ed manure
slurry. lee$reta|ﬂed glrcrmfssreeam ef thestripging owet s,rfar hixgy somk ecalédC Oyeisd2, cati onic

polyacryla def nts. Their ical strycture i s sho in the fornula
bel ow. ' Forhor s 3okt feifiord Shieph iRl age bpaltEn Rt S0 TmeE Hbout 156 o
pol ynmer byhe/@sghtudmadtwct, bedoediHeut@dreliegRYobef ore its use in bench

tests. Alternatively, the polynmer solution (0.2% by weight) can be nmade by
30 di 990l vi ng hothyy terficak BT Apy(thg hepbcagri¢drtych@mcoming COasniaghted gas is WG

2012/ 04084GRETH A A ARAOG o Hable! Waieh (¢ 5 FhioSphattredicdd whie idnGsthel O » N,
lime-treated and settled anaerobic digestate) through a heat-exchange medium (e.g.,
recycling water) to raise the temperature of the nitrogen-rich bio-waste water before the
cooled gas directly contacts the bio-waste water in the ammonia stripping tower. This is
15 largely based on the experimental finding that raised temperature greatly facilitates
ammonia stripping efficiency, while simultaneously reducing the negative impact of

potential pH reduction by CO, in the nitrogen-rich waste water.

The cooled CO,-enriched gas can also be used optionally as a downstream pH
adjuster for the out-coming ammonia-stripped wastewater. For example, the CO,

20 requirement for adjusting pH in lime-treated manure effluent from pH 10.2 to pH 7.9 is
approximately 5 g CO-/L effluent. Based on this ratio, at least 1000 kg CO»/day is
required for pH adjustment of 200-m’/day lime-treated effluents in an anaerobic treatment
plant. If CO; gas is supplied from an ethanol plant, the production capability needs to be
at least 1113 L ethanol/day or 406,270 L/year. If CO, gas is from the exhaust of biogas

25  combustion, which contains about 14% CO,, the volume of the exhaust needs to be at least
3636 m’/day. This may count towards CO, credits as the CO, gas has been fixed or

stored.
Ammonia Sorption

The stripped NH3; gas may be collected and purified in its gas form. Alternatively,
30  NHj; in the NHj-enriched air may be further absorbed into a solid matrix. For example,
the solid portion separated from the anaerobic digestate (centrifuged digested manure

solids, or “CDM solids™) may be used to absorb NH3, resulting in N-enriched bio-solids
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HHL HCH1 HCGHCH N CH 33 CH3CI Typical Structure of ZETAGr) 7645 Two
types of flocculation tests were conducted in this experinent: the batch

j ar 5fl ocwol2atzmamssest, and the pilot centrifuging test PCirrcAzba/dsedoeh | ar
test, 200 nL of uncentrifuged digested nmanure slurry was taken into a
500- L beaker, and then a certain anount of polynmer solution was added.
After imedi ately nmechanical agitation for about 10-60 seconds, the sanple
was visually inspected for floc formation and water clarity. In the pilot

tests usi et play be uspd eafrrilivgr desertain ergeoditenss. dleddaYsdlidseruiuehe urry was
centrifug t ﬁggb centrifuge
feed purrp%\%g%g%a%ed r‘gi%}g%n ézg'l%é B&&Htas {Oqg%g?fs% ﬁg&%f?ﬂé‘@lﬁéé}bﬁ% e%Bamipﬁl

oper at ed at@ﬂetlmmieleboctﬂmrftsaﬂ@ﬁm mlasow* adaltefé@gea@rpﬁecbb@' sl tegoptadni®y CDI\/Bsohésad 1.2

L/ m n. h dded at two
differ ent o%a%lal@g{r‘fls{dtg freagg%{ MI}??{ ngm{?ﬁé{I:%HtO?l ugéf)]ft ﬂ%urrp The raw

di gest éd mamgnigatoh of pyosphmit ot no-felged | i qui ds were sanpl ed for
measurenents of total 15solids (T) and total dissolved solids (TDS). The

val ue of total A8NéIREGaE shevp et hy SBM jelids bayealilift ©FoR32508s #mPRiRence
bet ween TSroash allOSH; mixture. Phé EHRERTs g@f@&ﬂw BRI NRYS: dry e dRiagd i Oni C

charge to lowionic charge were trie n tes S using raw di gested manure
slurry at nosegesnte of ebouhet’el oplicants fqypd thet meﬁturmvonteneaﬁlwéﬁwh% ot her

ZETAQ(r) pifpd Hr?fn?po}tgﬁtr@lg in ﬁ@t@ﬁ Earpt{ &2 ‘?Iné’f@ﬁm%%lgo&tgre%ﬂl%n@ahgggt ter

20fl occul atron result of the raw d| gested manure slurry. When ZETAEr) 7623
was uséd admealypgodreaves thejammgelaefrpR@Oomdolids. Hfter aupdry hpyevsngheftbgbcul at ed in

about 5 ¢ 9fflemeaRndR nek ARG [heh HELEh M P RARENRR. Offid he Lop of

the floccuf osage~ o 1ds from
the slurr yutwgmereﬂdam:lsllloaahecbldtabtbdre m@ﬂdrelleﬁs@emng:dmmgsmemftmc,dhd ated solids

wer e observ The 2 Lon.clar S ht fromthe
i or testo fatEBednaE b BRghef chies 1R5EHE 0 BRIy H0Rg Vi age o
about 250-nﬁiﬂﬂurﬂgbﬂletaphmgesfr¢m 641)% tdi)e% aﬁen 2t4dﬂ|)uf dwing at room temperature.

15 While not wishing to be bound by any particular theory, available data suggests that

ammonia absorption by water is likely the key mechanism for ammonia sorption on

biosolids under the tested experimental conditions.

Packing density of biosolids in the sorption column also affects ammonia sorption
capacity. A high packing density is usually associated with a high ammonia sorption

20 capacity.

Addition of H,SO4 in the CDM biosolids can enhance their ammonia sorption
capacity. However, total nitrogen content in those ammonia-sorbed biosolids also
decreases with air drying at room temperature. Ammonia sorption capacity increases with
increasing H>SO,4 load, and ammonia loss from the ammonia-sorbed biosolids during

25  drying also decreases with increasing H,SO4 load. The added H,SO; likely enhances

ammonia sorption through chemical formation of ammonium sulfate.

Ammonia sorption capacity on granulated biosolids is slightly smaller than that of
original CDM solids at the same moisture content. This is likely caused by less

penetration and distribution of ammonia through the granulated dense biosolids particles.

30 During air drying of the ammonia-sorbed biosolids, about half of the total nitrogen
escaped from the solids. However, addition of sulfuric acid to the CDM solids enhances

ammonia sorption. The incubation of the sulfur-containing CDM solids help to increases
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WO 2012/ 040848PCT/ CA2011/ 050602 fl occul ati on of the exenplary digested
manure slurry with a suspended solids content of approximately 8%
pol ymer cwocentmessson for ot her cationic polyners can becCIian2bardsgeo2

determ ned using the nethod descri bed herein.

Opt i mum

The results of

solid content neasurenent in an exenplary experinent, in which 5several raw
and centrifuged sanples were neasured, are listed in Table 1 bel ow

1Centri fugi ng Experi nental

Tabl e

Condi tions and Solid Content Measurenent Sanple

| D Sanpl e ngeddy thecpreantEgioy pbyulfiselit slse thejcorcemigtipnef Phasplpts at e (L/ ni n)
Ef f | uent f‘ggtcgrrrat ?mgllft/ mn) TS (%9 TDS (% TSS
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A large portion of the bio-waste materials consists of water, which may be
recycled for different uses, depending on the requirement for the quality of the resulting

water.

For example, the liquid portion after the initial solid-liquid separation may be of
high enough quality to be used directly in certain processes, such as ethanol fermentation
or culture of algae and other micrporganisms, without the need for any further treatment,
although certain (more purified) fractions of this liquid portion may perform better in the

same biological process.

Other uses of the recycled water may require one or more additional steps of
treatment to further improve quality before the treated water can be used as, for example,

livestock drinking water.

One exemplary treatment is ultrafiltration, which may be carried out using standard

equipments in the art, and which may be commercially available.

Ultrafiltration (UF) is a variety of membrane filtration in which hydrostatic
pressure forces a liquid against a semi-permeable membrane. Suspended solids and
solutes of high molecular weight are retained, while water and low molecular weight
solutes pass through the membrane. This separation process is used in industry and
research for purifying and concentrating macromolecular (10° - 10° Da) solutions,
especially protein solutions. Ultrafiltration is not fundamentally different from
microfiltration or nanofiltration, except in terms of the size of the molecules it retains.
Mostly, ultrafiltration is applied in cross-flow mode and separation in ultrafiltration

undergoes concentration polarization.

Several different membrane geometries may be used in UF. Spiral wound module
consists of large consecutive layers of membrane and support material rolled up around a
tube, which maximizes the surface area. It is less expensive, but may be more sensitive to
pollution. In the tubular membrane setting, the feed solution flows through the membrane
core and the permeate is collected in the tubular housing. This is generally used for
viscous or bad quality fluids, such as anaerobic digestate. The hollow fiber membrane
modules contain several small (0.6 to 2 mm diameter) tubes or fibers. The feed solution
flows through the open cores of the fibers, and the permeate is collected in the cartridge
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area surrounding the fibers. The filtration can be carried out either “inside-out” or
“outside-in.” Ultrafiltration, like other filtration methods, can be run either as a

continuous or batch process.

The permeate of the ultrafiltration may be subjected to one or more additional
rounds of UF process to obtain progressively purer recyclable water, while the concentrate
maybe combined with other waste water for further treatment, such as UF, in order to

maximize the recoverable water.

Ultrafiltration permeates may be subject to additional treatment such as reverse
osmosis. Reverse osmosis (RO) is a filtration method that removes many types of large
molecules and ions from solutions by applying pressure to the solution when it is on one
side of a selective membrane. The result is that the solute is retained on the pressurized
side of the membrane and the pure solvent is allowed to pass to the other side. In order to
be “selective,” this membrane should not allow large molecules or ions through the pores
(holes), but should allow smaller components of the solution (such as the solvent, e.g.,

water) to pass freely.

Reverse osmosis is most commonly known for its use in drinking water
purification from seawater, removing the salt and other substances from the water
molecules. This is the reverse of the normal osmosis process, in which the solvent
naturally moves from an area of low solute concentration, through a membrane, to an area
of high solute concentration. The process is similar to membrane filtration. However,
there are key differences between reverse osmosis and filtration. The predominant
removal mechanism in membrane filtration is straining, or size exclusion, so the process
can theoretically achieve perfect exclusion of particles regardless of operational
parameters such as influent pressure and concentration. Reverse Osmosis, however,
involves a diffusive mechanism so that separation efficiency is dependent on solute

concentration, pressure and water flux rate.

The membranes used for reverse osmosis have a dense barrier layer in the polymer
matrix where most separation occurs. In most cases the membrane is designed to allow
only water to pass through this dense layer while preventing the passage of solutes (such
as salt ions). This process requires that a high pressure be exerted on the high
concentration side of the membrane, usually 2—17 bar (30-250 psi) for fresh and brackish
water, and 4070 bar (600-1000 psi) for seawater, which has around 24 bar (350 psi)

20
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natural osmotic pressure that must be overcome.

If necessary, the permeate of RO may be subjected to additional rounds of RO
process to further improve water quality. Ton exchange may be used downstream of RO to

remove additional undesirable dissolved ions in the RO permeate.

5 The concentrate of RO may contain higher levels of ammonia, especially when
ammonia stripping has not been carried out before the series of water purification steps.

Such concentrate may be used in ammonia stripping steps described above.

Figure 1 shows a schematic view of a representative nutrient recovery process
according to one embodiment of the invention. Note that the numerical designations do
10 not necessarily represent the sequence of operation in all related embodiments, such that a
higher number step may be carried out before a lower number step in certain related

embodiments.

According to this depicted embodiment, a solid portion is separated from a liquid
portion of the bio-waste material using a Seperator I (1). The solid portion (1.1) may be
15 wused as biofertilizer, while the liquid portion (1.2) may be mixed with one or more
polymers of the invention in Seperator II (2), which may or may not be the same as
Seperator I (1). Again, solid (2.1) from Seperator I (2) may be used as bio-fertilizer,
either alone or in a mixture with solid (1.1). Liquid II (2.2) from Seperator II (2) may be

subjected to downstream treatment, such as lime treatment to remove phosphate.

20 One or more additives may be added in this process, including Al or Fe chemicals,

wood ash, or gasification by-products, to facilitate solid-liquid separation.

In a preferred embodiment, however, polymer is added prior to or simultaneously
with the solid-liquid separation step in Seperator I (1) (and there will be no need for

Separator I1).

25 Separators I and Il may be any of art recognized solid-liquid separators or
dewatering devices, such as screw press, rotary press, filter press, belt filter press, various

kinds of centrifuges (including solid-bowl decanter), electrodewatering, etc.

Separated liquid IT (or the liquid portion of the polymer-assisted solid-liquid
separation) may be subjected to treatment designed to remove / recover phosphate, such as
30  lime-based phosphate recovery, or Mg salt based struvite preparation as described herein
above (3). After lime precipitation, the content may optionally be settled in a tube settler,

in which case the separated liquid (3.2) may be used directly in an integrated bio-
21
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production facility such as ethanol plant of algae-based bio-production module.
Alternatively, the separated liquid (3.2) may be subjected to one or more rounds of
ultrafiltration (4 and/or 5). The concentrate may be pooled with the sludge equivalent to

those in Separator II (2) for repeat solid-liquid separation.

If lime treatment is used, the added benefit of raised pH is conducive to
downstream ammonia stripping. Thus the lime treatment step is preferably carried out

before ammonia stripping.

One or more steps of ultrafiltration may be carried out to further purify water (4
and 5). The permeate (4.1 and 5.1) and concentrate (4.2 and 5.2) of UF may be subjected
to additional rounds of UF, or reverse osmosis (6). RO concentrate usually contains high
level of ammonia, and is best suited for ammonia stripping and/or sorption in a stripping
tower (7). The RO permeate (6.1) may be further purified by, for example, ion exchange

(6.1.1) to improve water quality.

After ammonia stripping (7), the liquid portion (7.1) may be recycled back for
further water purification (UF and/or RO), while the ammonia gas may be collected and

purified as a gas, or be incorporated into a solid fertilizer through ammonia sorption (7.2).

Examples

With the general concept and several preferred embodiments of the invention
described above, the examples below are provided to further illustrate specific aspects of
the invention. While general teachings in the examples are considered applicable to the

described invention, specific limitations are not intended to be limiting.

Example 1  Cationic Polymer Improves Solid Removal during Centrifugation of

Digested Manure
Several CIBA®™ ZETAG" cationic polymers, such as ZETAG 7645 and ZETAG

7623, were used as flocculants for flocculation of digested manure slurry. These polymers
are non-toxic ultra high molecular weight cationic polyacrylamide flocculants. Their
typical structure is shown in the formula below. For this experiment, a polymer stock
solution containing about 1% of polymer by weight was further diluted to 0.2% before its
use in bench tests. Alternatively, the polymer solution (0.2% by weight) can be made by
dissolving 40 g of ZETAG® 7623 into 20 L of tap water.
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Bul k solution was collected fromRun# 3, 4, and 5. As shown in the
data above, the raw digested manure slurry had a total solid (TS) content
of about 802621040838t he separated |iquid portion after ceorrdAogasicn

wi t hout 10pol ynmer addition, the nmeasured total solid (TS) content was
reduced to about 3.76% This -5% absolute TS reduction is largely due to a
drop in the total suspended solid (TSS) content (conpared Sanple 1 and
Sanpl e 2 under the colum TSS(% - a reduction from?7.02%to 2.18%. As
expected, centrifugati on does not apparently reduce the total dissolved
solid (TDS) content (conpare Sahples 1 &2 *‘Under the TDS (% colum).
15Addi tion of pol ymer bef ore—¢eatcit ggatcemc<iganpl es 3-5) further reduced
TS content in the separated |1 qllui él=cport i on ¢g-@ about 1.8%- 2.1% This
nunber was slightly reduced furtbﬁr with anincreased pol ymer dosage (data
not shown). Interestingly, thisH 2% absolutle drop in TS (% was largely due
to a reduction of total dissolved solid (JDS), content (conpare Sanple 2
with Sanple 3 or 4, under the colum TS :%j_C-H a dramatic 20reduction from
2.18%to about 0.6%, and to a smaller eXtermt, *dye to a reduction of total
suspended solid (TSS) content (conpare the @ane®Sanples - a small yet
significant reduction from1.58%to about 1.2%. To sumarize, the

cal cul ated total suspended Boldabstrycrssyf Zeenio4tas about 7.0%in the raw
di gested sanple, about 2.2%in the liquid portion of the sanple centrifuged
wi t hout polymer addition, and only about 0.6%in the liquid portion of the
sanpl e after SpRLYRE oPBRhGdh EEMNEk LHIRELO T iUk MBI AP R bagfldrd- 1 1 qui d
separati on does not appreciably reduce the 1.58%total dissolved solid
(TDS) éontileagulation {5k aphibe pdet cottrifgingtest. Wdbk batdnar o 308 opfyner additi on

petor & cenhdHaal @nBamahile RS, hRBPHIT ) Qo -hibEREE K EHMCL BEDS.
Overall, polyner a tion can significantly 1 nprove solid-I1quid separation
and r educemoontai§ pelygpesetitidn sob pdisd ( A8S) imamrediatedit mkechdiisad ebvagndaiabdg (TDS) in
ef fl uents. P 1.Q0i.f I | rer addi tion
and sol i o Prgare o TR e gl Hed boF oA G RPN 1601 com.

| n a rel atledbilex Eets usmenpilot dewntingestrifigecati digused pehymslusy WAETAG(fuped7623 and
ZETAGQ ) 7645 re tested.for floccul ating a.previously centrifuged

i gosty Sty S MBP R ERDE S G, S Bl Pl Ly B Y S o

Sur pri si ngl4yL/mio, gdalte gdlyons lidedtpump waa s pahiseitvkde dieidneflcvotatast shi ng to be

o the di JeBpvEPRanLFd Srut I ekl or 5 ne D SR Bl e
f1 occul at iagdedaik twoadite@nidbadtibns: bdibe dphbdritedeatrifetieddqmaipb e bW dge t he
adj acent suspended alrticl ) a&ﬁgﬁa?sist the for rrg)tri on of a

. re
t hr ee- di mdHSHIEhIRNYR ey pog eegtr Igpids, Wt Sampled, m?ﬁwr%etnfs(@?ﬁ Q¢ this

obser viat i @BlidsT$ el tothiQfissHREERsoBt THBNThE MRy ot suspetRandedt (398) ds,
pol ymer shoul d be added to the 20 uncentrifuged manure slurry, rather than

t he cent ri'faggelenlpathiprtbe dfferepesfietwesaflsrad fibShani cal solid-1iqui d separati on.

Different cationic polymers from high ionic charge to low ionic charge were tried

in tests using raw digested manure slurry at dosages approximately from 100 to 400 mg/L.
Compared to other ZETAG” products tested, ZETAG" 7623 was found to have a better

20  flocculation result of the raw digested manure slurry.

When ZETAG" 7623 was used at a polymer dosage of 250 mg/L, the raw slurry
was flocculated in about 5 to 20 seconds, and some clarified water was observed on the
top of the flocculated solids. At a polymer dosage of 300 mg/L, the solids from the slurry
were flocculated faster, and larger chunks of flocculated solids were observed. The

25  solution clarity was even better than that from the prior test using 250 mg/L polymer. A

polymer (ZETAG™ 7623) dosage of about 250-300 mg/L appears to be best suited for
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Exanple 2 Cationic Polyner |Inproves Nutrient Renoval during Centrifugation
of Di gested Manure Thi s exanpl es shows that cationic polyner not
only faciwptat2aso®l i d renoval , but 25al so unexpect edl y pCaaiA2t1205em®2
precipitation / recovery of certain nutrients, such as phosphate and
nitrogen, during the solid-liquid separation process. In the experinment
above, ammoni a and phosphate concentrati ons were al so neasured for the
above- nentioned sanples as shown in Table 1. Unexpectedly, the NH3 and
PO43- condlepgulation ehthe ereniary digestpdmanise slytre itk @ sespprdgd selids spppe of wer e

appr oxi ma A

centri fugg?‘%)rgﬁlﬁggr?r}gg(% 6? ﬁgréiﬂr?%?ﬁ?gf%%@rﬁ]agpg tﬁﬁg{hg{jcfta t% ?lggb%?ﬁ{gg%ﬁngr al so
facilitat esniNHS datﬁdmp@l@mgrtbf?mvfhbd flesombedfrfieent s during centrifugation.
Exampl e 3 Reduihl on _of ttled Solids after Linme Treatnent .in tionic

Pol yner - Assi st e iSalis 9l B ‘d‘LﬁOHte@éB%?F‘&FIPB‘H in an exemplapyRPHIPSHER MY st ed

sol i d- Isi quera Rl deRifi (RN 4Gl &dveid BRAsutandt il Tb¥ 1l Rlow. 0 that of
Exanple 1, the separated liquid portion was further subjected to line
treatment. Babhel | i medeh@ificdth H@RMERaVEINEitibASMdFOUA ednieMiMedirteiient gl ass
t ubes f or settti-Rg—~AR—exgrPary—gass—i-tbe—us -s—ex-per-l-rmn-t—was 37
nm i n i nt ppample [di afeerdy  andeR 98 rrﬁ?limrreﬁjlh*tnt( ptIss [tRPhei §H

rati o). Ao o cOnedieT at|i ofedi n a’nm ‘f o o‘r@ rré%féuﬂ‘é%i‘“)uém%@ an
ORI ON ammmpnia Irnhp Dhncr W;??IEO“ 0 8 L/min) | was ine hy i
chr omat ogf aphy Lfglifvtdtgesteiionex | CS [L000. 10The r egs&dot|sl.Bf | I7i0brg 29684 t>r$@}@t for
sanpl es after palyBLaassi[sted centrifygation arg Shawh ,iip [TAbE ¢ 6de:3dne
| i me dosape usedlo\ﬁ@ﬁnebetvwen O tp 20 g/|[L. The |raw [centf|i fuged ef(ffl uert had
a pH of apo | e pH[T e [(TIeFTTe e
i ncreased V\Hh c'%nmfu%eﬂl ng F%Jgdasaé'g. For3'4i nstyn;'ée?{ngB\%gs 6%1( P a
sanpl e trpated \ML.. a—Hrg—dosagp—or—5tg-—and—12—13 sarpte—t+reqt ed
with a lihe Adosaf‘gémmedfﬂh J/ A BlrapPe 2. Redul t]s! Bf| kO tPdarbhts G
pol yn‘er-asci st dd 19@%‘ L fllrprli)u%n re effll yents Q;mrpll e | Line dod age (g/ |_)
Fi nal pH pPO4 3 mefuge(iwgl“) Aot upe~pPati|o (Bot t|oAiStlop) [Turbil|dity |[(ntu)
polymer pump
6 Bulk solution” 03-12 3.4 1.86 1383 | 1318
centrifuged with
polymer

" Bulk solution was collected from Run# 3,4, and 5.

As shown in the data above, the raw digested manure slurry had a total solid (TS)
content of about 8.56%. In the separated liquid portion after centrifugation without
10 polymer addition, the measured total solid (TS) content was reduced to about 3.76%. This
~5% absolute TS reduction is largely due to a drop in the total suspended solid (TSS)
content (compared Sample 1 and Sample 2 under the column TSS(%) - a reduction from
7.02% t0 2.18%). As expected, centrifugation does not apparently reduce the total
dissolved solid (TDS) content (compare Samples 1 & 2 under the TDS (%) column).

15 Addition of polymer before centrifugation (Samples 3-5) further reduced TS
content in the separated liquid portion to about 1.8% - 2.1%. This number was slightly
reduced further with an increased polymer dosage (data not shown). Interestingly, this
~2% absolute drop in TS (%) was largely due to a reduction of total dissolved solid (TDS)
content (compare Sample 2 with Sample 3 or 4, under the column TSS (%) - a dramatic

20  reduction from 2.18% to about 0.6%), and to a smaller extent, due to a reduction of total

suspended solid (TSS) content (compare the same samples - a small yet significant
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reduction from 1.58% to about 1.2%).

To summarize, the calculated total suspended solids (TSS) content was about 7.0%
in the raw digested sample, about 2.2% in the liquid portion of the sample centrifuged
without polymer addition, and only about 0.6% in the liquid portion of the sample after

5  polymer-assisted centrifugation. Furthermore, solid-liquid separation does not appreciably
reduce the 1.58% total dissolved solid (TDS) content in the absence of polymer addition,
while polymer addition before centrifugation has the added benefit of further reducing
TDS. Overall, polymer addition can significantly improve solid-liquid separation and

reduce total suspended solids (TSS) and total dissolved solids (TDS) in effluents.

10 Perhaps more significantly, the sequence of polymer addition and solid-liquid
separation appear to be important for the above outcome. In a related experiment, two
types of cationic polymers, ZETAG"® 7623 and ZETAG" 7645, were tested for
flocculating a previously centrifuged digested manure effluent at similar dosages from 50
to 350 mg/L. Surprisingly, no good flocculation was observed. While not wishing to be

15 bound by any particular theory, this result suggests that the biofibers in the digested
manure slurry may play an important role in the flocculation of manure slurry. The
biofibers most possibly bridge the adjacent suspended particles and assist the formation of
a more three-dimensional reticulated floc structure. The implication of this observation is
that, for more efficient removal of suspended solids, polymer should be added to the

20  uncentrifuged manure slurry, rather than the centrifuged manure effluent, before

mechanical solid-liquid separation.

Example 2  Cationic Polymer Improves Nutrient Removal during Centrifugation

of Digested Manure

This examples shows that cationic polymer not only facilitates solid removal, but
25  also unexpectedly facilitates precipitation / recovery of certain nutrients, such as

phosphate and nitrogen, during the solid-liquid separation process.

In the experiment above, ammonia and phosphate concentrations were also
measured for the above-mentioned samples as shown in Table 1. Unexpectedly, the NH;
and PO, concentrations in the polymer-assisted centrifuged samples were approximately

30 20% and 50% lower than those in the polymer-free centrifugation sample. This indicates
that the addition of polymer also facilitates NH; and PO,> removal from effluents during

centrifugation.
25
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Example 3  Reduction of Settled Solids after Lime Treatment in Cationic Polymer-
Assisted Solid-Liquid Separation

After polymer-assisted solid-liquid separation conducted under conditions similar
to that of Example 1, the separated liquid portion was further subjected to lime treatment.
5  The lime-treated samples were then poured into different glass tubes for settling. An
exemplary glass tube used in this experiment was 37 mm in internal diameter and 295 mm
in height (1:8 diameter to height ratio). Ammonia concentration in sample solutions was
measured using an ORION ammonia probe. Phosphate concentration was determined by

ion chromatography using Dionex ICS1000.

10 The results of lime treatment for samples after polymer-assisted centrifugation are
shown in Table 2. The lime dosage used was between 0 to 20 g/L.. The raw centrifuged
effluent had a pH of about 7.54. In general, the pH in the lime-treated effluent increased
with increasing lime dosage. For instance, pH was 9.40 for a sample treated with a lime

dosage of 5 g/L, and 12.13 for sample treated with a lime dosage of 10 g/L.

15 Table 2. Results of lime treatment on polymer-assisted centrifuged manure effluents
Sample (Lime Final | PO,” Volume Turbidity | TS TDS | TSS
ID dosage | pH conc. ratio (ntu) (%) | (%) | (%)
(g/L) (mg/L) | (Bottom/top)

1 0 7.54 | 1383 3010 1.856

2 5 940 (275 7.8% 3710 1.759

3 10 1213 | <1 18.6% 2860 1.565 | 1.20 | 0.365
4 15 1225 [ <1 20.4% 3270 1.569

5 20 1234 [ <1 22.2% 1950 1.555

* PO, TS, TDS were measured in top solutions after 2-day settling.

As aresult of lime treatment, the residual PO, was reduced from about 138.3
mg/L to about 27.5 mg/L with 5 g/L lime treatment, and further reduced to below 1 mg/L
with a lime dosage of > 10 g/L. The total solids content was only slightly decreased with

20  the increasing doses of lime. The remaining TS, TDS and TSS in the lime treated effluent
at the lime dosage of 10 g/L are 1.57%, 1.20% and 0.37%, separately.

It was observed during the experiment that the majority of solids in the settling
tubes settled down in about 1-2 hours. As shown in Table 2, the volume ratio of the

bottom slurry over the top solution is from 8% to 22% at the lime dosage of between 5 to
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22.2% 1950 1.555 * PO43-, TS, TDS were neasured in top solutions after
2-day settling. As a result of line treatnent, the residual PO43- was
reduced fwormenaet48138.3 ng/ L to about 27.5 ny/L with 5pgricA2zormsedoeat nent ,
and further reduced to below 1 ng/L with a |linme dosage of? 10 g/L. The
total solids content was only slightly decreased with 20 the increasing
doses of line. The remaining TS, TDS and TSS in the |line treated effl uent
at the linme dosage of 10 g/L are 1.57% 1.20% and 0.37% separately. It was
observed dleilngThihitiessgerdihigher igatappremetghotiPy) fofthegmilasiaimenhe settling
tUbes set tu['gllﬁg g?%r fré‘e &H&%ge& n%n{ﬂ%léffﬁxenfb‘sTﬁlQ‘PééﬂltE -ers‘?i’sbtlhgt tlge seﬁfé@ vol une
rati o of the B tomslurry over the top solution |§ from8%to 22% at the
li me dosagelidsfmb@n\ﬁ@@nlnse treptmQ ugngpolmﬂrsasslaﬂed eenitrsfugrdctilimngtheeontas. g. |
appr oxi mat pol yner-free
Herjcglqlggreé ﬁ)l th&th'l ng bﬁl}#nglr ﬁfr%e; %%@%h eHﬁl e

centri fuge manur uen ggests that the settled solids

portion from | iAf@r lirh&aéamet ahussdmg ppéalpyta@dmﬁa%etﬁin@darfkemta idpflk@RboRidnl uent s
beconmes snall er conpared to that usin yner-free centrifuged effluents.

5After |iheonhesitisafankmiy 96 fyrthepireqd Pfe&weéﬁmrrwmé aBEPEIePYRAAMMEr t he top
liquid pont QthsireMritdiBesit kdrieRenfianke BB YqRE pbrabh Y bt BR&IRdo hiPaif-ecover
ammoni a and/ or recycl able water in downstreamtreatnents. For exanple, the
top |iqui GUiFBMEIlOFET enAmseOnd sisringd reco Ve &fiit mat b Hpredghtosgler for ammonia
stripping n{lcfoﬁﬁﬁﬁgﬂ Xlltraﬁftra'tl%n rf?%rsla%sﬁlbélst of R e%hraﬁ)éég r:l“h@]efsffuglflt'f}Jn{ @kl on,
ultrafiltration, reverse osnosis, or ion exchange. The effl uent fromthe
10st rilfpi ﬁglppm@mwerm}ay@@ te mlagomagcsmﬁ@rfocﬁmﬁhmfae‘élnngf@d pHuadtuseng. sldwet | i ng and
pH adj usti b (1 i cul ture,
irrigati orrlgggmn%? Bﬁﬁgz&‘%]ln'zélllr1|9 génlgs%%};ne%ﬂ M@ﬂee{m ié)gs f?FS& gplahgg E%Hrgm settled
slurry fr dendtthélgsmrs I Thﬁg)qttamlseutia@slb@y fremythﬂ @dluhmtakk ey bdvecybdditdelt foqui d
separ at or . ntrlfu nd ce in wth
t he anaerolﬁ)elsgg%ham %Ptarat(fr %ﬂ’f%m BSR4 ero |(§“3%11|Wlt dcenrﬁf dagalglwg%@nglﬁ dosage
for soli d-ahacgehicldigespas @dm dre anseroloc digkdter. based on the anount of dry matter
(DM in the wastewater to be treated. A typical polynmer dosage is about
4-10 K§/ton DMIhapymendopage fersolidyligue sepagglien 6dorpatlyrbased|on ihaanioaaneedr obi ¢
di gest at e)dqbﬁﬁt%‘%bﬁﬁm&b WQ@wét@r t@IBQHEat§p Kg/p{}ﬁl poTytm’doéa%e & BOlYIRy dosage
of 300 ng/L 1s used'in the process for enhancing solid-I'iquid separation
(e.g., ceneroryatlhed)y, mates indibs digestésimanironurp0(anipsote digeptaie) deforss about 3. 75
kg/ton DM I
pol yrer - agg?tgfugals?gEUtg-glk%gﬁi ?E@%&g’ﬁ@eﬁ d%g%?@ggﬁ%/gﬁgflﬁg%ﬁ}g%) the line
consunpt i ercesromharetgceld-fiqodsepatayipi (e, ROrikgand)1 the ddsogrt bas@l dog/ n8. The
correigon Gg”«%%%ﬁém%bou’rf’?? @toh'ﬂﬁ reduced by about half The savings from
h

the reduce conpensate the polyner cost. Table 3
Due to the suspended solids reduction by the polymer-assisted solid-liquid

separation (e.g., centrifugation), the lime consumption can be reduced from a typical 20
kg/n’ to about 10 kg/m’. The corresponding cost of lime is thus reduced by about half.
The savings from the reduced lime can roughly compensate the polymer cost. Table 3

25  below is an exemplary cost estimation based on a typical market.

Table 3. Cost estimation of flocculants and coagulants
Item Unit Value
Effluent flow rate m’/day 133
Polymer price $/kg 5
Polymer dosage g/m’ 300
Unit polymer cost $/m’ 1.5
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25bel ow i s an exenplary cost estinmation based on a typical market. Table
3. Cost estimation of flocculants and coagulants Item Unit Val ue Effl uent
fl ow r at ewoROb20408483 Pol ymer price $/ kg 5 Pol ymer dosagecy/as2oB0Godoni t
pol yner cost $/n8 1.5 WD 2012/ 040848PCT/ CA2011/ 050602 Daily pol yner cost
$/day 199.5 Hydrated linme price

Daily polymer cost $/day 199.5
Hydrated lime price $/kg 0.14
Lime dosage kg/m’ 10
Unit lime cost $/m’ 1.4
Daily lime cost $/day 186.2
Unit chemical cost $/m’ 29
Daily chemical cost $/day 385.7

The examples above demonstrate the many potential benefits of using polymer for
flocculation of bio-waste water, such as digested manure slurry. It improves dewatering
efficiency, decreases centrifuged effluent solids and bottom slurry volume in the

5  downstream (lime) settling tank. Further, it enhances colloidal retention in sludge coke

(biosolids), leading to reduced BOD/COD and other nutrients in effluents.

Example 4 Coagulation of Digested Manure Effluents with Different Coagulants
Coagulation of digested manure effluents with different coagulants or their
combinations was extensively conducted in jar testing. The first sets of coagulation
10 experiments used alum (Al>(SO,);) and lime with the dosages of 0-3 g alum/L and 15-25 g
hydrated lime/L. Alum and lime were separately prepared as solution or lime milk. The
treatment sequences included:
s Alum first and then lime
¢ Lime first and then alum
15 ¢ Alum and lime simultaneously
The following conclusions can be drawn from the results and observations:
s Alum helps setting at the first few days.
e Alum alone helps coagulation, but is not effective to reduce the bottom
slurry volume after settling.
20 s After setting for 3-5 days, lime treatment is almost as good as the treatment
using both alum and lime.
The second sets of coagulation experiments used a combination of alum, lime and
praestol- and percol-type polymers.

e Lime plus polymers at a fixed lime dosage (15 g hydrated lime/L) and 0-
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$/ kg 0.14 Lime dosage kg/nmB8 10 Unit lime cost $/nB 1.4 Daily |inme cost
$/day 186.2 Unit chemical cost $/nB 2.9 Daily chenical cost $/day 385.7

The exanpvexoehavs#sdenonstrate the many potential benef PCS/@20umi50M2 pol yner
for floccul ation of bio-waste water, such as digested manure slurry. It

| nproves dewatering efficiency, decreases centrifuged effluent solids and
bottomslurry volunme in the 5downstream (line) settling tank. Further, it
enhances col |l oidal retention in sludge coke (biosolids), |eading to reduced
BODY COD and ot her nlitoPimgiodymai/lef f | uents. Exanpl e 4 Coagul ati on of Di gested
Manure Effluents M Aﬂlmuanfdfli?ril‘eeprllltls po ya elflsI aa%re]ltfg(ed alum and lime dosage (1 g alum/L

and 15 g hydrated lime/L) and 0-1500 mg polymer/L.

It was found that there was no improvement of settling by adding these types of

5  polymers.

The third sets of coagulation experiments were large-scale lime treatment of
digested manure effluents. The experiments were conducted in a 200-L tank with a
hydrated lime dosage of approximately 20 g/L. After adding lime milk, the centrifuged
digested manure effluent was mechanically stirred for 60 min at 10 —13°C and then settled
10 inthe tank. Coagulation and settling in this large tank was comparable but somewhat less
efficient as the previous small batch experiments, partly due to higher solids content in the

manure effluent tested, insufficient mixing, and/or a lower reaction temperature.

Example S Powder Forms of Low-grade Lime for Phosphate Removal

High quality lime-based agents having high dissolved calcium is usually preferred
15 as a phosphate removal agent. However, certain low-grade lime-based agents may also be

used in certain situations, as demonstrated in this experiment.

The powder forms of limekiln dust and granulime as well as hydrated lime were
used in these tests. The results of phosphate removal efficiency and final solution pH after
reaction were obtained. It was found that P removal efficiency with limekiln dust is about

20  35%, while this efficiency is about 80% with hydrated lime when the lime dosage is 15
g/L. When the dosage of limekiln dust was increased to 30 g/L, the P removal efficiency
increased only slightly to 36%. This lower P removal efficiency when using limekiln dust
likely resulted from a low content of Ca(OH); in the limekiln dust. This was also
demonstrated by the lower final solution pH pertinent to the use of limekiln dust, in that

25  the final pH was only 9.0 — 9.4 when using 15 — 30 g/L of limekiln dust. In contrast, the
pH reached 11.5 when using 15 g/L of hydrated lime.

On the other hand, preliminary results showed that granulime was nearly
completely ineffective for P removal from manure effluent. The corresponding pH was
only 7.9 - 8.0 when using 15 — 30 g/L of granulime. This latter pH was considered too

30  low for effective precipitation in the form of calcium phosphate.

The results of phosphate removal using milk forms of limekiln dust and hydrated
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Coagul ation of digested manure effluents with different coagulants or their
conbi nati ons was extensively conducted in jar testing. The first sets of
coagul at iwo 202/0a8538r i nents used al um (Al 2(SO4) 3) and | i meTwiAznitdsesodosages
of 0-3 g alumiL and 15-25 g hydrated linme/L. Alumand |ine were separately
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centrifuged di gested manure effluent was nmechanically stirtred for 60 mn at
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Exanpl e 5 Powder Forns of Low gr rade _Lime for Phosphat e Renoval

dosage and reached 12 at the dosage of 45 g/L.. In contrast, the pH changed little and was

only 9.4 at a dosage of 45 g/LL when using powders of limekiln dust. Obviously, the lower

15 pH resulted from less available Ca(OH), when the powders were used.

Different grades of lime (at a dosage of 15 g/L.) were also tested to determine their
ability to serve as centrifuging aids. Compared with the results of no lime addition, only
addition of hydrated lime as centrifuging aid showed certain reduction of suspended solids
(8S). This reduction might be caused by strong coagulation action of Ca(OH),. In

20  contrast, either limekiln dust or granulime does not show any significant reduction of SS
during centrifugation. The dissolved solids with addition of different limes were virtually

at the similar level.

Overall, the experiments showed that limekiln dust (such as those obtained from
Graymont Western Canada Inc.) can be used for phosphate removal from digested manure
25  effluent, but it is less efficient than hydrated lime, mainly due to its lower available
Ca(OH), content. The powder form of limekiln dust is also much less efficient than its

milk form.

The P removal efficiency increased with increasing limekiln dust dosage when a

milk form was used. At a higher lime dosage, using limekiln dust in a milk form can
30  achieve a similar performance of P removal as does using a milk form of hydrated lime.
The required dosage for limekiln dust is approximately 2 — 2.5 times or higher than that

for hydrated lime. Thus assuming that the required dosage of hydrated lime is 15-20
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High quality |ime-based agents having high dissolved calciumis usually
preferred 15as a phosphate renoval agent. However, certain | ow grade

| i me- basewloageri4es4sny al so be used in certain situati ongCTAN20E/MB0®LT at ed
in this experinent. The powder forns of |inekiln dust and granuline
as well as hydrated Iime were used in these tests. The results of phosphate
renoval efficiency and final solution pH after reaction were obtained. It
was found that P removal efficiency with |imekiln dust is about 2Q 35%

whi | e t hi &eefrdigestesmpanyrg slypine BOvl s dopagkpéaelalh dustillhgahout HR kglopre dosage
is 15 g/ L.gMhennthge dgsage of linmekiln dust was increased to 30 g/L, the P
renmoval efficiency 1ncreased only slightly to 36% This | ower P renoval

ef ficiency whenntsitigeohditieks tbdleddbsth lihieki®d Just @elWrineitimb (ebtaiged fedkh cont ent  of
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was onlsy Qid0for RdécindRBpad8éd @liddfrom dpedbdmeiurd dlamki I n dust. In contrast, the
pH reached 11.5 when using 15 g/L of hydrated |ine. On the ot her

ot fect | FEARGH & 1 ERBUATVERG Rt PRI o IRESEE SRR pH vs

only 7.9 - 8.0 USieRSh h 59%1'1"’ f hai s pH was
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l'imeki I n dust $nd fig&ddQbaiile Hanllel KedGRtAKPirENG 1B A Bk TabH8IHOgIRNCEe of P
renoval as does using hydrated linme. O course, the required dosage of
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[ moki | n- dligstlovalisr hi-ghieamaenbin diseironss SHEridt adhiipk?s folidneenianb Ul y
esti mat ed : i L il 0 t about 2 - 2.5
ti mes of tr%%%?%t?‘%he& ?ézglto{égﬂoggng.g%ocgaﬁe Lﬂé&ﬁea&gg&n%&e@gn to the results
w th lismekil n dust eaiviiRss250ahL bhéigelesiageualo$e00kpmlof ki, the P renoval
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sol uti on pH r edthedSeparaggsupergiiad ged masu® ig/iplugiet h hydrated |ine nmilk. Wen
using a mlk of linekjiln dust, however, th H increased with increasing
| i e dosage ang) regg%‘datirzeqéﬂva]teﬂtet\é%ﬁsgﬁ%atﬁ‘fs IpsmglARt mip ﬁhech‘??f“P%rg?h‘{she pH
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addition of hydrated |linme as centrifuging aid showed certain reduction of
suspended solids ( SSJAYZPRPLSPhYE GUCPYFUAR BHfe BHraeist SE™M3ANst r ong coagul at i on
action of Ca(OH)2. In 20 contrast, either linekiln dust or granulinme does
not show any significant reduction of SS during centrifugation. The

di ssol ved solids w th addiiibosiRébiiodiof i@t mhdup@livere virtually at the
simlar |evel. Overall, the experinents showed that |inekiln dust
(such as those obtained from G aynonf \estern Canada Inc.) ggp lbe usegl for
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form The[P rem)vali{ ea.fi cidency TMCrepsed W tIT T nceasi ng [T ek fim dus
dosage whgng a aw digested marure, 160 | 90(ml) | 21333 | 34.13
uncentrifuged
1 Centrifuged (initial 250 ml) 144 110.79 56.47 8.13 26.04
2 1st extraction with 144 ml H,O 156 89.72 42.06 6.56 21.01
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mlk formwas used. At a higher linme dosage, using linekiln dust in a mlk
formcan 30 achieve a simlar performance of P renoval as does using a mlKk
form of hyorat2dosssne. The required dosage for |inmekil nPdwata208/050602
approximately 2 - 2.5 tinmes or higher than that for hydrated |ine. Thus
assum ng that the required dosage of hydrated linme is 15-20 WO

2012/ 040848PCT/ CA2011/ 050602 kg/ nB di gested manure slurry, the required
dosage of linmekiln dust will be abouf 40 kg/nR digested nure slurry
Under the cpnblztnutéﬂtsach@sbvﬁmsémméI rekishn du;st84and wanulli e ( pbisaingd
from G a% nt—YestermCanada—tnc: strow %’QI;Q% fgant—alpi it tyito

U '
serve as fh tenht¥iexigichep wah ¥ B HiQdlicilAd sjusbédded 5 dg PrOm| di%fSs{ ed
manure sl irgy| anp) Rhysi NS 350 [Bgyract Phpsphat g ¢fr ong b gest ed
Manur e SolH-ds i CE?IEWDV“D'@ZH Showed—-hat—atsi-gr--gant—afpunrt—pf
phosphat e| i ¢ thi;hditgaesdzrewhﬂmai(trhbH:rfhnur d3dhas| #@dcilat B0 tth2881 i| dg.33
Conpl ete f[elefpse 0 fe to|the aqueous phase is ST OW procegss.
Thus a si Jnif can tahﬁrt}[ %Ia Egsrri)ﬁ?ﬁtgnha e nutrlients 1021V he 1(?3plr‘in3warpd h
si mpl e physi cal neans, such as repeat ed extraction and centri fugation as
descri bed bel ow. The d| gested cattle manure used in the experinents
was from g, | ab r,;it }% Pal;_ etster after 34-day anaerobic digestion at 55C
with an i Xf'fnzg 095 514 sref:IB Tt . A representative extraction foll owed a
procedure brieRhy -4as ﬁfahﬁ@ %a@ﬁbt}eﬁﬁé@f%m IRBGRBA FHIeTRE Y pilofthandidest ed
manure at 5000 rpmfor 2 2) Separate supernatant and neasure its
vol une. 3)efﬂmatsMmﬁ@ﬁst@hmd\imaewblcaldy)tdr@stgfémrfa'@se@lwp@mmqﬁ%ﬁhe fligesgedt he
r emai nisng i uch Ry N Q. for 2 hours.
5) Centri ugg e% eeeivtwrﬁgﬁg@ﬁ%&so E%elt%%{l% nggrg%ﬁ!tdﬁ%g %g aﬁl&@ 206) Repeat
steps 2) teflwhtsfagre Gntrifwged at ﬁOpAmlahiazfereph@tfwhamaemmmm le@nerlmnﬁsn t he

extract ed REf AR or EEerfiths A%t QB A L JEthEads TRIHE GufRh! dS No.
contents varied from batch to batch, 178-187 mg PO, /L and 642-660 mg NH;-N/L for
undigested manure effluents, and 300 - 600 mg PO, /L and 2300-3000 mg NH;-N/L for

10 digested manure effluents.

The following chemicals were used in this phase of experiments: MgO (97% min,

BDH analytical grade, AnalaR), MgO (Baymag 96, -200 mesh), Mg(OH), (95.0-100.5%,

Fisher Scientific), MgCOs (40.0-43.5% as MgO, Fisher Scientific), MgSO04 7H20 (99.5%

min, BDH analytical grade, AnalaR), MgCl,-6H,0 (99.7%, J.T. Baker analyzed reagent),

15 NH4CI (99.5%, BDH analytical reagent), KCI (99.0-100.5%, EM Science), and Na,HPO,
(99.0%, BDH assured analytical reagent).

Batch struvite precipitation experiments using manure effluents were conducted to
evaluate different conditions including pH, amount of Mg addition, temperature and
addition of different Mg salts. In batch experiments except kinetic runs, 100 ml of manure

20  effluent was added in a 200-ml beaker (reactor) with a magnetic stirring and 60 minutes of
the reaction time was used. If not specified, the experimental pH was controlled at 9.0 and
the reaction temperature was 20°C (room temperature). If not stated, the magnesium salt
used in the experiments was 1 M MacCl, solution. In the kinetic experiments, 300 ml of
manure effluent was used and sampled at 5, 15, 30 45 and 60 minutes after start of the

25  experiments. For all experiments, a pH probe and a thermometer were set in the reactor

for monitoring pH and temperature. For evaluation of temperature effects, the reactor was
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Sanpl e treatment Liquid volume (nL) Solids weight (g) PO43- Conc. (ng P/L)
PO43- weight (nmg p) Extract. (% O Raw di gested nmanure, uncentrifuged 160
90 (ml) 2y8.28R/@@dg483 1 PCT/CA2011/050602

placed in a water bath which can well control temperature at a designated value £0.5°C.

Since ammonia content in the tested manure effluents was much higher than the
phosphate content, the removed ammonia by struvite precipitation in the experiments
without the addition of phosphate accounted only a small part of the total ammonia.

5 Hence, most of struvite precipitation experiments measured only phosphate removal
efficiency. However, several experiments with the addition of phosphate were conducted

for evaluation of removal ammonia as well as phosphate.

Manure samples were taken from treated and untreated, and digested and

undigested manure effluents. These samples were in dark color and contained suspended

10 solids. Centrifugation was used for solid-liquid separation. Typically, 10 ml of sample
solution was centrifuged at 3400 rpm for 10 minutes with a Cole-Parmer centrifuge. After
centrifugation, the supernatant of the centrifuged sample was diluted by 50 to 500 times
with a Gilson Model 401 dilutor for phosphate analysis. The phosphate concentration in
manure effluents was determined by ion chromatography or automated ascorbic acid

15 colorimetric method. Samples for ammonia analysis were not centrifuged. Ammonia
nitrogen was determined by the ammonia-selective electrode method. Metal ion analysis,

if necessary, was conducted using inductively coupled plasma (ICP).

As for phosphate analysis of manure effluent samples, it was found that the

analyzed phosphate concentration was affected by the pre-treatment method. Filtration

20 with a 0.45-pm membrane filter gave a phosphate concentration 10 — 20% lower than that
with the centrifugation pre-treatment. This is likely due to the fact that membrane
filtration removed most of the suspended solids to which some phosphate was adsorbed.
The phosphate concentrations reported in this study were based on the pre-treatment of
centrifugation. It was also found that the ortho-phosphate analyzed by an automated

25  ascorbic acid colorimetric method (Technicon) was higher than that by IC, though there
was no difference for analyzing the ortho-phosphate standards. One likely reason was that
part of the organic phosphorus in manure was oxidized/converted to ortho-phosphate by
the strongly acidic reagent solution used in the Technicon method. From this point of
view, IC is more suitable for determination of ortho-phosphate in manure than the

30  automated ascorbic acid colorimetric method.

The operation conditions for struvite precipitation from manure have been

explored in small-scale batch experiments. These included pH, Mg/PO," ratio, PO,
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Centrifuged (initial 250 m) 144 110.79 56.47 8.13 26.04 2 1st extraction
with 144 ml H20 156 89.72 42.06 6.56 21.01 WD 2012/ 040848PCT/ CA2011/ 050602
3 2nd extweacbhizoaogast h 156 m H20 149 83.84 38.79 5.78 18CHLA2011/050602

/NH, ratio, reaction temperature, reaction time, different magnesium salts, and seeding

materials. The key results and observations are summarized as follows:

e pH 8 is the minimal pH requirement for effective precipitation of struvite
from manure effluents, and the operation pH should be controlled between

5 8.5 and 9.5 for better phosphate removal

s There was a considerable amount of phosphate removed (10% for
undigested manure and 20% for digested manure) even at the Mg/PO4~
ratio of zero (no Mg was added). This is most likely due to the fact that a
certain amount of Mg and Ca ions already existed in the cattle manure,
10 which resulted in struvite and calcium phosphates precipitation at an

elevated pH.

s Since the amount of ammonia in manure effluent was largely over the
amount of phosphate, theoretically, most of phosphate should be removed
at the Mg/PO4” molar ratio of one. However, the phosphate removal

15 efficiency obtained from experiments was much below one when the
Mg/PO,> molar ratio reached one and was only about 40 — 60% even at the
ratio over 5. It is likely that there are some inhibitory effects to retard the
struvite precipitation from manure effluents, presumably due to the
extremely complicated matrix and the high content of suspended solids in

20 manure effluents. Therefore, a large Mg/PO,™ ratio is apparently required
for struvite precipitation from manure effluents. This would consequently

increase chemical cost for nutrient recovery.

s The phosphate removal efficiency was only slightly improved when the
reaction temperature increased from 5 to 35 °C. Therefore, the struvite
25 precipitation from manure is not significantly affected by temperature at
this range. The operation temperature for the struvite precipitation reactor

can be set to an ambient (room) temperature (20°C).

¢ 30 minutes of reaction time is found to be enough for achievement of
proper nutrient removal efficiency. However, it suggests that a residence
30 time of 45 - 60 minutes for the struvite precipitation reactor design should

be used.

¢ The ammonia nitrogen content in the manure effluents was much higher
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than the phosphate content, so that the ammonia removal through struvite
precipitation was increased with an increase of the PO, /NH," ratio by
adding phosphate into the manure effluents. Experimental results showed
that less ammonia was removed compared to the removed phosphate,
implying that some phosphate in the manure effluent was removed as
phosphate compounds other than struvite. Magnesium phosphates and

calcium phosphates are most likely two of those compounds.

e Several materials were tried as seeding for struvite precipitation from
manure, including struvite powders, sand, fly ash, and bentonite powders.
Sand appeared the best seeding material in terms of the measured
phosphate removal efficiency. The addition of struvite powders did not
show any improvement on phosphate removal, likely due to an increased
dissolution of struvite at a longer reaction time. However, the addition of

struvite as seeding may increase the crystal size of the precipitated struvite.

¢ An interesting observation from the experiments was that struvite
precipitation appeared to be more efficient with digested manure than with

undigested manure.

Example 8 Ammonia Stripping using CO;-enriched Gas

Two types of solutions were used in this set of stripping experiments: ammonium
chloride solution (NH4Cl) and digested cattle manure effluent. An ammonium solution of
2000 mg/L as ammonia nitrogen (NH3-N) was prepared by dissolving solid NH4CI (BDH,
Analytical reagent, 99.5% min) in water. The digested cattle manure effluent used in the
experiments was produced in a pilot digester, which was a continuous stirred tank reactor.
Before ammonia stripping, the digested effluent was centrifuged using a pilot disc
centrifuge, and then treated using lime precipitation to remove phosphate. The total solids
content in the effluent before entering the stripping tower was approximately 2.5%. It had
an ortho-phosphate concentration of < 10 mg/L as P and ammonia concentration of

approximately 2000 mg/L as NH3-N. NaOH solution (10 N) was used for increasing pH.

CO; gas (BOC, industrial grade, 99%) was used in the stripping experiments as the
stripping gas. Different concentrations of CO, were obtained by diluting a high

concentration CO; from a cylinder with compressed air.
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31. 23 Example 7 Struvite Precipitation Raw cattle manure was obt ai ned
fromthe H ghland Feeder. Two types of manure effluents, undigested and
(anaer obiwal2b1z)o40d4gest ed, were used in experinents. Theprdrgaevadsasoranur e
ef fl uent was produced i n-house through anaerobi c digestion. Both manure
effluents were centrifuged at 5000 rpm before used for nutrient recovery
experiments. Different batches of manure effluents were used in the
experinments, and the nutrient contents varied frombatch to batch, 178-187
my PO43-/ L andASWINGEUri pRINAMBETNDENtS were gondiugied ineasermirhaiclemeds. baighfes, and 300
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ch's preci pi tation experinments
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experinments was M MaCl2 solution. In the kinetic experinments, 300 m of

manur e ef fierdhe i‘?@ﬁg a3k s Berpdauandmmersibde heater (H9018). Adq sapheqichades af t er
start of tiencRREMARY fBPRAB wefc@bniddlled SHRRNINEBN te@pRHuR GRS IRRD 2

thernoneter were set in the reactor for nonitoring pH and tenperature. For
eval uat i orhrengh wiplethg tagmnsragire b stripes edeen epuldpgmaiplagiedat 0% a wat er bat h
whi ch 183N WeltedSARtt bahLPIPEIAL Y€ B 10281 ERAbRHo Al W&s fnpfainedlanCe

ammoni a content in the tested manure effluents was nuch higher than the
phosphat e aspevtiesdtvalueths addinpiedHanhben @0BY vethraMptiestlpy muipintodh¢ adi n t he
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which contained 5% H,SO, solution. The stripping gas and liquid flows in all experiments

CI
:1

were set at 20 L/min and 0.15 L/min, respectively.

20 Individual experiments of ammonia stripping were conducted under different
conditions to evaluate the effects of temperature, pH and CO; concentration. In each
experiment, 5 L of ammonia-containing solution in a concentration of approximately 2000
mg NH;3-N/L was initially loaded in the feed tank, and column temperature, solution pH
and CO; concentration in the stripping gas were controlled as constant as possible at

25  designated values. The liquid solution after ammonia stripping at the bottom of the
stripping column was sampled at an interval of 5 min during the experiment. The
ammonia removal efficiency was calculated as percentage by the difference of the

ammonia concentration before and after stripping.

Liquid samples were acidified to a pH < 6 with 10% H2SO4 solution to prevent
30 ammonia from escaping after taken and then diluted 50 — 100 times for ammonia analysis.
The ammonia concentrations in the samples were determined by an ion chromatography
(Dionex ICS-1000). The analytical error could be controlled within +5%. The ammonia

concentration in the stripped gas out of the stripping column was not measured.
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5 Hence, nost of struvite precipitation experinents neasured only phosphate
renmoval efficiency. However, several experinments with the addition of
phosphat eveene/mosiduct ed for eval uati on of renoval amoDRCa/@OEISHE0AS
phosphate. Manure sanples were taken fromtreated and untreated, and
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G Poon Model 40T G esPPPS s HOERRATE gt OO LS ol sDS B

concent r g.tcbmhlcieﬂ _afﬂiffbt_reﬁt t?gibdrsulem BetWesh Mecaﬁdgés%‘&dasmofv@m 1?'51111@ BAt egr aphy or
aut omat ed ascorRi c acl col.orl trlc nethod. all] .Tor nia

anal ysi s WP qugfhaé?ﬁ‘cpﬂa*‘ﬁ?g%%f?g%‘?ﬂgﬁ‘{f%t%W‘ﬁ‘éﬁftﬂﬂg&o‘gﬁ@FWn ®by the
amoni 3- S @hihni @i pPirRGIi @&y Wt hadloWatidbC.i Diis affidlel sl Gonsitiérablecessary, was
conduct ed .usi ng i nductively coupl ed_ pl asna (Ig}# ,As for phosphate
anal ysi s dfcrepaptividh Berepsirgiempgiayicedhe pticlaey veauhe ohas3torad 4haifyzed

phosphat e ¢ e N181d5000 Moot REpREVAY A RBhRERy R IBBBEsITRINERE-
Filtration 20 with a 0.45-1am nenbrane filter gave a phosphate
concent r aMEIPNEGIIPPIEYs bk atirtyted t¢ Mafadhibahhighempeigturgsiengfae ¢+ bigh gas-

pre-treat rlri'aﬂitd-ma-gm.rﬁlsfé rdid g}ﬁérﬂﬁ i i¥sQ1ritVH1% fgﬁgﬁ.et Hatoi® Emﬁlﬁﬁ‘? iy Whief AL 10N
renoved nost of the susperided sol ds to which some phosphate was adsor bed.
The pH8sphewaedonoemplicatipoolsthese pespliseid thanthe plemstofithy swpwgadednda t he

pre-treat q@dﬁ%eﬂnd&%ﬂﬁi%ﬂefﬁ@ ai[u%j. It was al so found that the ortho-phosphate

anal yzed by an automa scorbic acid colorinmetric nmethod (Technicon)

was hi gherggasyprhat by 1C, though there was no difference for anal yzing

the ortho-phosphate standards. One |ikely reason was that part of the

or gani ¢ phosphdrsggesi of simppng exwaisieotk ivdihzdd €00y gastandiatt2d “6rwdiocpidogphat e by

t he strongl i di agen | wti Qn ed.in theslrechni con thod. From
this. poi nondy S oERRGA 133 Bl BSR4 Pibdp TR G R
or t ho-lghosphane stnppimgrefifi@erich aas tdhe valp dutvamaple d. Sadiaoecrbised ath checaseasti netri ¢

met hod. Th eration ndi.ti.ons..f.or struvite precipitatj fr nure
nave been koo Btart o dRE iR St Sie i dst FoRuiFal b KarthEa on
My/ PO4A3-  rdile Ogss S Beant frbi4pH 9.8td g 12.@acti on tenperature, reaction tine,
different magnesiumsalts, and seeding materials. The key results and
observations akevasdenmdithas g infbienes df semeperature was greptgr than theof wHni nal  pH

requirene 1 I.0J i It fluents,
and e onie s Ho b SR E Rkt PR Bl ety b BB T ey
phospl?at e redampalhdline Thesumpiers Meanohdé. des mipied Angunincrefsep Hestohat e renoved
(10% for wyndi 2d . Tan d %.f0 i . ne

i Pora. e Gaf R hod GRC- PR SER el T ¢ e
fact that indseed taioperarouippingfat dvpelantd Canpecatsre &l redadyllkaknsdoashnmionhe cattl e

g?n;:]e,el é\%\(sﬁ?vlg@gi)ﬁrqelgcl'rlclsajtseeglels{}ip%{[n[glél%lfllc%e%cﬁnd cal ci um phosphates precipitation

Effect of CO; Concentration

25 A series of stripping experiments at 40°C and pH 9.5 were conducted with
different CO, concentrations between 0% and 75% as shown in Figure 3C. It was found
that CO; concentration affected ammonia stripping. The ammonia stripping efficiency
was decreased with increase of the CO; concentration. The ammonia stripping efficiency
at 30 min was 43%, 31%, 27% and 21% for the CO- concentration of 0%, 14%, 25% and

30 75%, respectively. This result can be explained by the knowledge of the NH;-CO,-H,O
system that the CO, partial pressure significantly increases with increase of CO, in water

while the NHj partial pressure slightly deceases (Edwards et al., AIChE J. 24(6): 966-976,
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Since the anmobunt of amonia in manure effluent was |argely over the anount
of phosphate, theoretically, nost of phosphate should be renoved at the
My/ PO43- wol2arz/et480 of one. However, the phosphate rempealcAbbafisi@eency
obt ai ned from experinents was nuch bel ow one when the My/ PO43- nolar ratio
reached one and was only about 40 - 60%even at the ratio over 5. It is
likely that there are sone inhibitory effects to retard the struvite
precipitation frommanure effluents, presunably due to the extrenely

conpl i cat 87 fdepils aa%BeItoﬁeInﬁl%ﬂg Ebem divecest DesuBpernded 261230s1%7% 20 manur e
ef 1 uent s.p,JhesgkPE&S . Iﬂ%l e 08n M/ PRE% Dersabéxpzh S763PR8! AL | Wa SR ed for

struvite precipitation M manure effluents. This woul d consequent |y
i ncrease @héﬁragmltz,doétEnfgo%qmmtﬂeﬁ &t 1438cldbarlys7). Wigh phiesyivathe Genoval

efficiency M@ﬁtr i%hYn @léls%laf)!.l?% gb %%aﬁﬂ?@egsnﬁs (%&%giﬂaﬂgn iSRGy ature

|ncreased rom ore truvi recipitation from
manur eSi s redmt:edsangmlneﬁlllcsaMHsyalabé dsorbed fiymtitergoeeas wletlcmttotﬂtei@s plamge. The

oper atl on er ur e he struvite p Cl Bl tatl on eact or an be set to
ot om TR RESHs l l ncd B Watleh gD e Rl d Aol BhrefR OF SPL 1S
to be enodgth dfm]ozqmdfemlvlg il d ot bp ngdeior amitonientippieyrdvaby b tﬁascuoémqy.

However, | u at .a.residence 30tinme of es for the
Stravite SRR EYT i wau S ASEfeRe b R e Bish Horifs e a ni ¢ rogen
cont ent '%M)&ulmﬂﬁ)' 9%,%0 w}gtgdmu ubioher  than the phosphate

content, $o that thé ni & renoval rough struvite precipitation was

i ncreased w t hSarar] diicof @tasaboof ex@&ﬁn&@&&r&b@rﬁubt@ﬂ hﬁngi)MHadeiuugnyh@ﬁphat e into

t he manure ef{l uents. rBe“l\)r}Znt al res&;{C S sho %A’u |eSﬁ mrlﬁnl a was
removed cORPATLAPRIE PRETPENDRAIAY BRE<HAClrd usiae diggiisd MWl iebnE"phosphat e
in the markk et BPClHepl m@smfd@ﬁ@ﬂdaowa@ocpmws e)omviﬂowwgncpﬁwcog han
struvite. Magnesi um phosphates and cal.ci.um hos hates are nost |likely two

of those &3npsberdEely. Bahdia Caungasy tha flepRipg ﬁﬂep%wég GEedhy '8t struvite

preci pi t atipf tlﬂdh%ﬁdt'&ﬁﬁslb%nd bHQb@C{F%QIeSJD)UW SR RVER s oB@NEY whéy ash, and
bentonite powders Sand eared the best seeding material in terns of

t he measunsigs %ésqﬂ’maé(ﬁl@ﬁb - These resullp aip cemaidlyda agreeraent oiithdher uvi t e powder s
did not s Q@Wrx%%n bﬁ&h@d’?@ﬁ@ﬁslﬂﬂaﬂﬁ@ﬁﬁh@&@ of &Y EHure WAKSbYer HG (R oRN

i ncreased dissolution o truvite at a longer reaction tinme. However, the
addi tion mﬁlgﬁﬁwmeétsalslngé@mmjsmﬁyomncr ease the crystal size of the
precipitated s interesti ngl observ&fbl on fromthe experinments

u
was that str uvaE“’e B‘?”E?:fl %(?%?Pfeé‘ﬁatéoﬁ’ﬂgé?l@ ng gasn (e amaRia SIOPRAE i t h di gest ed

manur e th@fﬁe«untﬁwumgcglasésagatémnlufe@mp@ﬁgrémCeenBy AT 56 Bwds RBfyRgnilks Ng
CO2-enriched Gas Tw (% iﬂh sol utions were uscz,;éijl inthis set of stripping
i 28 ¥

exper iftents hab%h4 G W R (Fasrre Al pgﬁ@“&ﬁ“@‘é&”ﬁ%d cattle

manur e ef frégdiad unddP i BRI sHI S Mhodtdn@PHOS 5 e 80, LTS R_ANB R Nitrogen
(NH3-N) was prepared by dissolving solid N Cl (BDH, Anal ytical reagent,

99. 5% mi n)APPaienKtcaptradiggd t@lF@é%@%n%dd%f?‘ll@lshﬁhﬂrv@e@1“*111%1@9? géded in the
experi mentg Was R RHCEd sfnffspﬁg RE ey BERE Rhsed WG RS o&hE 0B | NUOUS

stirred tank reactor.” Before anmoni a stripping, the digested effluent was
cent ri f ugednagsiraignaHevewr. this san owelatneil bude, fach et tha éermatiernefecdrbgsiteg | i me

preci pist atp'ré?sﬂ)lttd‘@s LR Re %Qééhﬁlts%lun—gﬂeAE Rta l&glwh,dc%nmderable amounts of

metal ions (such as Ca and Mg) existing in manure effluent can form carbonate

precipitates and thus reduce the free CO; in solution. As a result, NH; partial pressure is

less decreased with increase of gaseous CO, concentration and hence the NHj stripping

efficiency would not be significantly affected by increasing the CO, concentration in the
30  stripping gas.

Ammonia Stripping Without Maintaining pH

Three stripping experiments were conducted at 40°C without maintaining the
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content in the effluent before entering the stripping tower was
approximately 2.5% It had an ortho-phosphate concentration of < 10 ng/L as
P and amwoi2aizzaosaent rati on of approxi mately 2000 ng/ L &sTNHA201/05080OH
solution (10 N) was used for increasing pH CO2 gas (BCC,

i ndustrial grade, 99% was used in the stripping experinents as the
30stripping gas. Different concentrations of CO2 were obtained by diluting
a high concentration CO2 froma cylinder with conpressed air.

Ammoni a stPFecpgsiphly le disee expernmentiydlicdnigislidef theisqlwiogs y@ﬁ&@lﬂf@addhlhé@éth bat ch

for the | igu dadHang At GRALAUHS LI Aifed e B05CANS pRASE. olne

stripping colum nmade of Pl exiglass had an I nter ID) of 4 cm
a hei ght dle amoornzmtnppmg]@fﬁQQWNnmsl@men Bigre351. dhmvasfouvethabpterateed zone above
packi ng i ~ i . 8- tion 25 cm
above the%;%%ar(%:‘gg%%. Jﬁﬁgﬂtr&ﬁeﬁty di %ﬁé‘ﬁlﬂ%%{%&?& nﬁeqﬁgsﬁﬂgaar“% gs in a

total packi. 0 GO e math ksAG] dropﬁmetlﬁmpgpnmug%m&a@%gdse(ﬁun@m air and CO2
in differen rou t na ntroI ers mxer had a
vol une of ﬁcalflsegth% l\ﬁlsé)su pa Ogegzﬁoctr%asﬁs%il nch 1Ca AU rl%nsgquecllﬁ'éﬂ%zfir eater was a
bronze cmekpanmwppaﬂlemctmhlghm effmtzy‘lgf dnap@sa {2poRdthyl the Tawer. fleadotsal ut i on was
punped with a Masterflex 10 omthe feed tank Cg of, the

Pol b, " THAFa i o e Dmeci proate pifg TR 1484 SeatBrfuent was
col | ect ed pattdrbfped Qoickipmoaf 11t e 100 i fand orgaycl ed to the feed tank. The

feed tank was heated with an i mersible heater (1000 W. The gas heater and
the héter in Chapfrewdxpaimhenised ando hottolsingdl 4Seplrapiddgeringed b foethper at ur e

controller i ripnj 0] . coul d be
mai nt ai neg tr&géh{)ﬁéﬂéd{‘%@ P i ec&eteﬁmg&%gﬁv\een d%)él g%rgﬁh%%%\nﬁ?ﬁﬁﬁbgg The
sol uti on pHicxasy nﬁﬂlﬂtaaﬂmw hagheathalpélai dfitledfowadrudhisys @diduted tiNb©H sol uti on (10

N) with a tedI |nto e feed tank. The stripped gas was rel eased
after bubb q%@ﬁﬁ?manuree Fmammnl a traps, which contained 5% H2SO4

WO Serila

sol ution. The & il tﬁ%@gpe%@n@ndaﬂﬁe%a fhaf hOWSmbR uAl don EXRRI IR FicURr € set at
20 L/mn and 0.15 L/mn, respectively. 20lndividual experinents of amoni a

st ri pgPng daripased ribribiEdmim days igiikels danio tofaelithat iesamplesyidhimesane ef f ect s

of tenper iy ﬁkenpda‘fcﬁ‘QPH CiRsERACRRRE L:PBrimddk ﬁ@r?e'& aﬁéﬂﬁ{ lwgﬁéhﬁ usted t&_Of
anmoni a- contai nin uti'on in a concentration of E&IOXI mat el y 2000 ng

NH3- N L wdd-5i ﬁiﬂcp&elf%dl@a@ré@pflammqwm wodion avak notzpethpetihuenyeredper at ur e,
sol ution @@nﬁﬁ%?@%w&%@% hthi He'?elé & %tﬂqlg Rﬂ%th'qg[ (?f‘?ué{‘@ isf‘gocon”o' led as

constant as possible at esrg nate ues lution after
ammoni a sﬂmmtwg(@f’@ ﬂlﬁlngqvﬂﬂcdmsumenthéomtsrartppl ng colum was sanpled at an

i nterval of mn during the e H\é]ge” ment. The ammoni a renoval efficiency was
cal cul®§t edt 'aféms&oewpé'gé%ms W¥fiPEkEnce of the anmonia concentration

Dot or & and 2l Rl it LASLAG oot Y PTRL BB BRSO L fnfiggH < 6 wi L1

10% H2SO4 sol uti o ent anmoni a rom escapi ter en and then
di | ut ed 5@sing $0Ghetic lammohnnm shmion iaad agateﬁsnmme‘laﬁmwamho\an mdngeasrati ons in
t he sarrpl re determ n hlho (.Di jonex | CS-1000). The
el yer D Sort SRR AR Bl W] Mot R el ot on
in the strA pipedpganbl ob@foutlheomhmle@momgalmhu nThe@a&smmtsugmasduhed.
25  ammonia stripping by CO- enriched gas should be conducted at a higher temperature to
reduce alkaline consumption. This suggestion coincided with the early finding that the

ammonia stripping efficiency was higher at a higher temperature.
PH Adjustment of Digested Manure Effluents using CO;
CO; gas (BOC, industrial grade, 99%) was supplied from a gas cylinder. The
30  centrifuged digested manure effluents before and after lime treatment as well as tap water
were used in pH adjustment experiments. The initial pH of these solutions in different

experiments was adjusted with 10 N NaOH. Experiments for pH adjustment by bubbling
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Ef fect of Tenperature A series of stripping experiments with a 14% CO2 gas
under pH 9.5 were conducted at different tenperatures between 10C and 60 C
as shown wo2bixnoss3A. It was found that tenperature sigoirfdaantdsgsoaffect ed
amoni a stripping efficiency. The S5ammonia stripping efficiency was very

| ow at 10C. This efficiency considerably increased with increasing
tenperature. The efficiency was 4% 15% 33% and 73% for tenperature 10,
25, 40 and 60 C, respectivel A high tenperature obviously benefits
ammoni a_stGQppiraepndagiedsiniad %«ZIPMSW gdricgl yaseel f Apiece Rblubing gihtwerPer at ur es
enabl e a_ B89t Uobnr RS Ssskl BPRILlnd ebe%tgy ACRARGLAGIk ST T Ving for ce
(i.e. ammonia solubility in water . An inplication of these
results i gnstablad lrtthevaﬁsﬂlai@mm@mgﬂ%vgthrspblppmgAmIﬁnrsbecms plrsed iadiced under a

hi gh tenp . ' with a 14%
CO>2 gas aﬁ%lﬁ w%gn%glﬁgﬁlt_el Vglfélﬁdgtilftg\l 8‘5’ % g?%‘ﬁ‘t“ﬂgtﬁb&t ween /75 and 12.0
as shown inmsHlgucent®Ber (ModelaSFE d)lﬂrSd that the 15 anmoni a stripping
efficiency was relatively |ower i ncreased with increase of

pH. The i ncr ealiEcagh exnsemsity | byof ﬁ@le@‘tsfﬁolﬁ“%@?"‘%&‘se Hepneo AR R f rom pH

7.5 to pHa@dé:lnMeI\%ssJeﬁéﬁl sBitr8dAifrb &R MmpefAR P 19°6). t@z@ds :tlv%s Bubbldd was found
that the influence of tenperature was greater than that of pH Therefore,

i ncr easi ngntgthe|591pt1ﬁlgattaéﬁtﬁ@f AUnk/mgan Thewf sdue wes meriordend prqoessd
consequentyl¥n 2005 GihiGg: @l kal i ne consunption. Meanwhile, the required heat
is increased due to an increased stripping tenperature. If there is nore
recovanfad heat The Qﬁﬂlfshﬁsd@bﬂgaé}oeﬁ%lsﬂteﬂjr rILe'ElSluIrlﬁg ga<héred ditnoDes latbehlsg ri ppi ng
at an elevated te ture to reduce a onsunption as to
hor eace TRBSQPHE STBUERT LPaHEy Vet Pt e ED TG f ol Rttt S8 ser e
of stri ppiiMgtRXRefireeMusntdt taf Mater ekrHsbOdupindes baseid Cdirdo WeidD,di f f er ent
CO2 concentrations_between 0% and 75% as shown in Figure 3C. It was found

that cop dEneleity 8 danging esysdonnsrm Alwnts Wi %gereqfn%mgtrﬁ%wwa stri ppi ng

ef fi ci encyMRsp AR RAREIH MEL rhb BHrv%ﬁéﬁanHrobb&l 166580:GRAGANIN &dnt @A fof Ne
ammoni a stripping efficiency at 30 mn was 43% 31% 27% and 21%for the

C2 cdAcentatestqbyipugly atyohuterlgoghembierpgicagarity @%he degtse clt waeplservethfremr esul t can
be expl ai r?l?edcup% swf)@ tﬂ‘a‘t‘f?l\éﬁpﬁ%@re%fe r&t@ ?orlﬁtgghtgpgedf@ﬂnéﬁﬁ?et &ﬁhénlf'@/ﬁs lraﬂg%r

partial pressure significantly increases with i1ncrease of i'n wat er
while t he thg3has Sertuintapatesk ragaice dfladnit. gFhis is ligels daeswse l(lwmmsntélas afeady Al ChE J.

17(3): 200" 95Gne nERY T EERRE AR, TR0 Vhor b heqais MR ORI 05 v
21: 764- 7W@1ue 1agapprécamaiziyriabbne Tamtil@rt shenged kss whed. theﬁﬁg.vam}hwm clfRe o 0126

1482- ]2;]685, ﬁ@gﬁ;) Wth increase of the CO2 concentration in the stripping
gas, t partial pressure (concentration) is likely 5 reduced and then

l ess NH3 can beg,desgiiRede td@rd b6, RAYAAMRsERh SR -t RndRSAkRase. Thus,
the NH3 stripping efficiency is decreased. Therefore, a gas containing nore

t han 50% dromarpanaprabie igsipn PFRseIsAryPeHBen; 8660t brobingibrauah Smeitispietg. 1t may
be best tg\JeeRR IR DR SRERRWMipttD 0 firk. | PR BGi1IRPH Rinc@GHHhENd N9 @

reasonably high stripping eff|C|ency
injected CO; is shown in Figure 5. It was found that the pH value reached about 6.5 after

25  approximately 11.8 g of CO, was injected (30-min of CO, bubbling at a rate of 0.2 L/min)
and then pH had little change with further CO, bubbling. In fact, the linear range of pH
reduction with CO, injection was about 10.0 to 7.4, and the corresponding CO; injection
was 010 5.9 g/L.. From pH 7.4, the pH reduction was insignificant regardless of CO,
injection.

30 Although the pH value of the lime-treated manure effluent can be adjusted to 6.5
by CO; in above experiment, a pH value of 7.5 — 8.5 in the treated solution is good for a

purpose of discharge.
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Ammoni a Stripping from D gested Manure Effluent 10So far, all of the above
experinments were conducted using NH4+ solutions. Two sets of stripping
experi menwe 2beloavs4ser e conduct ed usi ng di gested manure eCTiasnti/os@e was at
25C and pH 10.9, and another at 40C and pH 9.5, both with 14% and 75% CO2
gas, respectively. Wth 14% CO2 gas, the stripping efficiency at 40C and pH
9.5 was larger than that at 25C and pH 10.9 (Figure 3D). A simlar result
was obt ai ned when 15using 75% CO2 gas (Figure 3E). These results are
general |y in alf(d&raspts suprligd e @@é@ﬁ@dﬂ@‘gﬁﬂ@bwlaﬁh% afr@geperalion ralgat t he
| nf | uence ofh 45 AITRCEBYNchalAIp Al A L DhARrddRRon NePlided, GXPEr) TBALS S ng

h ect of CO2

chem cal sol utions. e ef X concentration 1n stripping gas on the
anmoni a stlpf.pPBtgthepfddotteneppakdsy af heocthanpbplanigwedsdo bapideast Flilgpi ng

efficienc j 0 S, WM %: under 25C
and pH 10%51%(‘@{86{71rglﬁo(gj%%.o%%%qéﬁgﬁg%é%%%mﬁes&?%%ggﬁbé a%n%ééléil?%gzcondi tions
of 40C5anavhpdd @ntaing Bbgu i €0 316, thF helsme pEta kilmustereedsappartdensi 3636ont r adi ct ed
to those (%rtlz;d%i ned previously that when using CO2 gas for anmonia stri pping,
the strippi ngy'effi ci ency was decreased with increase of the CO2

concentrati on. oiRYEYRbniakilpping dpRieheR% RhAEMAAioRYwhRAedcAbid ih PRhg Eihe,
formation of carbonate 25precrpitates can reduce free CO2 in solution. As

is well kAoRAW 2¥adionkarense Broserdings s Vet Lntesspnsi hEcqnemial Blwagominte My)

exi sting iehARBMERS gﬁ@ﬂiapi@qn&%rgt&rﬁa&@';ﬁbgﬁ%&epr ecipitates and thus reduce
I As a result, NH3 partial pressure is |ess

the free CO2 in solution.
decreased wWith increase of gaseous CO2 concentration and hence the NH3
st ri ppi°ng ESpmiplg B ncAmitpmiaSarption by Biaglifls cant |y af f ected by increasing the

CQ2 concentrat iron ien t he 305ttril&3)i. ng{ilﬁgs. Ammoni a ﬁtri %pi ng Wt hout

Mai nt ai ni ng pH' TAEEEMLETT FEPHY BEBheEre HeATEoqRst B ORI eq R ¥ t hout
mai nt ai ni s Hhiaderpuohess mohl PrivairtGuasd, ekipk commnédsy. 0% lieolume)INI widgth of t he
sol utions s adjusted to . 11.5 with 10 N and then n | i ne was
Forther sdiBR AR R i dobienan gL A Aaste ARl 5P AF pprng

ef fi ci encyvadbBtamB®WBmiarty mhdu (BOGHER(O 2 W svhidhad atdidtvopithevalav e Mear eased in
different extents durjng ammoni.a stripping. The experinment using air (Run 5
A 0%'eop)Presetic ACROY The Vg ps 8RS UFCOBIHERS PRINITAT IR G s ¥ gas (Run

B), becauggphfeg dhsEak b o Qfindet decreased pH in the latter run.
Consequently, the fornmer experinment achi eved a higher efficiency of ammonia

stri ppi ng t hanThéslidattedin thisstuap aicheled esngd evaivdentcentediged digasrrbmararst r i ppi ng
from manur fluent using 14% as_(Run C Hdro i ckly from
1175 1o 16EoDoRR 2t e e p e SRR o e las R RS Y Lo
usi ng 14%ifdoRited piHudeanaase dDIMe sdids, and heulexd €as OpaintasnHgDV ghids,ed manur e
effluents 0),. sequent |y, .amonia strjppin ffi.ciency of the latter
vas. hitgnerts ARty ahier gy uferon g en s BRABE o he buf feri ng
ability of thepmanung s&ldlstglline ¢ ohidstQér@%pﬁ?éa%ﬂaégﬁﬁﬁf%tg%nfﬁ%ar ed that

t he ammoni um concentration dramatically 15decrease Irst 2 mn.
This is | iokdleynaierecontertien fodids on fmamonip sorglagnp [Fes tha purpese. thraempisiuge wer e t aken
before pH c&%ﬁ%@ﬁ%&rmokﬁd E&Eﬂ?e%‘é BLd RO ?esI? cﬁ{él;? dB&%}e%QPe‘?fﬁle‘ﬁﬁssaﬁﬁll usted to
11.5. Since the feeding tank of anmmoni um solution was not conpletely
cover ed, andsayiuftivoanthomupiln tvagtfed antindiveateri gidtpldsed ored eassediliat (atpiics hi gh pH
(11. 5),cand by, gi & SORELAL W8 (4000 B NG, B, AILUSE TRk Rl Q@ shart- 20
Al kal i'ne Asu i on Fing Pl p§| ng

and sawdust were used as their highest moisture content levels for ammonia sorption,

respectively. Correspondingly, the 24 hour air-dried sand or sawdust was applied as the

mid-moisture content level, and the 24 hour oven-dried sand or sawdust at 105 °C, used as

their lowest moisture content levels for ammonia sorption. As for the CDM solids, its

30  original state after centrifugation was taken as the highest moisture content level. Then,
the CDM solids were air-dried at 20°C separately for 24 hours and 72 hours so as to get a

desired moisture content for ammonia sorption.
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Al kal i ne consunption was nmeasured in several amonia stripping experinments
usi ng synthetic ammoni um sol uti on and di gested manure effluent as shown in
Fi gur e 3IwoAbieal40s3e¢ consunpti on generally increased w t IRCTRRA2Q0850602
concentration in the stripping gas. A high operation pH obviously consuned
nore al kaline. These results suggested that 25 ammoni a stripping by CO2
enri ched gas shoul d be conducted at a higher tenperature to reduce al kaline
consunption. This suggestion coincided with the early finding that the
anmoni a st ri ppithgHeYsradiledhePMuggl dhwernatilized for enplytimg t%/fen%@blatym fe. pH

Adj ust ment, o, 9 toﬁgnlgﬂ . '%deln‘ﬂg@& %olﬂﬁbrﬁ%f@%/[cmwaﬁd £ By S(ﬁ‘dUSt rial
grade, 99% was s p e roma gas cylinder. The 30centr|fuged dlgested
manur e ef Weoepregardgselfem eongpiraggddtleS Ol.i her epeheammena scagtionahn, 28snltoafhewat er wer e

used in p T8 ons in

di fferent Iﬁé %#?lhn%%ﬁ% > %gédd%g{ fsg St é%‘”’iﬁ%‘\%%ﬁ‘do‘@i‘w%% g éljor pH

adj ust ﬁentanmonbubmtlpmgurp@@z The sdids oogbtioe eahténts far the BHte phastre ckepiytt i ndri cal

vessel . A che thkcggp with two frits was set on the bottom of the

vessel for bubpI 8 A nmechanical stirrer was installed in the

vessel for "1Xh@&ké%?%ﬂ@ghﬁuﬁﬁhkagncmﬁmﬁh%QE@@@ﬂM@%m@héQﬁﬁz%Bmhﬁﬁl50'Utlon

to nmeasure pH values. The input CO2 flowrate was controll ed by an Aal borg

5mass f1 oWLNAelkds| eriginalegeran thegmoubatipgpf sulfur-contgiping 4 soliderwareited 1 L of

aqueous S uhrd he(RHIE Gl EMmAbnbaRpigler) vas added into the vessel

and stirred at" roomtenperature (20 1C). CO2 gas was bubbled into the

sol utilon at a Thé moRfuréfteftis/offalh the hb&y efbibsvladsueeryvasasiimadibefofed and recor ded

during CO2 bubbling. 10The results of several experinents for neasuring pH

change durfiiyIMeep: bubbling through manure effluents or tap water were

obt ai ned 4. The pH value in either manure effluent or
%gﬂ Cﬁ}b‘?‘ﬂ‘)ndhlgﬁr &gizﬁ

tap water rease bubbl ing, due to the CO2 dissolution. pH

changi ng cur veshé @t-upbdrahgnodfafsotpeioh n Wiokdlidduddden i exbétithéndkboRisteder e al nost
parallel to. each other. The_ pH valﬁe was dropped | ess for nanure ef fl uent

than for %Ay &kth r%mﬁ%agﬁajﬂ%mﬂ@ PgaY%t%ntaﬁ@maalﬁF@Wﬁgméaﬁ%&eP ¢ of the

formers | kydas RRRELMAR, foahast RBweBhRY@les! (MRESId¥airolt NED] Ft@gﬁﬁﬁﬁﬂge rate for
the line-treated nanure effluent was | arger than that unt reat ed manure

ef f | uent . Insyugrenidng. j Koy weye geadde adipsrampmosiaieaetitd aalEona e®iyaver come part

of the buf{gid.RI Tﬁ@@&l’ﬁﬁ&%ohﬂ-ﬁﬁnmto?'bo Hoﬁﬁ@ﬁe@?&ﬁ%ﬂﬂt@l’ﬁél%a)fnem%f‘l%%ﬁl pH val ue
was approxi mately above 7, l e it changed | ess when the pH val ue was

cl ose to @nd2npdlopdp.2 cm betweenm ldéit@ﬂrﬂierfélﬂﬁﬂnérhﬁ eejuinp gglupedortraekip
dj ust fl t
adj ust menty, Qfply é&ﬁa&&ﬁ%ﬁgﬁg&@%gbgh A‘ﬁ%ﬁrréo'ilﬁﬁ} &aq ?di‘%ﬁﬁ&%l iggstion

process, an experinent . I ng throug I'me-treated menure effluent
was cafdudy ednfior COM $0d1d9@adrﬁnnntemhledlare@@rl af 3dfcnpidaHemggleofid3tdm béteednnj ect ed

CQ2 is sh about 6.5
atter 25annale A B by ylesollth oBHitot kb BE PHEPCHR EIREEE, oD g ot
a rate of appr@ximfatalyn).4@hd Tygtmrtulphg tvadused tct doeneﬁ:halhgps passhgesf Uhe gaslmiﬁﬁz
bubbling. In fa t he nea cti i nj i on was
about 10, 058 P pok ey R e Efmdhe SN AB M B oL
From pH 7.cA, aideckdd wieckneili Fail rivas A nsd 1gmlﬂgbmmtuséc€@ahdéaésmpiér foor

i njectjon. 30Although %he H val.ue of the |ine-treated nure effluent can

be adjzéstéﬁs fyngamm y e PS5y A X e R EY v Ve PG SHiieing | g 5 i p
the treat gds sRbadbd Ehwden t1§00EHtLA Colamp WA POS By Phssdirn6Mar G@ilar valve was

used for switching between the gas sampler and the vent.
Ammonia Sorption Procedure
All experiments were conducted at room temperature (~20°C). Before each
30  experiment, a fixed amount of solids was weighed and packed into the sorption column.

The flow rate of ammonia gas from the ammonia cylinder was controlled at 0.42 L/min,

and air at 1.82 L/min. Both three-way valves were set to make the gas mixture go to vent.
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If CO2 gas is supplied froman ethanol production which has a CO2
generation rate of 0.4573 nB CO2/L ethanol (Paul, Noyes Data Corporation,
New Jer sewQ 2012846848 p. 102 - 104, 1980), the producti onrPcamanitosysoof the
et hanol plant needs to be at |east 1113 L ethanol/day or 406,270 L/year. If
CO2 gas is fromthe exhaust of biogas conbustion 5 which contains about 14%
C®2, the volune of the exhaust needs to be at | east 3636 nB/day.

Ot her anmoni a stripping experinents and conditions were described in Zeng
et al., (ADSWIKgss@wBeyEnteblPprs d@aiimies. the fupe-way vabeskisghécisg:to Economni cal
Eval uatio | € n el LSel %ﬁ;ﬂ, ' y

ref erence @A?%h%g}éﬁg Heﬁlg Hﬁﬂnﬂ%)e ﬁ'i gaévg%ﬁ lptlmél?%ér‘?%b‘g&%}l%-gg%@é S HQ %&}r})gq%l gst

anmoni a sekpringnishyn dites o bl ofdkttovithSRayaop aced meehch iopmaa farmmoni a gas

cyl i nder ~ r [ , L eh. i Snl%; me) NH3
B A s s R LS L L
pressube dhowd)O@uikPal gadinnxtweesvasabaireddy fH.80u solaoniimthenmpiBEET,angERO 2. 0) ,
whi ch had a,total. volunme of 40 L and a 15 pressure of 15000 kPa. The

wor ki ng gded el PR ML ARPYMAPRE appr oxi mat el y 1% NHB was prepared from t hese

two gas cyli nd@arigs a few samplED Ge2hled aInddS uled 18 BinFind ithiheliM6d MBRshisand,
sawdust, centrifuged digested manure (CDM solids (or the solid portion of
t he anaer 6BRENEIGE SR MEainpisgasiagderihcoma oplvgsand e wgat aavalve were

sul fur - cont Al A0S HikidR o)y I RO FibofeAROS: GARAANRIRE, OOM sol T ds,
20etc. These biosolids were used for different experinments described

herei n0  sorptiofFppesation.s Brdng edwidusrptinchf pineoaBMhs sdnipdes wase ekeplpeh & f or
testifying {1Q%th@fchlﬂﬁﬂ%ﬁd Readu %f@PA&E&ﬁ&&QQ&&Pl&n %ﬂi&@%@% e é}%ﬁ‘ﬁm)“' a
sorption. For thi's purpose, three noisture conten evel s"were adopted for
t hese t hr eenged fodthe firs 8 hewut iTheh the sBeplogentewplerasmentased wanely AN disdewdust wer e
t hor oughl y_wash it h wat nd .pl aced on, a coars ilter (a piece
2501 ot ot 5 RaPRb T arandE Hhengf TuBsNERE Tt GERLR: b phEerboul’ “These
wet - st at e tsafidalaadplsaweld sikemendmers edd asvetifiethe ifikdtghaeshiawhshuatencont ent

| evel s for amoni a sorption, respectively. Correspondi ngly, the 24 hour

ai r - drlifed sandAbhesahalibe expggmappihe eerkad salie Waiedempieddipneihe edltent | evel ,
and the 2404 a%‘é%fh?feh@gotﬁé}raﬁd Qbred AYHIHBigeRliortP2 € TIHEEhIAS whiaei I | owest
moi sture content 1evels for ammonia sorption. As for the CDMsolids, its
300r i gi nalangyzed dorgptalritregent phosnigistandpul{gies t aken as the hi ghest noisture

content |eye|]. The the CDM solids wer ir-dried at 20C separately for 24
hours and 2}”%% &6"’%” f’%f”gég"sﬁg‘(fé and ‘g’(ﬁ %Fg‘l”fsﬁeéD Ehe At ‘?'?’ ’21"' S mroni a
sor pti on. Ammonia-sdided sR@O4- added CDM solids were utilized for evaluating

the possibility of amonia sorption enhancenent. |n doing so, solutions of
0.2 M200.4 M ande@imdndhpir@Odncser thepnapenr sohténtomitedocbntrogendNH2SO4.  For

each ammonj i u : i . t 0o about
T g of SRk Al el arEiheNas Slybd i s Hho e the O RRes 3Bl
pur pose. TBhemal plasphm, stdisuifacomCBM oliflg H.8Oeadded €OM soislsyead enckbped at t he

sane | evel - 5399 . .Moreover., the granul ated SO4- cont al ni ng CDM
S0l Tds. - et iseT Bl oM e e e B S PP e BRI neubat i on
of sul f ur tleeathadersoldy, Lldvhsahindsia sovbEdesoli§ewlert they airidiigd hiv@omménhpeeanae of

b1 osl*Fds GAEF S RRAED PRV e b A elpal o2 o Pk SRRBRI &bt | on

subjected to wet digestion using concentrated H,SO, for the analysis of total nitrogen and

phosphate.
Analytical Methods
Ammonia concentration in the impinger solution was measured using an ammonia
30  probe (ORION) in conjunction with a Model 450 CORNING pH/ion meter (Laboratory
Equipment, UK). Prior to the experiment, the ammonia probe was calibrated using

standard NH4Cl solutions containing 2, 5, 10, 20, and 50 mg N/L, respectively. For
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The set-up for ammoni a sorption on biosolids used in this experinment

consisted mainly of three parts: a gas flow controlling system a sorption

col um, awm0 20123808381 ng 15system In this set-up, two nmaesTidaawiasedoeol | ers

(MJS Controls LTD, Canada; MKS Instrunent Inc., USA) were used to adjust

ammoni a gas and air fromtwo separate cylinders. The sorption colum nade

of pol ypropyl ene had an internal dianeter of 1.8 cmand a length of 46.2 cm

between the inlet and the outlet. The columm vol unme for packing the CDM

sol i ds wasmapproRsaFEeapyt. 25 mbofithe sshion aas poirehmtopdd-midreakgindthisaa sor pti on

20 by gra QQ}\Z% 1 i ¥ 3: a length
rﬁ’rb!gﬁ'étlc t ISGI!h'eQEm{Z')ﬂQ ﬁbﬁ v{i"ats%%elﬂg%a'cgd_rﬁf@th@folﬁfon. The ?rl‘?o?ﬂlg

of 43 cm bet'ween e inlet an e ou e colum volu for packing

t he granulsamplEpis sbistedistowelsveerp bl ©xHbsitaddipg O Ml 6f LO NTNaghsdlwitsnmejoWes used to
connect akl S ] : .ene col um,
had an i ntbg%k%gl A ?%rﬁrigt% gﬁceggﬁg)?%?%%@%ﬁﬁﬁé g@%%&eﬁﬁ@# écﬂg?ﬁg%gﬁngﬁg}ﬁ packed with
smal | Pal Imatérngs. A gas i npi nger was used as the gas sanpler for 25
absorbing ammonja fromthe gas m xture. One three-way val ve was used for
swi tching gas paseagesoijenlwbpsanithebrgselidsnvas detammnedhy a wie dspstipss.  Anot her
simlar vahiedweisoaesh {fihos Whtabdll HOuBRL SRR 108 - 188 i haRRIngfiogMly t he vent .
Ammoni a Sor ption Procedure Al experinents were conducted at room

t enper at urlé)( Thorhospigés epeengaeen 13 thesape Michigestion sqlpticadvas fsaetedrined| i ds was
wei ghed anpdpacked into the sorption colum. The flow rate of amoni a gas
fromthe ammonia cylinder was controlled at 0.42 L/mn, and air at 1.82

L/ m n.10Bot h t hTResulay csatemas thabi@olsdtwds detdikifed hiea Q8Y, dXicstilohenditodt 0 vent .
When t he gf strea wer e stabl e over 10 rgg}étgs, tlhe hrii -way val ve was
swit ched tO ¥ampf? tetaﬁ'f‘éi%ﬁs“%%ael)loﬁffi‘ﬁééquo v Pﬁ?a]iyrﬁﬁt%ﬁ’ 350 e used for
gas sanpl iwag dipénsintotes exMP Sl ARELeS fladkNarQhdhR 058l of 40 MICa0f, s@ufddn M H2504
was placed in_each inmpjnger for absorbing ampnia fromthe gas m xture. At

a fixed p&ysaddediinte figdlaskglhedlagonpsshpkadPnd EmisnshAnd B EHECHIN §a&rei xt ur e

was absor Red riRyaddROdeS Whida@ B 42 At RpdrMhOORT AN B MZRMaMidy Bg an
anmoni a pr.obe. After a few sanples were taken and neasured to confirm

that tlRe ifensetfatahnysinalconcentrati on was mai ntai ned constant, the three-way

I he twp- | .SWi t ched ¢t K .y Xt th h
{ne- sor pt st CRH Ry Coltbun RSP A e SR SHPaar ati on. Duri ng.
col um sor pti 08, s AR theldIMIBITRIVRSe YA for i /G d hOMeLiPRisAN Ll et of the

colum and neasured for ammonia concentration approxi mately every 10
m nut es f @mmone spiptign on theselrds. PmamonhorgimmeKkpargnantstvearsy edriedaat pyieg eased t o

every 20 @ildb“k&a%\%ua%dm's@n&s% \Lﬂ%oﬁlﬁlstﬁat%rerh%ﬁo iJJb%dHP&WdELtVaﬁé wer €
bac al sanp

swi t ched to the by-pass, and two fin es were taken and neasured
t o verZof y GING splpdsencremerdoready bagade mithdhd meistuesAntenthdhe beo afrvasheerexper i nent ,

the, packedy LS, RS L TRGL f(IA 0L RL T BLATER ple0 1 3uiEl ygd 1! ene

bottle, a In arefrigera ese s were anal yzed for
total nitnogempnipbhaspiradnesaadost snd €RVesolifly alheamdigure odntdratimthe Bhridr ogen,

Phosphat e and Sul f nges._ Dur.i Al r-dryin Ammoni a- sor bed Sol i ds
2070 dot eF e e A T AREE s R ek BB Solbt it Rl SRR PGRR ot ogen
(TN), phospipabiecapadiyshdtfismhech saiatlerdhan thesewd savalastrané the@idMfsolidsconpar i ng t he

capabilities of holding ammoni a, phosphate, and sulfate in CDM solids,
H250428dded CDWVhaohiligaiionah thepaiesHbia i sctbatgedistere ceent i salidgplamMnsol i ds. Ammoni a

sorption expsti MBS Melfiafbfmsibnconduct ed for these three solids, and the
anmoni a sorge soﬁtlaé1 vveorleast{{)gnnai r-dried at roomtenperature 25 (20C)

separately for HOwevr, #iméhia sbebed 10the 26Vids 24sily @nchpdPduiing subkb@ret ol | ds sanpl es
wer e t hen subé)ect ed to wet djigestion using concentrated H2504 for the
anal ysi s GFYRGAUZPOM ferPERBITE: ol SHERSEM Alf @ CHapged With sfiry \giiiRsy <M the

beginning of drying, total nitrogen concentration in the CDM solids was about 53 g-
30  NH,'/kg dry solids. After 24 h air-drying, total nitrogen decreased to 30.2 g-NH, /kg dry
solids whereas the moisture content in solids decreases from 64% to 10.1%. Compared to

the CDM solids, sawdust has a lower ammonium contents after 24 h air-drying (16.2 g-
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Ammoni a concentration in the inpinger solution was neasured using an
ammoni a 30 probe (ORION) in conjunction with a Model 450 CORNI NG pHion
nmet er (Laworatamys4Equi prrent, UK). Prior to the experi neRrCl/darelizsonomni a
probe was calibrated using standard NH4Cl sol utions containing 2, 5, 10,
20, and 50 ng NIL, respectively. For ammonia nmeasurenent, 25 nl of the
solution was poured into an 80-m beaker with a magnetic stirrer. The
anmoni a probe was then placed into the solution. The pH of the sanple was

adj ust ed DNE14ks diseplidpr d@&pltq_ﬂletﬁym&dmorﬁ@quccmten@ff(%b)%) Wa%lbmqe@n into the
beaker . A%H?Q's@nﬁ“%ﬁ%%%mﬁg Qfas }%ﬁ% A a hdishRdt SidABof a%@ﬁ’t 1‘6%&9&1'1%; rom the

pH i on 5neter. he cont ent nitrogen i n the biosoll
det er m ne@nmgonw&@éledm e sadosi qq'elﬂlb@@qf@didsmei@%dﬁh@rthﬁm henCainM kgliks s u5| ng a

Di onex | i ~ on in the
same. wet - 3 aeishFe GRERATRAAALAPIN: Nekdas BB tR S GO AL Beh e

cont ent |mmp¢r&1nbmedmhism§owmgnmampnm@dﬂtq,claM@amj52 Pﬁ)wervacthleon met hod
followngasulft anal.ys u3|n a Di nexlCS—lO abg

so 1 ds sasordenl G DR BT M AR L LR B BB een 20
of 0.01 MaGa@l?2 sol ution was added into the flask The flask was shaken for
30 mnutes and the extraction mxture was filtrated through Watnman #42
filter pap@fluentpef fip GrengleedeBMEMids on danmaida Sor81iQy €@XAr or sul fate by

C. Infl f Sol i ds S
capacity - CERG ARG B SRt s ordTe 18P PRE § Py ng

t he nECharbpiien efpediemaivaresaiipl bOMsog atbiigesallinis for ﬂdé\mm&teﬁ@mﬂl on

experinents e carried out usi and, s ust, ids. It was
Found { natoidie Iheourae Sos bes P i STloSE el Sl nde CHiibdsed near v

l'inearly WakBhdwithiBheslobded qGaMiEM the diauIAMOCDNI 36885 MRSt &Telsase to each
other. This result suggests that the npjisture content play a simlar role

in ammoni AMRMELSCEROB AIRSe thorstaihg biepwids gpadds thetna rypshad theéaBont ent in the

sand sanpl@ssiid c&itBld. WHe he1dali& (Ja?e‘l&? RulatBOLBMIGI@RRARE tdlinia and it | ed
to a | ower ammoni a sorption capaci hat is much smaller than those of

sawdud® arFreaped IEmvOSo1q ¢39 ko6 slaiemie aamenimsoptedtipmsensed BamreS 19 s t hat
moi sture gORtANt 4l BolRiR! irfig réalﬂ%&l@&- éxfm‘a{eh%g?ftherf%%a!t ﬂle%m&d%ggc%&t 1 on.
However, ammonia sorbed in the solids easily escaped durlng subsequent
ai r - dryi ngraavlared $iAM eplpis cantained myestvedternisidedietelids. sdichivavsgéan wictehseai r - dr yi ng

time. At he CDM
sol 1 ds. wad SBac PO JurkoRY e ARl HRARN SR AEl EBR Lllat ™, o
ni trogen dwbwwdenwnmczhgamtiksgof@nyn@m sodfgionke thesly ogohids enbirgt.ur e cont ent
i n sol,.ds r 19 re i ds, sawdust
has a %Oome‘ﬁl?(glr%’rﬁﬁ%i ﬂh@%{ éo(ﬁld %gorn}af%lcq%ag??mdtﬂe E&“&%We%% NH4/ kg dry
solids), dﬁmmntaesotlduensapmtyarAmmbmiasasreti@mpmﬁes of Bet]i@@l@ds wlete dd@sp abd SO be seen
that a S|g |can% mn& ﬂ;g NH3 was tﬁ;u ned @% @ sture content of
about 1096 A FIR S RRSHE %?%?Bhsuﬁ%es é?&\%‘ﬁ TP %}Er%aﬂ“?éméléasu ly

rel eased tsb@tod.hat in the CDM solids during noisture content reduction.

Thi s suggests that amoni a absorption by water be an 5 inportant nmechani sm
f or ammonilaiskel ginmynieforptien ekyhedlingdreated $PM Solidshe experiments di d not

rul e Qut other ,sorption nmechani sps, such as bi osor acterjal
actio "3’ Ammonia sorption was also tested using the 1me-treated %E)l\?sohdg omparec‘

to the CDM solids, the lime-treated CDM solids showed a slightly lower ammonia
sorption capacity. This is likely attributed to the fact that the lime-treated manure had a
higher pH than the CDM solids.

Ammonia sorption on H>SO~added CDM solids

30 To enhance ammonia sorption on the CDM solids, a certain amount of H,SO4 was
added into the solids (~53% moisture content). Ammonia sorption capacities obtained

from these runs were compared with another run by using CDM solids without any

45



I nfl uence of the G anulated CDM Solids on Ammoni a Sorption Capacity

G anul ated CDM solids used herein had a noisture content of 79.2% Amoni a
10 sorptiwo 2expE0848eNt S Were carried out using a bi gger pcolaammi 1fos060L he
granul ated CDM solids. Two separate runs were conducted with the different
solids load in the colum. It was shown that the | oaded quantity of the
granul ated CDM solids in the colum affects the amoni a sorption capacity,

t hough the biosolids used in the two runs had the sane noi sture contents.
When t he Iaé@lH@dOﬁ:IéqSQG(mg}StélfeC@malﬁtﬂzéf/@d CDM solids in the colum 15i ncreased

from0.24 to 0.29 t state), the.a orbdln rom46.7 to
6176 o ko ary aBimdi Siffion BReH ekt TR TE bl bR ERRF St et e
hi gh | oadiwigenahe H{SD,goaai rakid KM & of 0.033 k‘g)lfg dnyrselﬁhsméammh@r i nsi de the

solids, which caused an in i n_ammpni a ti Furt er or e, t he hi gh
| oaded caﬁ%réfl?‘yca@f“’liyﬁ“éasQ‘F%{E{Lfl%&gléﬂlC‘&WF PHH’% *Eﬂ%écﬁreﬁé‘il &r TRy nani ¢

char acter it&hlisogeh cFMM @e §1ﬂﬁi@ﬁ1h@6rb@@sdhﬂb ﬂed@éaﬁ)&iﬂdnﬁg; aigAhiiisf tROWhi ch
l'ikely inproved the gas-solids contact condition in the colum and

i ncr eased Sdlififo Jﬁoavegedftb@ higherdhgdaQupontpiii e solidsy the MO thaloké niiiogd of bot h

sol i ds wergaf) RERInRY irfth8 sdHdb. afhifRigstdddan A N5 O Mvas ﬁ'é'[ﬁfﬁ rﬁ)g@ﬂly"fo?UQQESt ed the
inportant effeect of water on ammonia sorption. Trials of Ammonia Sorption

with the BPYRN{seEtier romvheay-Nik coonitbnibat ey ot feswnipgde amgwnidest ed usi ng
the line-rea] ﬁ%&@%oﬁ@é 'Iﬁ%nngﬁlréptﬁé el mbRia 5B e FMhSQhidSul d gt bide- t r eat ed

CDM sol i ds showed a slight | ower anmoni a sorption capacity. This is
| i kel yi0at thSQutOefdrmmmmh@lumawkfat@ hat the |lime-treated manure had a higher pH

t han t he sol i ds, sqQrption on H2504 CDM sol i ds 30To
enhance a g SEPHgH W@’ﬁ IR qpaa %’I’Z’ﬂﬁ"(ﬂ?’mﬁg gg% %ﬂq’ﬁ amount of H2SO4was
added into thegﬁ@hﬂaﬂée a(mrﬁgh{ﬁm? YA ﬁlegﬁﬂ%‘s‘ﬁﬂi&s nt%h;e@r%@se&gf RblagpGapaci ties

obt ai ned fromthese runs were orrpare aho usi ng sol i ds
Wi t hout anynousisldi tulfontodtie anh(lwdse cong ert detselfer 162 sT%4te by means oAmMmDNi a

sor ptl on %%9%%{1&{ Inra&n Eﬁ?%ﬂ%t v;[/ Q%a ??9@51;‘% etn}eﬁglll’)at%rratt}gg‘l ﬁ%DM §O| | ds. When

the H2SO4 con reac eve |ds PRe amoni a
sor ptilén damdnﬂfe;temasnaieafdrycmdemblow Z%mmpar%dnadrﬁdoads ase, vtelmauslel?SOﬁl free
sol i ds. T

nltro en cont ent . ni.a- sorb d sol i ds .decr eased
Gori ng. ai G PAHEEB Ml isa e RE RRGRRe R BS A I ant o n
t he sol i damotulef Maree wah&ldedingd thmﬂcnm@irsoﬁdisrt&ily Yo iciokidpatle samethdsisel | ds.
Thi's suggest ed t H2SOA wa e not only for mmnl tion from
the air- NS §Ys Aﬁlﬁﬂ[ 81’3694]0%11%6}BS%Q lrds Faé?lﬁ?sn‘?"?vﬁ‘@)m?ﬂb Qﬁg’(fgrbed in the
bi osol i ds.andlfyziRg the loRl@e DAY @dnSirheshs bNsulfae aﬁ@bhd@he@@uﬂﬁe tbg@act with

10 HZSO4 to formamopni um sul e. Amonia sorption wth the incubated
sul f urYcoRPESPRMA ! EDRISDILS das ana}yzed Tothe AigaHoB mgthedni a sorption in the CDM

ol i ds’ and to Sononparfhelitsiin BARHRIRITLS Rudtd it il PO |
doi ng so, (DMublatsivene sanalaBottedilivetand phdsplenta mu&ymmamsamrﬁewﬁvﬁlmr 15 days.

incubation time. Of all the three biosolids, the solids with the highest sulfur content

produced the highest concentration of sulfate and phosphate during the incubation. After

25  fifteen days of incubation, the triplicate samples of each type of the biosolids were mixed

together for ammonia sorption experiments. The ammonia sorption curves for these three

runs (SDMO0-2, SDM1-2 and SDM2-2) showed that the ammonia sorption capacity was

1.28 g, 1.14 g, and 1.11 g NH; for SDMO0-2, SDM1-2 and SDM2-2, respectively.

Converting to the dry base of the biosolids, the corresponding ammonia sorption capacities

30  were 0.070, 0.052 and 0.046 kg NHs/kg dry solids for these three samples, respectively.

The data suggested that there was no significant difference in ammonia sorption

capacities for biosolids SDMO0-2, SDM1-2 and SDM2-2, even though the sulfate
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15Three different initial sulfur contents, 0% 2%and 4 %on a dry solids
base, were used. The incubation experinments were conducted in triplicate.
During thwoizooudets8on, a certai n anount of water was ad@e/dardn/oshm2

i ncubated solids daily so as to keep the sanme noi sture content. At Day O,
3, 7, 10 and 15, the solids sanples were taken from each bottle for

anal yzi ng the noisture contents and the concentrations of sulfate and

phosphate. The total 20phosphate in the biosolids was anal yzed by the
di gest i on cARCAGHLONTHAT B0 2a PMA-2cand pEpd42-8 reqyyite difisroaah@ ph 8sphbtadi n t he

I ncubat ed Syl Wo a0kl ?ésp&tl%/i S ihg%%'gtﬁ)nohtléln%?gtlngﬁﬁtapsﬁlﬁbbat e and

phosphate concentrations increase wth incubation all the three
bi osol i ds shewrsl sstibhttysbigger hapabidityhiotrarpnig mrpmn d@nglemhaSﬂh@l@W@@dlﬂtfa’i@ hi ghest

concent r af g&’é%nt?eft %%fh%ttlﬁe@ﬂgsoﬂ?ﬁﬂ{i‘%%]\ | Ca GutEJP{% thOR ﬁ oé\fter

25fi fteen days of incubation l'es 0 t ype of the
bi osol bds smlm"séladmhgheltmcgmmwnnthmnhmrﬁnmf &DM‘,IFZpdm Sd)Mé)Zpé"hlsmmttslsoThe ammoni a

sorption Gur e%srhat%e ry]lse'\tﬁr% ctorrlltfar%ei\n 1oso 1dg %@g\f%n 1mp%ﬁr201eacr)]n aramimiz) shoved

that the arrPanl a sorption capaci NH3 f or
SDMO- 2, SBbptidn.and SDVR- 2, respectlvely Convertl ng to the dry base of the
bi osolids, the correspondlng anmoni a sorption capacities 30were 0.070,

0. 052 and 0. 04BloRpVR-BLa §itepesn B 2f JPMY Reand S ?eéwgaﬁemré@nedﬁ@specu vel y.

The data %/E'Igﬂ'eﬂ%g @f?ec{ aatichd Efo@ué’é'@%n fﬂ@ 11§:'L19di‘1'0f1 'oﬁ %tstaglhz&tﬁ{n%@%ﬁ’nﬂoﬁl aghmoni a
sorption capacities for biosolid D\ve-2, even though

t he subf attlee sobidm cﬂlﬁmhmﬂmfgotalrmmvml@he SDMlth (mbes@mdrz selide) yith t e

di fferent ivgly) after the
ncubatt o g frouba fad 8oy B b oRe PSR i 6igd %31%?%‘1 WPt

capabi | i t yinfing, Lamvohile dsampseloﬁrmplsmlrmwgtent of thmwllﬂheThlsnmtkebfLﬂfthauted
concentra n.of the thr 8¢ bi as.al i | d b?ﬁ tr| but the fact

that SDVO- t“} amond Teisared “’h“ggnﬁo‘smﬁeof’ssst uréveY;%nt en hRRERe ¢ -2 or
SDMV2- 2. ThitsogreBith¢ biadadids ioof plaeiduring tthet fivet mOmtsmf eir-domdge rithig \masbl osol i ds

pl aye [ a ole on a reover.,, .total
nltrogg bﬁ%ﬁ\%?‘“ "%%r??@%z Lb&g@ «%PMZn%ﬁP{D PSR IV e ef f ect
of sul f at de@epedired. 1i3ho, t1he4%raﬁwbas3%negjactwasj S]lﬁllbghhezfalﬂcbv(aﬁg afo @égponi a in
10t he soli ds The, changes of total aﬁ en.int E{tfi Q]Fchol i ds ﬁn]?a base of
dry solid&" IP%ﬂEFr‘?Plﬁ et‘ioﬂfémél‘iv&rﬁelﬁpi mostahibe sunR Iev's ofhis yegssteitiad ogen i n
the bi osohiitlgeslemi@aseshidhdtRedtdse diyiuRBer. TtsBould Bé hbled ME! HERIIBAHE Of

noi sture content of the solids. This was likely attributed to the amonia

rel ease dGPRFRS ol YtreSPYd and M2 Wepgeady @ﬁ.sam%ffﬂr oS of total
ni trogen igh T%:%m*&iugﬁ ﬁlelr%u&l%%ggﬁ B6fRertUk B diffeh@t FTHeSE redfhis §e<Pifhat

ai r-drying. IS was because the noisture contents of S SDML- 2 and
SD\VR- 2, aﬁltee%UIf@tﬁéOI&ﬁW%loaﬁWﬁgt be&é@ﬁ@a@étﬁsw@teliormon1alsosﬂ%a% 12. 33%
respecti veglynonRWidungatide following two days of air-drying, the noisture
contents were kept alnost at the sane levels. This suggested that nitrogen
contents eilschfapimdeCioegin dSuSiOyicohwining grasitarCDM@liaot ed that the
nitrogen contents in SDMO- 2, SDML-2 and SDWV2-2 were nearly the same after
one day's air - Ip@deryp Mglfymeteﬁﬁ@crgﬁ bromabs confainingFaSilson egaenesamént.s wer e

diff ergnt dlf-llg?aﬁ grahﬁlﬁféh HM YaRE %\Ieﬁe%réﬂmstd with different moisture or CaSQ,4 contents.
Results showed that IMUS-1, IMUS-2, IMUS-3, and IMUS-5 had similar ammonia
sorption curves since their moisture contents were quite close to one another, indicating
that these granulated solids had similar ammonia sorption capacities (0.47 = 0.02 g
NHs/kg solids). Compared to IMUS-1, IMUS-2, or IMUS-5, IMUS-3 contains about 6%

30  CaSO4in a dry base. However, the presence of CaSO,did not appear to increase ammonia

sorption capacity. IMUS-4 apparently had a high potential for ammonia sorption. Part of
the reason may be that IMUS-4 had the highest moisture content among the five
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the sulfate concentration may not be as inportant as water for amoni a
sorption and ammoni a stabilization. Trials of amnmonia sorption on

CaSO4- corwaiznizmgoggsanul ar CDM solids I n order to verifyprCheshfiasocoof

bi omass cont ai ni ng CaSO4 on anmoni a sorption, 25different granul ated CDM
solids were prepared with different noisture or CaSO4 contents. Results
showed that I MJS-1, IMJS-2, IMJS-3, and I MJS-5 had simlar amonia sorption
curves since their noisture contents were quite close to one another,

i ndi cat i ngranniatedibiraanss splidhiul at ed sol i ds had similar anmonia sorption

OS5, | R o4 el o o RV iy RS Stier . e

presence WurfuaSAdishgnot appear to increase ammonia sorption capaci ty.

| MUS-4 apparently had a high potential for ammonia sorption. Part of the
reason nmay be Mvatturg MuSeds thalebse srdidhvigheistdrymeg wenglobtameat Metstuagrenméentshe fi ve
granul gte P t d Sulfate
T he SAm ey A A8bs Hen(HRAGRR okt 2iny b b A0S MERBIBAT Chese
solids w tnitrcaem mdhwqfngs weh elrdmlw chédot dvbursit tlme@am@meeme&rlﬁa half bietbe sol i ds

al nost Iln(«)e,[g1 t¥0gse§?nt§g§(ﬁl dl giostq %arﬁrg[rz gr of the solids. However, | oss of
nitrogen in t'h Rl | Aot occur at the sane rate

Nearly a hal f @inohgﬁles@ﬂ@elesmdsrlqm aﬂﬂbdtéﬁM%@ildﬂﬁd‘é@%pdrgﬁftHe%reTaE@t first 20
hours. Among these three solids, H2SO4-added CDM solids had corrparably t he

gr eat est lﬁ’éteé‘ilﬁlif%lh(’*déﬁg thosadbasgmimpias orhesichnbaotiiriguted 1 te ehegtigal be attri but ed
to theochem & be%%e%%}duﬁﬁn@%d‘ﬁﬁ%ﬂlﬁ&léﬂ'tﬁéﬁoh&s %k}%ugx{‘ﬁhs@%%a in the

solids. Although this reaction mght increase the holding ability for
anmmoni a t eniglgnecreage baholdmgpbdii fenamngnia t@sapfe axkeat. aprraximaicbr Byenthe i nal |y

escaped f&&ﬁﬁ‘rﬁ@@geﬁﬁhélgﬁes p%ﬁfro%%h{s%ﬂ&éafﬁe 72 H&%% ﬂgﬁlg%nghave-rhe phosphat e and

sul fate concentrations 1n these three so i ds much change
during air- drylmgphomla& HdYQUEHE adlcédﬁ@ﬁo@h@magbah@ea@msauilrfoameemment rations

in the 15spolids were |ttle|nfluen noi st contents, Furthernore,
sul fate cSARBAANHS Bndving this sygesead §afdgla%eima§§?lﬁ@£e QRTENTPTS HEMIBat ed
sul f urpscorpidsRii@litEPMIReded By WRIsEur&tshenitl FRhermbRNs IR cohdentri®nEM sol i ds.
However, phosphate concentration in the incubated sul fur-containing COM

sol i ds waéhqﬁléwerad@qﬁlaCrPMw@%@ ang thejecubmirg sbiur-gentypias CRM pgigemereggudd CDM
solids, evwgmefharah ih iRs@Bubiat ‘i‘-lo%%?reﬁ}{o%ﬁ{a'te%ﬁce%ﬁtﬁm% MRshcub@Rd at the

sane 20I eve Thi s suggested that incubation of the sulfur-containing COM

solids i n@]_alélas?@atammg \sohidsevas drghenthamthpgsrin gfe (Mfsglids, anp thte BefSOa t he
concentrathpy éﬁMl%Qﬁ’ésPé\%B ‘?nouglg'l'fo‘iel\@lfate concentrations were almost kept at the same

20 level. This suggested that incubation of the sulfur-containing CDM solids increased not

only the concentration of sulfate, but also the concentration of phosphate.
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1. Asolid-liquid separation nethod for a bio-waste m xture, conpri sing:

(1) addi ng a high nol ecul ar wei ght cationic polyelectrolyte to the bio-waste
m xt ure; wodpi12iuauseparating a solid portion froma |igect/qaantiiseonf the
bi o-waste m xture through nmechanical / physical nmeans. 2. The nethod of
claim1l, wherein the bio-waste m xture is an anaerobic digestate resulting
from anaerobi c digestion of an organic waste. 10 3. The nethod of claim 2,
wherein the organic waste conprises one or nore of: |ivestock manure,

ani mal caQﬁ%ﬁ§®§ and offal, plant material, wastewater, sewage, food
processi ng waste€, human-derived waste, discarded food, or a m xture thereof

4. The net,hod qf L Q . i - 3, Wh in.the bio-waste m xture has a
solid 150(%ht en% S(C))ﬁ@%l{ ltl)lg? ep%fai@]%%% eg%%ﬁ%r%?}%gg}gtg%%tgﬁ’oﬁ?% pﬁgﬁgﬂ) 5. The met hod
of any one of ¢l)ai neldingd, higiheole¢uartwegghintgionmpblelettanytessi tyhbioeedsieoni ¢

pol yel ectrolyte is axﬁlBégr) ZETAQ ' -type cationic polyelectrolyte or
simlar synthetic o hat %I chem cal conpounds. 20 6. The nethod of any
one of 5sclaims 25, whan@ign dohie p&tiBA(roM adlqluAPort: dnydd ehethad-nasie tixture

pol yel ectrolyte is one or re of: CIBA(r) ZETAQr) 7623 / 8110, 7645,
7587, and 5250, NAd%%ﬂ‘—*E’b@f? an{?éle{,lf’h%%??mgfﬁ%l, preferably CIBA(r) ZETAG(r)

7623 / 8110 or 7645, or equivalent thereof 25 7. The nmethod of any one of
claims 1-6, wherein the cationic polyelectrolyte is added to the bio-waste

m xture at, a fipal concentration of out 100-1000 ng/L,  about 150-400
T/ Lo or - Bbout TBOBE 0O SRRl DS R g aston Wit

2012/ 04084&RMEht G20xh3ér0610 @(32stHn Then sehdiodané. any one of clains 1-7,
wherein, prior to adding the cationic polyelectrolyte to the bio-waste

m xt urle, t3he birhe Wwamhbe ofMdlaiinll, heiBinRE hrgmi€ ahdty campeRek on®.of herad@t hod of any
one of cliitms 11<-8, wherei n t he mechanj cal /%%Fh si cal nmeans 5ipcl udes

cent ri f ugd PEIFRpangres g atsastat %&diOﬁ‘%Jaa%ﬁ%m - agleyrater. SEy Ry %P@ss or

separ at or JprocéQinEReas ek uhea-Rfivanyase) gisérdeal faddyer dmBturk Wetdder conprising: (3)
adding to the liquid portion a phosphate precipitation agent, and,

4, The method of any one of claims 1-3, wherein the bio-waste mixture has a solid

15 content of about 2-15%, about 3-10%, or about 5-8%.

5. The method of any one of claims 1-4, wherein the high molecular weight cationic
polyelectrolyte is a CIBA® ZETAG"-type cationic polyelectrolyte or similar synthetic or

natural chemical compounds.
20

6. The method of any one of claims 1-5, wherein the CIBA® ZETAG"-type cationic
polyelectrolyte is one or more of: CIBA® ZETAG" 7623 / 8110, 7645, 7587, and 5250,
MAGNAFLOC" 338, 351, 1011, preferably CIBA® ZETAG" 7623 / 8110 or 7645, or

equivalent thereof.
25

7. The method of any one of claims 1-6, wherein the cationic polyelectrolyte is added
to the bio-waste mixture at a final concentration of about 100-1000 mg/L, about 150-400
mg/L, or about 200-300 mg/L, or about 250 mg/L.
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(4) settling the resulting phosphate precipitation to produce a second

| iquid 10portion. 11.The nethod of claim 10, wherein the phosphate

preci pitavoani2agesss i s |ine, woodash, or a My salt. 151PCThA20|I0s0@20f any
one of clainms 1-11, further conprising capturing ammoniumfromthe second
liquid portion and purifying the second liquid portion. 13. The nethod of
claim12, wherein the second liquid portion is purified through one or nore
steps of mcrofiltration, ultrafiltration, reverse osnobsis, and/or ion
exchange. 820 The mythed pleansiode of clamailm, vhereiphpiiasithadding theedtipyicng step i s
carried Olﬁ%ly@l’éht%lyt%?o ﬁl@ﬁiom%%ﬂr& ARHS-1AGe Gl is mechanically mixed.

9. The method of any one of claims 1-8, wherein the mechanical / physical means

5 includes centrifugation or a sludge dewatering apparatus (e.g., screw press or separator).

10. The method of any one of claims 1-9, further comprising:
3) adding to the liquid portion a phosphate precipitation agent, and,
@ settling the resulting phosphate precipitation to produce a second liquid
10 portion.

11. The method of claim 10, wherein the phosphate precipitation agent is lime,

woodash, or a Mg salt.

15 12 The method of any one of claims 1-11, further comprising capturing ammonium

from the second liquid portion and purifying the second liquid portion.

13. The method of claim 12, wherein the second liquid portion is purified through one

or more steps of microfiltration, ultrafiltration, reverse osmosis, and/or ion exchange.
20

14. The method of claim 12, wherein the purifying step is carried out prior to the

ammonium capturing step.
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