A 3/ 9 ) o ar . ﬂ' =
13199 3.10 arasnan N uduved lsAurignaadunas %protein recovery tiipilaouinlas

anududusuduvesTliau

Q, (mV/s) C, (mg/L) C, (mg/L) C (mg/L) %R, (-)
2.37 663 (diluted 8 1111) 415 248 37.41
2.37 1,331 (diluted 4 111) 817 514 38.62
2.37 2,644 (diluted 2 1111) 2,109 535 20.23
2.37 5,375 (undiluted) 4,846 529 9.84

at

' Y a o o ' S 4 = e . -
Wu')1ﬂ')111l'llllﬂlu‘UﬂQTﬂiﬂu“Qﬂﬂﬂ“ﬁn1uﬁ?ﬂﬂ1qu1uQﬂaTﬂzﬁIJﬂQW (1]531”&1 526 mg/L) tuo

L]
=~

anudutuGuANve TUsAwALsud sz 1,331 me/L (diluted 4 111) iiipevinuenson'ly
A A4 da o o = 3 4 [ °
mApAuRrIMszamsagaduldsdulaneliudar vnnanisnaasasiewzansoiinms
a8 hmagadun1dlidulUan Langmuir equation lusisnududuiiinisdnu lang
91nA1 R’ voans muanamsgady (U 3.24) uasniuanimsgadunuulimdulfe gus

3.25) (59K IN3 fit curve

0.005
0.004 - L 2
“ob
E
a 0.003
<
0.002 . 'Y
y =0.9838x + 0.0014
0.001 - R’ = 0.8321
0 T T T T T

0 0.0005 0.001 0.001s 0.002 0.6025 0.003
1/C, (L/mg)

-. el - A 1 -y
17 3.25 nsmlurmsnisgadunuuluidu s (Waednhitatar
4 o ot . ' ' P > 5
LOWIIIUINN %protein recovery (%R,) WUIINUA %R vzAfiasszSuanauiionmdy

¥ a W P ' P 2 : o
vuisuAuvea IlsAulszuma 1,331 mg/L (diluted 4 1110) (31 3.26) vannAuAAIlunisea
SuAuud
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0 S I i I
0 1000 2000 . 3000 4000 5000 6000
¥ ¥ o ¥ -
aNududusuauvo 1dsau (g/L)

319 3.26 uanamanududuTuALYE TS AUTATIAD Yprotein recovery (%R ) NBAIINS

»
1 Qr s L) [-] é
TvavoaTUsAumMIAY 2.37 mls (Raeo1iitsta)

3.4 msanyIMsamulagsizrareautaueseudulsfiu

341 Tﬂiﬁ‘u‘lﬁq‘nﬁ (Lysozyme)

VINAWNIS steady state mass transfer (W10 11 phase YDUHAT)
ac

USZ = ka(C-C")

az @)

JYoaunAgIu
I
® szyuiiiu steady state luVufUIAT
®  FuAsraANBIMISUNWSIEAAUNDY UL NNV UALINBUYDY bulk flow [13]

3 } 4 =1 - = [
® anuvnvuveallsdu (C) nfoundasmudiens zZ feaedaden (ANUYIVDI
L'}
ABAL)

»
137741590 solve equation A ELRE RN Y

C
t dcC -k, a?
—— = az
C{ (C-C) U ! ©)
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nCa-C) -kaZ (10)
(CAO 'C-) U

@Y7 diluted concentration protein

C, k,aZ
— al 11
U an

In
A0

Taeh C, ung C,, Aoanutuduvei lilsAundrinuuazSuauawddy (g/L)

U fie §m31n1s Tvavealus@u (mus)

- s L4
Z fio ANUgIWBINDAN (cm) Az
s . a’:
k.a fio duilsednimsatumuionanun (14 phase Y0 UMa2) (cm’/s)
v A a  ar = o W = J a
nnmsnaasmuIuleudnsins Tnaveslsaussyirlva ka muduau (3119 3.27)
- ¥ = ¢ @ a oy '

WeannanudumuyedgaadauiuveuvaIlmuBny namInaaedszajleglu

A13199 3.11

13.00 =

kaxl0 (em/s)

5
8
Fi

+30 4 - ® ANUYI3Scm

—&- Auga 80 cm

o o ' Bz Twavealysiy (m3se) ’ ') . 43

0
= 1

< o
i 327 urAswavesdai s InavesTusAuuazmugevesnednifisides k.a u
t1sazae IUs@AuuTans (Lysozyme)

41



i o P
A13199 4.11 HAYIBA3INS THavea TsAvuuazATIGIvBIRBEUINTIADA k a taz %R, 1u

msazawllsAuysgns (Lysozyme)

Q, C,, C, (/L) K, a (cm’/s) %R,
(mYs) (g/L) 35cm 80 cm 35cm 80 cm 35cm | 80cm
1.69 0.2286 | 0.1757 | 0.1659 | 127X 10° | 678X 10° | 23.14 | 27.43
2.37 0.2286 | 0.1748 | 0.1434 | 182X 10> | 13.8X10° | 36.09 | 3827
3.23 0.2286 | 0.1817 | 0.1553 | 21.2%10° 15.6 X 10> | 39.53 | 41.59
4.05 0.2286 | 0.1903 | 0.1572 | 21.3 % 10° 19.0 X 10° | 43.27 | 44.85

a 4 AR R 4 < v & o~
demunnugavenadulszii i ka aanulisnInweaNasuaIgI v uAaMTUILLEEI I
o o s 4 4 o § da - o
arudurssilivialvgiunazueanluigaim Idduiineelsuinsiinanas (a anag) Juilu
aunq1ia1 ka anaa [15] Tud2uves %protein recovery (%R ) Wuiudemudasinis inaves
=1 o 4; J , -; -] r c;q J
Tils@ueedId %R Wndwmsizimsinasedlu webulent unduil¥msgaduiifadud
o - . 1 oA 2 S fosvialy? o 4 X 4
anvmziiiu multilayer [23] luvaizidloiunnuguesnedimissin i %R thuduiiiesnin

& <
retention time 310U [15] (31 3.28)

50
40
30 T
2
=
20
" ® AU 3Scem
10
—8— A7 80 cm
0 I I ) 1
0 I 2 3 4 5

9a31M3 Inaves 11sAu (mls)

-t o « o it »
310 3.28 urmsnaveadaiims Tnaves Tstuazanugevesnodmindde %R, u

misazmoTUsAunsand (Lysozyme)

F - w L] ¥ a : -

tiotngn3 M3 Tnaveuensouszilfa ka Muiu G1I# 3.29) ileesinanudumiuve
- o v - g -~

peaRauduveuradsveensoulinniosas [13] uaziiomunNugIveIneduiesi e

P : aa (] 0 :
ka BABANBININKUNHIRBITINATTIfaRRY RantInaresz g lumsiefi 312
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U7 3.29 1aAIHAVDIGAIINTS THAYDUBATOULIDZANUTIVDINDIN

2
/s)

-

(73]
(=)

[ d
W

[
[=]

(cm

—
v

kax 10

)

./.——.

- ® ANUYIIScm

—&— A7 uga 80 cm

3

4

HRIINT MV HENIBU (mlfs)

aisazawlUsAuusgns (Lysozyme)

o ch e

Coaam 1 1

HNUADBAM k

a2 u

M3 3.12 HAYDIBAIINT IMAVBUIBNTBULATANUGRYBINBANINTADA Kk a AT %R, u
msa:n‘lumaﬁuu?qn'{(Lysozyme)
Q, C.o C, (g/'L) K.a (cm’/s) %R,
(ml/s) (g/L) 35cm 80 cm 35cm 80 cm 35cm | 80cm
1.82 0.2286 0.1748 0.1447 182X 10° | 13.6x10° | 36.09 | 39.56
3.48 0.2286 0.1621 0.1273 233X 10° | 17.4%10° | 3833 | 43.42
4.71 0.2286 0.1604 0.1259 | 24.0%10° | 177X 10° | 40.78 | 46.17

Tudau %R, wuduiioudasinis Inoveauswsoui I %R xﬁufmﬂ'mvmf‘i'nnmi'lwaﬁqq

:‘ - - a [ v 4’ o - ]
i i UTuauevseuiiimlunsdnininiu Tsiugngadulunenseumviu %R, VINY

J P - o o o a J P - - .
Yu uazluamummqwmﬂaﬂuuﬂzn111‘7 %R, mu‘uummmmmﬂiouunmqamuiﬂiﬂumn
4 <
Yu (310 3.30)
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‘2930 n
=S
—
20 " ® ATMEI3IScm
10 —&— AugI80cm
0 — T T T
0 ! 2 3 4 5

on31n13 IMavesuoWseu (mls)

4 . v  da ’
U7 3.30 uarAInaveIAs IS TnavoauersouLbzAIUYIVeINBAINIAD %R Tu

msazaiwlUsAuuIgNT (Lysozyme)

snkamInaasussnpl I3 hmdulssAninediominn  (ka)  qagaficasins naves
TusAumiiy 4.05 mls Sasims Tnavosenseumdy 4.71 ms asfinamuga 35 em
Tusuzfin %R gagafisasims InaveaTsAumiiiy 4.05 mus §as1n1s Inavesuevsou
WU 471 mUs uaz#n2uga 80 cm dnfulunimeassdisfesntsmdunlszAnimsdiom
1M (k,a) Agusideunndasinilnaveshls@uunzuersoulige wazfinnugeszauniled
mnzeuit hivinuonsowRansumuazi iy Tuvazidusdesns %R figusides
sz ns Tnaves TilsAuuazuenseuldge uashinnugassdunilsfimnzauiiuersou i

uansasynnnu

. v 4
342 festaniiadal (Pre-cooked waste)
»
sy =) o L) a A ’ )
nnnsAnyguauiananiivesdedinihiiadamuidia TKN dszuw 5,100 81 5400
o d . " i o »

mg/L (#1310 3.9) lumsnaassiiimsnaasslunsduniudrlasumlassnsinis lvave i
& o ar : 4 P o [ ] -’ - a1
tnlailaodimuadaiims Ivavosuenseulinai  udedauensoutastihidslamassi

= Fd o L) o b [] >
T nsizimenududuvesTusdulasdt TN udrdnnammdudssininmsdmuians
nua (K, a)

v A a o v < :
nnnsnAaemuiuiieugas M TravesTusduezi i ka iatus U 331 (e

1) = o 1 .
v unmvesvgdaidudveunasiidintesas namsnansseragiloglumined 3.13
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[=]
|
|
1

th
(=]
]

© & ANNYI3Scem

(cmzfs)
&
|

— ANUPI 80 cm

-3

ax 10
3
|

L

k
3
I

(=
|

0 I ! I I

0 1

o

2 Y4 3
A51N15 Iaveniidilal (mvs)

4 ar o doao s '
31# 3.31 uaawaveIdasnis InavesTlsAuuazanugIvosnedminiiden k a lu

o v o
freuratiuslan

4 ar =1 ar o ] ¥
3137 3.13 WavoIdns 1N naves Tlshunazanugavesnedininiidon k a uaz %R 1u

Fethairitatm
Q, Cao C, (mg/L) K,a (cm’/s) %R,
(mV/s) (mg/L) 35cm 80 cm 35cm 80 cm 35c¢cm | 80cm
1.69 5,438 5,039 4,937 3.7 X107 2.0 X 10 7.34 921
2.37 5,438 4,825 4,723 8.1X 10> 42 %107 11.27 13.15
323 5,438 4,324 4,191 212X 10° | 105 X 10° 20.48 22.94
4.05 5,438 3,444 3,364 | 52.9%10° | 243%x 107 | 36.67 | 38.13

tﬁ"mﬁnm'mqwmﬂaﬁ’nﬁwﬁﬂﬁm k.a aﬂmu‘faqmfwlmﬁaauﬁ’aqqﬁmﬁﬁmimmmzs*m

é‘hﬁ'urﬂuﬂmﬁﬁmumiuq,iifuuazmmn“luﬁqaﬁﬂﬁﬁuﬁﬁadaﬂ?mmﬁﬁmﬂaa (a anav) adlu

aung i, ka aand TudIuved %protein recovery (%R) nuiufieriugasinis naves

Talsdueeindd %R, dudumsizins ey wrbulent mn%uv‘iﬂﬁmsgn%’uﬁlﬁmfuﬁ
o o

@ “ﬂ . 1 LA A o " L2 4
ANHWUSIUY multilayer u'um.,muamum'mqwmﬂaauuilz’nﬂ'ﬂ %Rp IWHAHIHBININ

& <
retention time YA (3117 3.32)
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40 4
35 -
301 - e anugelsem
23 -
¢ AT 80 cm
® 5
15 -
10 -
5
0 , — : ;
0 ) 2 3 4 5

605103 ImavealusAu (mis)

ot

1 3.32 umawavessasims naves TsAunazarugsvesnedminiine %R, u

- t . 4
P LIARL RV RRI LY

4 & o . ' & & = P

Woudasins Inaveauorseussyi i ka iuvu (319 3.33) esnnanudtuniuves
- y - A - [¥) ° ¥

NodaRduduveamadueanesoulinndovas iazilleinunnugavesnedumissyinlfie ka

A ‘ - ] = - 1 J
anauleInINHunHIRelTuAsimanal nanInaaosezaylluaisan 3.4

" ® ANUYI3IScem

W
B =& AW 80 cm
20

0 T 1 T

0 1 2 3 4 s
dn31n3 Inavesussou (mis)

4 = ] 2
U 333 uomsnnvoItn s Inavewuers eunaz A NugIveIRe AT ATIReA" k,a Tuia
»
' <
soniinimn



4 ar o oo v [}
M13130 3.14 #AUBIHRINS InavspHsBULREANGIVDIRBTULHLGDAT k a UAZ %R,

Tudrorariitala
Q, Cpo C, (/L) K,a (cm’/s) %R,
(mV/s) (g/L) 35cm | 80cm 35 cm 80 cm 35cm | 80cm
1.82 5,438 4,825 4723 | 81x10° | 42x10° | 11.27 13.15
3.48 5,438 4,186 3,984 | 17.7X10° | 92X 10° | 23.02 26.74
4.7 5,438 3,356 3,242 | 327X 10° | 153X 10° | 3829 | 40.38

: A 2w s 2 & 4 > =
ludau %R wuinderngnsinis Inaveaerseui v %R iiuduwiiiesnndasinisnafige

-f o o= - ") J ar A' J =4
Y i Tinaeseuiiriulunedninniu Tlsdugngaduluuewsewiviu %R, Suhiy

£ A 2 o ¢ o Q. s £ 4 o o o
YUy ua:mE)mummqwmﬂaanui):ﬂﬂn %R, mzmummmmmﬂiauunmgamn'[ﬂmumn

1'fu (gﬂﬁ 3.34)

%Rp

Ui 334 umasnnveIdaTIns TunvesuensouazAugIvBIRe Y

*® g 3Scem

—&— AU 80 cm

T
Arevaialan

T

3

4

8731113 Innveausnsou (miss)

oled

hiide %R 1u

- 1w " . ) - . ® M - &
NNMIH 3.7 wuhdedinhiisldnieziinn cop eglusaa 48,000 89 52,000 me/L iipvinTs

nanos Inonldouinladasinis luasesllsuuazanugs Uit 3.35) wuidesasimsiva

- a 4 a J :
voiIlsmunnsusei I %COD removal wuvuaisinnyTuna lsdunazmssunion
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1 W . l’ J J o .’ ] o ﬁ.
ogludeiiniiinlagnueanniulaih ldanuandsinvenitasnaswdvifumsinunliw
] [ »
gaveansdmiudnai 18 luradains inad liuandafuuimin samsnaasaismuassagu

Tums1an 3.15

25
~20 -
'é-: © @ AnugeE3som
g 13 7 —&— a7 g3 80 cm
a10 -
o
2
o s .

0
0 1 2 3 4 5

fa31m3 Tvavea TUs@u (mlis)

17 3.35 uarnanaveadasims navea Tusdiuuazanugavenedunifiide %COD removallu

v 1 o
A00191109an

A13137 3.15 WAV0I6AIINT Inavea I sAuuazANGIVeINBAINIIABAY %COD removal 1u

Fregrniiinim
6n31013 Tnaves #1 COD 3udu %COD removal

Tusau (mg/L) AUEI 35 cm A2 80 cm

(ml/s)
1.69 50,796 3.29 3.44
2.37 50,796 5.41 5.75
3.23 50,796 9.38 11.02
4.05 50,796 20.73 23.66

4 . [ L} -

ifeiRusnzniT Inavesuerdseunudt %CoOD removal RuGY (zﬂﬁ 3.36) miendTuw
- - - - 1 - " .' o -

Ts@uunz msdunisiegludedinidalagauen uinduihinuandsnusstinang

. o = 4 ) o - - ' : .

A1 %COD removal SUNLIUYWRTINUMINUANBTIVOIRDEMTUAKAN 18TUY296A TN

. L] » - - :
Tuad hiumnswduimin kamimanemimunseargluaisaail 3,16



30

25

20

%COD removal

10

© € AMIYI3Scm

—&— AuQ3 80 cm

891351713 Iaveauensou (ml/s)

¥
o ] o A
Tuaeuiaiiiueilan

' o o  oeies b
31U 3.36 uansnaveIdAI IS InavouEWITBULATAINGIVDINBFINITITAD %COD removal

dda v

A13197 3.16 HAYDIDATINIS IMAVDIBNTDULASANUYIVOINDANUNUABAT %COD removal

Yudredrairitalon
9931713 IMavpauensou #1COD 3udu %COD removal
(ml/s) (mg/L) AU 35 cm 2743 80 cm
1.82 50,796 5.41 5.75
3.48 50,796 12.53 13.27
471 50,796 25.37 27.18
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4 aydwamsnanesazvolaualu

4.1 msAnnmaEnnsRmnzaudemunisueuiauesoufiozsinnlfau
411  mIfamenmsanusiannlY
o #Annududuveslivnludriimmsdn ianseiiuliifearowensould
e (iieiiun17181790901 hydrophobic 11 TuIANAYEY Tween wzv %protein
recovery AADUAR TSI
®  9INNIINABBINUT Tween20 Mg Rivziduasaausasioh 1¥naauensouly

aMInaneans 11

4.11 teduniinaden ety
A = ¥ W - a e Y] - a o
e glamunnuiduduusiaisanussianlvei dnnuadusinuy
e anuSsounlFlunsiluliinaesuesoulugisnviinisane ludinanan
=4
AU DUTUDIN DY
o pamiFlumsiulfifareaersoundinin s ui luud luiinarennuate
® Hearmuanududuyes Nacl wei Idauatosaans

L -] ¥ =X
® #1pH lLilinaneauatosveares

42  mmiAanwmaazimnzmilumsgasvlisiudeeatausvlseu
4.2.1 Tﬂiﬁmﬁqn? (pure protein)
4.2.1.1 Lysozyme
- a ¥ , & o o 5/
o (orunnududuvoamsaaus il 19 %protein recovery anag
o anuissevilFlumsilulvifaneswerseulugrsiviinmisinu lyiinad e
%protein recovery
e nmnldlumsilulifaowerseundann 5 wiilidudlifinade %protein
recovery
y ¥ T ] v .
® anudutuues NaCl hufinades %oprotein recovery
4 o
e defunalumsniunmmenseutumsazaeTusAu (Lysozyme) Tthfouqeuds
- a3 . - J i - [ ar
120 UM A Y%protein recovery ﬂzmwuqqqnﬁnm 120 Fwifioinu Hﬁ%‘i'lﬂﬁilz
AN

A - P » ) a
® aunffinasuerseun14lumsniuszyiT I %protein recovery Ay



e anudnduGuAuveslYsiuluiinanen %protein recovery
4 ] ° , < & et ¥ .
e \(ijpaam pH asveih v %protein recovery IWUUUIUOIN pH = 4 wela %protein

¥
recovery g3 vasnIntiudann pH asonvzHii e %protein recovery AR

4.2.1.2 B-casein
o lamunarluminuwnauiesoudumsazatoTusiu (Bcasein) TiiTooqauds
Y- P J i o = ar q’: =
90 IUTN A1 %protein recovery ILENNAUMBFIFATIA 90 TN NAIWINUUNIZAAAY
3 ] 1 ' ¥
e lauTinasueseunlalunisniuazyin1ldag %protein recovery 1L
4 2 Y oy Ay a o q . 4 &
e dlauanududuisuauveslusaueeBily %protein recovery tNUTU
& e W &4 - o ¥ .
® aruauduIUYBITITanuUTIAIRI9E 1A Y%protein recovery anaq
4 ' o q W . 4 & = ¥ )
® (Jyoaan pH asizilv %protein recovery IWUAUIUDIVI pH = 4 w18 %protein

recovery g3¢a nasnniutiana pH asdnazii lvian Y%protein recovery 6191019

8

422 dhuadm (pre-cooked wastewater)

kY

L4 i’l"lﬁdﬁamﬁﬁﬁﬂﬂwu'lﬂ‘ﬁui]ﬁﬁﬁﬁﬁ’:ﬁ %protein recovery, %oil and grease recovery
LY %COD removal afang

b ﬁ pH < pl wld %protein recovery ﬁq\iﬂ’h‘ﬁ pH > pl ua:ﬁ pH = pI WUIA
%oprotein recovery G‘i“l‘q A

® ﬁ pH2 19A1 %oil and grease recovery @A

4 = g 0 o &
® i pH 8381911 %COD removal HAZTIVUNIY

43  msfnywuudiasinsgadullsiv

431 T‘Lliﬁu‘u?trn% {Lysozyme)

® 7i5n31ns lnavesTsAuniiy 2.37 mis 121801 ¢, IndiRvsfumguiiige

o diaiuanududuiuduvesllstunvihnmududuveslilsauRignaadumuiy
Iy @ 2 & ¥ oW oo ar ~ =
Awsudanmils mududuveslilsauiigngadueziSunei

o @ <
e uyvdiasimisgadud I uuuy Langmuir
= o = . [

® 9M3UA3ILYNTIMIFY non-linear regresstion 1dA1 C, ANUtuTugIgAvoa
- a o o o L 3 3
hlsAufigngaduuuiuensou, gL) M1y 0.2067 gL uaz K, (AIAsiiaunanisandy) vidy

4 u

6.0081 L/g

A 2 2 - . ,
o dimmuniuintusudueaTilsiu %R wasfeudifinnudutullszing
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0.4105 g/L Aazisuanna

4.3.2 081911113181 (Pre-cooked waste)
3 9 - PR s ar 1 : & = a A ¥ 3 a
o arutudnveslilsdungngaduiudletishilsarnssundd Wennududuiy
AuvedTdsAwnnINDIUsEuIM 1,331 mg/L (diluted 4 117)
o niseadui 14 lidlulUe 1y Langmuir equation Tugisnsduduiivhnisinu
& A ¥ Y a4 W o - = A
e damuanududusuduvesls@ugiusn %R, zasiuazezisuanaaiionIm

WutusuduvealalsAulszuia 1,331 mg/L (diluted 4 1917)

4.4  msAnEINOEINKlIag1sszransausauesounvllsfu
e augns1ns InaveslUsdiu Arka, %R 1AL %COD removal ILIWHUUA 1Y

g a ar o o J ] a
® oA NugIveInedulazin1da k a anaun %R Lag %COD removal $IAN

&
UH

: a 3 8 r = -;
e ioinudniing lnavesuensonvi a1k a, %R 18 %COD removal WU

4.5 UDLAUOUUY

I ) o

¥
e aumsanvianuiullldvdlumalfiduasmunsugmansdenisiiszun

¥ ¥
ar s =

nsuon TusAudaevesudauorsoulllFluastdaimeluTlsenugaamnssudami

nszilee93s

o alsupsAnpIfImnh ldsAuiuen 18115 Us 2 Towd ondrediasy v lihduais

»
dadulunmsudaoiviisda?
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Abstract

* Mo

Wastewater discharged from food processing plants still contains recoverable nutrition material such as protein and
fat. Separation of these materials in wastewater not only contributes to product recovery but also reduces organic
loading in wastewater treatment. Colloidal gas aphrons (CGA) is on¢ promising technique for organic material
removal. CGA are micro bubbles (10- 100 um) created by intense stirring of surfactant solution. In this work, aclection
of suitable nonionic edible surfactant was conducted by evaluating the stability and percentage of protein recovery. It
was found that Tween 20 was a suitable surfactant. The stability-of CGA was investigated by varying surfactant
concentration, motor stiring speed, stirming time and conceatration of NaCl as additive. The optimal condition for
CGA prepamation was 10 mM Twoeen 20 in distilled walcr, stirring speed of 5500 rpm and stirring time of S min. To
simplify, lysozyme and f-casein of different pl values were employed as substitutes of protein in wastewater. Factors
affecting proicin separation such as initial protein concentration, CGA volume ratio and pH were examined. It was
demoustrated that hydrophobicity of Tween affected CGA stability and the electrostatic interaction between CGA and
proteins played an important role in the separation.

© 2003 Published by Elsevier Science B.V.

A

Keywords: Protein separation; Colloidal gas sphroms; Nonionic surfactant; Bdible surfactant; pl
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organic loading in the effluent. Therefore, removal
of organic substances before disposing to waste-
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Wastewater from féod pi‘qoehiing such as dairy water treatment can reduce the organic loading.
food, pre-cooking wastewsater of tuna canning Moreover, the recovery product should be value
manufacturers moetly‘contain nutrients, for exam- added if it can be used for further application such
ple protein and fat. These compounds cause high as animal feed. Traditionally, separation of or-

’ ganic materials from water is carried out using

—_— s filtration, sedimentation, and air floatation. -
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CGA are micro-bubbles {10—-100 um} encapsu-
lated in a soapy film. They are created by intense
stirring at 5000—-10000 rpm. The attractive fea-
tures of CGA are firstly their small sizes, resulting
in a large surface area to volume ratio and
secondly the existence of a soluble film of surfac-
tant encapsulating the gas, retarding the bubbles
from coalescing. CGA has been applied in many
areas of separation such as removal of heavy metal
from aqueous solution [1], removal of organic dyes
from wastewater [2], removal of hazardous oily
waste from a soil matrix [3,4] and lysozyme
separation [5].

So far, CGA reported in literatures for protein
separation has been created by anionic and
nonedible surfactant {5]. If we intend to utlize
the recovered product as animal feed, another
purification process for surfactant removal is
necessary. Instead, if edible surfactant is applied
for separation of protein and other nutrient
substances such as fat, the recovered product can
be used as animal feed without further treatment,

In this study, Tween, a nonionic sorbitan ester
surfactant, was applied as an edible surfactant
since it is widely used in food industry and
inexpensive in cost (6]. In bioreactor, Tween 20
was applied to CGA preparation for enhancing
mass transfer [7). However, based on our knowl-
edge, it has not been studied on nonionic CGA
characterization, protein and organic material
separation. The selection of suitable surfactant
was firstly investigated. Then, system parameters
influencing on stability of CGA was examined. In
protein scparation experiment, actually pre-cook-
ing wastewater from tuna canping plant is our
target of protein recovery, therefore, we do not
emphasize on the selectivity. However, to simplify,
we selected two enzymes of different pl, lysozyme
and P-casein as substitutes of protein in waste-
water. Factors affecting protein separation such as
initial protein concentration, CGA volume ratio
and pH were studied.

2. Materials and methods

Series of polyoxyethylene derivatives of sorbitan
esters: Tween 20, 40, 60, and 80 containing alkyl

chains of 20, 40, 60 and 80 carbons, respectively,
were purchased from Carlo Erba. Lysozyme from
hen egg white (pl 10.2; 14.5 kDa), p-casein (pl 5.3,
24 kDa) and BCA (Bicinchoninic acid) were
obtained from Sigma. Sodium chloride and so-
dium phosphate (dibasic and monobasic) were
analytical grade from Merck. All other chemicals
were analytical grade purchased from Sigma.

2.1. Surfactant selection

We used series of Tween, differing on alkyl
chain length to examine their effects of hydro-
phobicity on the formation of CGA. Tween was
dissolved in 1000 m! distilled water to obtain 10.0
mM for all Tween’s and 17 mM for Tween 60 and
Tween 80. Then the solution was subjected to stir
in a CGA generator (as shown in Fig. 1) consisted
of a Perspex cylindrical beaker (150 x 250 mm)
with two bafTles after Sebba [8]. Stirring was
carried out using a spinning disc of 5-cm diameter
at very high speed (5000 rpm except specified) for
5 min except specified. The stability and protein
recovery using the same initial lysozyme concen-
tration of 0.5 mg/ml were used as criteria of
selection.

2.2. Stability of CGA

The stability of CGA was investigated by
varying system parameters of surfactant concen-

Inverter

Motor

Fig. 1. Schematic of CGA generator.
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tration (number 1), stirring speed (number 2),
stiming time (number 3) and NaCl concentration
{number 4) as shown in Table 1. The stability was
measured in term of half-life, which was defined as
the time required for half the amount of original
liquid to drain. CGA was poured intc a measuring
cylinder. Then, the height of the clear liquid
interface below the dispersion was measured with
time. All data from these experiments are based on
duplicated samples; the coefficient of variation was
+ 1%.

2.3. Factors affecting protein separation

In stead of using protein in wastewater as above
mentioned, we used Lysozyme and P-casein of
different pl values as substitutes to eliminate the
protein analysis procedures in wastcwater. Both
enzymes were sclected because of their well known
properties. Moreover, pl of B-casein is similar to
that of wastewater from tuna canning which will
be used in further study. Factors affecting protein
separation of stirring time (number 1), protein
concentration (number 2) volume ratio of protein
to CGA solution (number 3), and pH (number 4)
were varied as tabulated in Table 2.

2.4. Separation procedures

The studied protein was dissolved in 0.05 M

buffer solution to obtain protein concentration of -

0.5 mg/ml except specified. The buffer solutions
were acetate buffer (pH 2.0-5.0) and phosphate
buffer (pH 6.0-8.0). A specified volume of CGA
(10 ml except specified) was added to 10 ml of
protein solution. Then, the miixture was stirred
with a magnetic stirrer at 900 rpm for 90 s. After

Table 1 R
Experimental scts for, mvdgptmg t.he stability of CGA

stirring, the mixture was put still to let the foam
separate from 'iquid nhase. Protein content was
determined by BCA method [9]. In the experiments
on surfactant selection, we analyzed protein con-
tents in both samples of liquid and foam phases
with the same method. The difference of protein
recovery was within 3.0%. Thereafter we used only
the protein concentration in liquid phase to
determine the protein recovery. Then, protein
recovery was determined by Eq. (1). All data
from these experiments are based on du; ted
samples; the coefficient of variation was, j: %

Protein recovery 3@ L 4
mass of protein in solution aﬁer separation
mass of protein in jpitial’ jtoluppn ]
x 100 L m

2.5. CGA zeta poimgﬁ! Mrmmts

The zeta potential of CGA could not be
measured’ dlrectly because the structure of CGA
consists of dir inside the surfactant layer that was
not %table gnough during measurement period.

}Thnrcfore;wa had to determine the value from oil
" in water cmulsion instead. Here the coarse toluene-

in-water emulsion was examined with the method
dmcnbed by Vasudevan and Wiencek [10]. It was

‘neasured at pH 2, 4, 5.5, 7 and 8. The surfactant

concentration of 10 mM was first dissolved in
toluene, and a 1% (w/v) solution of toluene-in-
water was used to form the coarse emulsion. The
emulsion was made by vigorous shaking for 10
min. Then, the zeta potential of the solution was
measured by Zeta Potential (Model zeta-meter
3.0).

b

Experimental set ﬁ\m’bur Surfactant concentration (mM)  Stirring speed (rpm)  Stirring time (min) NaCl concentration (M)

1 5-15 5000 5 0
2 10 5000 - 6000 5 0
3 10 5000 2-10 1]
4 10 5000 5 0.05-0.20
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Experimental sets for investigating factors affecting proiein recovery
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Experimental set num-  Stirring time (s)

Protein concentration {mg/

Volume of protein solution to CGA solution  pH

ber ml) ratio

1 30- 150 (Lys, Cas) 0.5 t:3 7.0

2 120 (Lys), 90 0.1-0.5 1:3 7.0
(Cas)

3 120 (Lys), 90 0.5 i1, 1:2, 1:3 7.C
(Cas)

4 120 (Lys), 90 0.5 1:3 2.0-
(Cas) _ 8.0

Lys. Lysoryme; Cas. P-casein,

3. Results and discussion

3.1. Surfactant selection

Series of Tween diffenng on alkyl chain length
were used to examine their effects of bydrophobi-
city on the formation of CGA. As shown in Table
3, CGA could not be formed in cases of Tween 80
and Tween 60 at 10 mM except at 17 mM. The
stability of CGA in term of half-life attained 180 s
in cases of 10 mM Tween 20 and Tween 40
whereas the values were 120 and 197 s for 17
mM Tween 60 and Tween 80, respectively. The
protein recovery obtained from initial 0.5 mg/ml
lysozyme based on liquid and foam phase differed
to each other within 3%. The highest protein
recovery was 48.4% with 10 mM Tween 20
When Tween concentrations were the same at 10
mM the stability of CGA decreased with increas-
ing hydrocarbon chains. The longer hydrephobic
chains might cause more interactions o each
others and suppress the formation of CGA, which

Table 3

contains double layer of surfactants. Therefore,
from the stability point of view 10 mM Tween 20
or Tween 40 was preferable. However, from the
protein recovery point of view, 10 mM Tween 20
was superior to the others. It was considered that
the mutual effects of hydrophobic alkyl chains and
the surface charges or electrostatic interaction [10]
surrounding double layers of CGA enhanced the
protein recovery.

3.2. Stability of CGA

The stability of CGA was further investigated
by varying parameters of surfactant concentration,
stirring speed, stirring time and NaCl concentra-
tion. Table 4 shows the effect of surfactant
concentration on stability and lysozyme recovery.
The higher the concentrations of surfactant, the
better stability was obtained. This may be ascribed
10 the increasing of elasticity at higher concentra-
tion of nomnionic surfactant {11]. Consequently, it
will delay the coalescence of aphrons. Moreover,

Effect of the hydrophobicity of the surfactant on the protein recovery at the initial lysozyme of 5 mg

Surfaciant and concentration CGA formation Stability (s) Protein content (mg) Protein recovery (%)
Liquid phase CGA phase Ligquid phase CGA phase

10 mM Tween 20 Yes 180 2.58 2.49 484 49.8
10 mM Tween 40 Yes 180 2.59 235 48.2 47.0
10 mM Tween 60 - No - - - - -

17 mM Tween 60 Yes 120 2.95 2.10 41.0 42.0
10 mM Tween 80 No - - - - -

17 mM Tween 80 Yes 197 3.00 1.96 40.0 9.2
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Table 4
Effect of Tween 20 concentration on the stability of CGA and
protein recovery

Table 5
Effect of stirring time on the stability of CGA and protein

TECOVETY

Tween 20 concentration Stability Protein recovery
{(mM) (s) (%)
5 135 48.4
0 185 47.3
15 194 42.2
20 205 37.8

larger amount of aphrons should be formed at
higher surfactant concentration. From the protein
recovery point of view, on the contrary, high
surfactant concentration lowered the recovery
and protein concentration in CGA. The formation
of surfactant and protein aggregates could reduce
the yield. The same trend was also reported in the
separation of lysozyme with anionic CGA [12].
Hence 10 mM Tween 20 was chosen as an optumal
condition because it gave relatively high stability
although protein recovery was slightly decreased.

The effect of stirring speed on stability and
protein recovery was found, and the stability
slightly increased from 186 to 189 s with increasing
sturing speed from 5000 1o 5500 rpm. However, it
slightly decreased to 184 s at stirring speed of 6000
rpm. The percentage of protein recovery was
constant at 47.3% in the range of stirring speed
of 5000-6000 rpm. Theoretically, increasing stir-
ring speed should increase the stability due to
more surface area created. However, there is no
effect of stirring speed on stability and protein
recovery in the range of study. The same trend was
also reported by Jauregi ct al. [12] for anionic
surfactant. Hence, the stirring speed of 5000 rpm
was chosen as an optimal condition.

The effect of stirring time is shown in Table 5.
Al short stirring time (2 min), CGA was unstable
and could not be used for protein recovery. When
increasing stirring tume to S min, the stability
incrcased dramatically and constant at 10 min.
However, there was no effect of stirring time on
protein recovery in the range of study. Save and
Pangarkar {13] rcported that at lower surfactant
concentration, with increasing time of stirring, the
rate of dispersion was probably higher than the
ratc of coalescence thus resulting in higher stabi-

Stirming time {min) Stability (s)  Protein recovery (%)
2 82 -
5 185 47.3

10 187 47.2

lity. Therefore, stirring time of 5 min should be the
optimal time and minimum requirement. Matsush-
ita et al. [14] also reported that increasing of
stirring time did not have a significant effect on
CGA stability. o

NaCl addition had adverse effect on stability
and had almost no effect on protein recovery. We
observed that the stability decreased from 180 to
170 s with incizasing NaCl concentration from
0.05 to0 0.20 M. However, the protein recovery was
nearly constant. Normally, repulsive electrostatic
interaction between the same charges of surfactant
should stabilize the CGA. An addition of salt may
suppress the electrostatic interaction between the
charges by counter-ions. Thus this lowered the
stability of CGA. These results were in line with
the work of anionic surfactant {5], and cationic
surfactant [13]. Hence, we could infer that ionic
charges were present on the hydrophilic part of
Tween, as reported by Vasudevan and Wiencek
[10]. We concluded that no additive of NaCl in the
system was favorable.

3.3. Factors affecting protein separation

3.3.1. Stirring time

Table 6 shows the protein recovery increases
with stirting time in range of 30-90 s. This may be
ascribed to the longer contacting time that en-
hanced the interaction between protein and sur-
factant. However, the stirring time longer than 90 s
lowered protein recovery. This may be due to the
collision of CGA resulting in releasing of protein
flowed back into the solution. These results were
consistent with Jaurugi and Julia [5]). The optimal
stirnng ume for lysozyme and B-casein were 120
and 90 s, respectively.
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Table 6
Effect of surring tume on prolein recovery

Table B
Effect of OGA volume on protcin recovery

10 April 2003  8:37:.47

Stirnng tme Proicin recovery (%) Protein recovery (%e)

Volume ratic of protein  Protein recovery Protein recovery

{s) (lysozyme) (B-casein) solution:CGA %) (lysoryme) (Ve) (P-casein}
3 239 316 : 383 293
60 395 457 1.2 459 K IR
90 48.2 51.2 1:3 496 50.7

120 49.4 285 i4 40.4 36.7

150 4.9 267

3.3.2. Iniiial protein concentration

For lysozyme, initial protein concentration ran-
ging from (.10 to 0.50 mg/m! almost had no effect
on protein recovery as shown in Table 7. However,
for P-casein, at low protein concentration of 0.10
mg/ml, less protein was adsorbed. When the
protein concentration increased to 0.50 mg/ml,
there was a dramatic increase of protein recovery.
These phenomena also occurred in the separation
of lysozyme with anionic surfactant at high ionic
strengths at which electrostatic interactions be-
tween the protein and aphrons were diminished
[15]. Hence the optimal initial protein concentra-
tion for lysozyme and P-casein was 0.10 and 0.50
mg/ml, respectively.

3.3.3. CGA volume ratio

Tablic 8 shows the effect of the volume ratio of
protein solution to CGA on the protein recovery.
For both enzymes, protein recovery increased with
increasing of CGA volume. This may be attnbuted
to the larger CGA volume provided more sites for
protein adsorption. However, the values began to
decline at the ratio of 1:4. This may be owing to
dilution effect caused by high volume of aphrons
added. Some aphrons drained to a greater amount
of liquid (observed from increasing level of liquid

Tabie 7
Effect of imtal protan conceniration of protein recovery

Initial protein comeen-  Protein recovery Protein recovery

tration (mphml) {%) (lysozyme) (%} (B-casein)
010 50.2 322
025 498 320
0.50 49.6 50.7

phase) resulting in diluting protcin concentration
and reduction of protein recovery. Jauregi and
Varley [15] reported the same trend on the
separation of lysozyme with aniomic surfactant.
Therefore, the optimal volume ratio of protein
solution to CGA of both proteins was 1:3.

334 pH

Effect of pH on ike protein recovery is shown in
Table 9. For lysozyme, the experiments were
conducted at pH < pl only since pH>pl (pl =
10.2) was severe condition for protein. Theoreti-
cally, pH of aquzous solution determines the net
charge of proteins. In order to enhance the
separation, pH of solution should be adjusted to
the point where clectrostatic interaction between
the proiecin and charge of surfactant favor the
separation. At pH < pl, lysozyme in pH range 2-
10 and p-casein in pH range 2-4 have a net
posilive charge. Hence, it should be attracted with
negative charged surfactant. We measured zeta
potential of CGA and found that CGA was
ncgative charged in pH range 2-5.5. Conse-
quently, at pH 4, positive charged lysozyme and
negaltive charged CGA yiclded high protein recov-
ery (53.2%) than other conditions. Though at pH 2
high recovery was expected but failed (35.3%)
which may be due to the deformation of lysozyme.
The same trend also reported by Jaureg et al. [5)
that the separation of lysozyme was, 69% (pH 8),
75% (pH 6) and 54% (pH 4) with anionic CGA
mainly caused by electrostatc interaction.

The same scenano can be explained with B-
casein. Al pH 2-4 ficasein was positive charged
while CGA was ocgative charged. Hence this
electrostatic interaction e¢nhanced the adsorption
(49.1 49.6%). Also at pH 7-8 Pcascin was

38
iy
320
321
2
323

324
325
326
7
Kbl
329
330
KR
33z
kLK)
KX
135
336
337
138
139

141
342
343

s

347

349
350
351
352
353



4

S W

La
o0,

ro82ECEIRE YL EBS

il
L¥ 1

Y:/Elsevier Scncnce!Shannon/SEPPUR!a.rtlcles)‘Seppur7939lSEPPUR7939 3d[x] _

ARTICLE IN PRESS

10 Apnl 2003 ' 8 37:48

S. Jarudilokbul et al. I Separaiion and Purification Technolpgy 00 ¢2003) 1-8 vl

Table 9
Effect.of pH on protein recovery and Zeta potential of CGA

PH Protein recovery (%) (lysozyme; pl = 10.2)

Protein recovery (%) (B-casein; pl = 5.3)

Zeta potential (mV)

8.0 491 46.5
7.0 496 49.8
S5 505 30.5
40 3532 517

20 353 57.1

25.5
9.7
—12.7
—19.0
—17.1

negatively charged while CGA was positively
charged. This range of pH enhanced the protein
recovery (46.5--49.8%). As pH 5.5 approached pl
(=5.3), charges on P-casein are neutralized and
precipitated resulting in the decrease of protein
recovery (30.5%). Consequently, we concluded
that the electrostatic interaction between positively
charged protein and negative charge of surfactants
play an important role in protein recovery. In this
work, though protein separation not purification
was our objective, pH adjustment of the solution
and the proper selection of surfactant as described
above can lead to protein purification process by
CGA.

From the above studies, the suitable condition
for lysozyme separation was initial protein con-
centration of 0.1 mg/ml, volume ratio of protein

solution to CGA of 1:3, pH 4.0 and stirring time of
120 s, whereas initial protein concentration of 0.5
mg/ml, volume ratio of protein solution to CGA of

1:3, pH 4.0 and snmngtjmeof%swasanopum'al
condition for p-casein separation.

4. Conclusions

e Nonionic surfactant can-be applied for protein
separation. The suitable surfactant in this study
was 10 mM Tween 20 in distilled water.

e The optimal condition for CGA preparation
which yielded the maximum stability and pro-
tein recovery yield was 10 mM Tween 20 in
distilled water, stirring speed of 5000 rpm and
stirnng time of 5 min,

® The hydrophobic interaction plays an impor-
tant role for protein separation by using non-
tonic CGA. The optimal condition for lysozyme

separation were initial protein concentmtlon of
0.1 mg/m}, volume ratio of protein solutio
CGA of 1:3, pH 4.0 and stlmng,,;txmed_w F:120 s.
For P-casein separation, initial protein concen-
tration of 0.5 mg/ml, volume ratio of protein
solution to CGA of 1:3,-pH 4.0 and stirring
time of 90 s were the optimal condition.
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ABSTRACT

Separation of protein with colloidal gas aphrons (CGA) is a promising method for
organic material removal from aqueous solution. In this work, the mechanism and mass
transfer of the separation was investigated. It was found that at protein flow rate of 2.37
ml/s, the adsorption of protein on CGA followed Langmuir adsorption isotherm. For the
mass transfer study, the overall mass transfer coefficient increased with the increasing of
feed flow rate and aphrons flow rate whereas it decreased when increasing column height.
The percentage of protein recovery increased with increasing of feed flow rate, aphrons

flow rate and column height.

Keywords: Protein separation, Colloidal Gas Aphrons, Mass transfer, Overall mass transfer

coefficent,
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of particle-bubble attachment in terms of adsorption isotherm of lysozyme on CGA was
further investigated in this study. Then, the effect of protein flow rate, aphrons flow rate
and column height on overall mass transfer coefficient and protein recovery were

examined.

MATERIALS AND METHODS

A polyoxyethylene denvative of sobitan esters (Tween 20) was purchased from
Carlo Erba. Lysozyme from hen egg white (pl 10.2; 14.5 kDa) and BCA (Bicinchoninic
acid) was obtained from Sigma. Sodium chlonde and sodium phosphate (dibasic and
monobasic) were analytical grade from Merck. All other chemicals were analytical grade

purchased from Sigma.

Adsorption isotherm

Figure | describes the experimental set up for adsorption isotherm and mass transfer
study. A flotation column made of 50 mm diameter perspex tube and 1000 mm in height
was used in all experiments. The feed inlets were at a height of 350 mm and 800 mm from
the base of the column whereas an outlet was at the base for drainage.

A peristaltic pump was used to supply protein solution downward into the column at
specified flow rate. Then, the second peristaltic pump delivered CGA upward from the
CGA generator to the column at specified flow rate. The system was operated as counter
current mode. Samples of protein solution at outlet of the column were taken every minute
for 8 min after the system reached steady state (7 min). At the same time, the foamate was
also collected. The protein concentration in drainage and foamate were determined by BCA

method.



The adsorption isotherm of protein on CGA was performed as continuous mode
because CGA is small bubbles, which may not be stable enough if operating as batch mode.
The flow rate of protein at which monolayer adsorption occurred was firstly determined
from the plot of 1/C. vs (Q./CoQoCe) as explained in equation (2). The investigated protein
flow rate were 1.69, 2.37, 3.23, and 4.05 ml/s with aphrons flow rate of 1.80 ml/s and
protein concentration of 0.2286 g/l. At the optimal protein flow rate, the adsorption
mechanism was examined with protein concentration of 0.2286, 0.3043, 0.3718, 0.4105,

0.4634, 0.5134, and 0.6094 g/l. Then, the data was fit to the Langmuir model of equation

(6).
f=5em
Protein — CP éi

3Scm

=
[=]

—[
:

sCreen

CGA generator ‘ ‘
Rotating disc
with high shear €—1— | l

CGA vessel
Drainage

Figure 1 Schematic diagram of the experimental set-up.

Mass transfer
The experiment of this study was set up and operated the same as previous

experiment. The protein concentration in this experiment was 0.2286 g/l. The effect of



protein flow rate on overall mass transfer coefficient was performed at 1.69, 2.37, 3.23 and
4.05 ml/s whereas the flow rate of aphrons was kept constant at 1.82 ml/s. The influence of
aphrons flow rate the coefficient was examined at 1.82, 3.48, and 4.71 mls while the
protein flow rate was fixed at 2.37 ml/s. Moreover, the effect of column height was
investigated at 350 mm and 800 mm, respectively. After system reached steady state,
sample of protein solution at drainage was taken every minute for 5 minutes. The overall
mass transfer coefficient and percentage of protein recovery were then calculated from

equation (6) and (7), respectively.

Theory
Adsorption isotherm
For a continuous system, if the bubbles are saturated with protein, the steady state

mass balance for monolayer adsorption can be written as:
coQo = CeQe + CQa (1)
Assuming Q, = Q. and rearranging the equation (1)

1 CQ, .1
c. tacd T, @

where Q,, Q. and Q, are flow rates and C,, C. and C are the concentration of protein in
feed, tailings and in the formate, respectively. The plot of 1/C. vs (Q./C,Q,C.) gave the
value of C from slope and the value of C, from intercept.

Mass transfer

Mass balance on protein in liquid phase at steady state assuming plug flow is shown
below.

dC .
Uz =ka(C-C) 3)

The solution of equation (3) was obtained by integration.



“ dC  -ka
Jeey e @

n{Ca-C) _-kaz

= (3)
(CAO -C ) U
For diluted concentration of protein

where Cao is initial protein concentration and Cy is protein concentration after separation
(g/1). U is feed flow rate (cm/s). Z is column height (cm). K| a is overall mass transfer
coefficient (1/s).

Protein recovery

The protein recovery was determined by equation (7).

£ o . .
Pr otein re cov ery = [1 _ mass of proteinin solution after separatlon] x100 (7)

mass of proteinininitial solution

RESULTS AND DISCUSSION

Adsorption isotherm

In this experiment, the flow rate of protein at which monolayer adsorption occurred
was firstly determined. According to equation (1), the value of 1/C. was plotted against the
value of Q, at various flow rates as shown in Figure 2. The straight lines were obtained
with all cases. The protein concentration in foamate and in feed increased with increasing
of feed flow rate. Table 1 shows the calculated C, determined from y-intercept. It was
found that C, (experimental) was close to C, (theoretical) at flow rate of 2.37 ml/s. Hashim
et. al. [7] explained that at the condition a monolayer should be obtained. Therefore, this

flow was fixed for the next experiment.
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Figure 2 1/Ce vs (Qo/CoQoCe) at different protein flow rate; 1.69 ml/s (l), 2.37 ml/s (@),

3.23 mVs(A), 4.05 ml/s (¥) with aphrons flow rate of 1.80 ml/s and protein concentration

of 0.2286 g/1.

Table 1 Comparison of theoretical and experimental feed concentration at different feed

flow rate
Qo, ml/s C, g/l C,, g/l Co, /1
(Experimental) (Theoretical)
1.69 0.0121 0.2286 0.2064
2.37 0.0823 0.2286 0.2284
3.23 0.0971 0.2286 0.2511
4.05 0.1414 0.2286 0.2624




In order to examine the type of adsorption, various protein concentrations were
conducted at the same flow rate (2.37 ml/s). The protein concentrations remaining in bulk
solution were plotted against protein concentration adsorbed on aphrons, as shown in
Figure 3. The figure shows a typical Langmuir adsorption isotherm model. If all
assumption hold well in this case, the rate of protein attachment Ira to the CGA bubble is
given by the following expression:

r, =kC,(C, - C) (8)
where C, is the concentration of adsorbed yeast at any time. Similarly, the expression for

detachment ry can be written as:
ry=kC (9)
where k and k’ represent the rate constants for attachment and detachment, respectively. At

equilibrium, the concentration on CGA bubbles is given as:

K
- ACECt (10)
1+K,C,
where the equilibrium constant K4 is equal to k/k’. Rearranging (10), we obtain:
Sea (1)
C K, CC. G

The plot of 1/C vs 1/C. was straight line as shown in Figure 4. According to equation (11),

the value of C, and K, are found to be 0.2645 g/l and 3.85 I/g, respectively.
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Figure 3 Adsorption isotherm for protein flotation using CGA at protein flow rate of 2.37

ml/s and aphrons flow rate of 1.80 mV/s.
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Figure 4 Verification of Langmuir equation for protein adsorption.



- Mass transfer

Effect of feed flow rate

Figure 5 illustrates the influence of feed flow rate on overall mass transfer
coefficient. [t was found that the ki a value increased with increasing feed flow rate. At high
flow rate, the resistance of liquid film should be decreased resulting in protein easily to
attach at CGA. The kpa values of the effect were in the range 3.5 — 9.7 x 10™ (1/s)
compared with 2.0 — 25 x 107 (1/s) in the egg albumin separation with foam [8]. The effect
of feed flow rate on percentage of protein recovery (%Rp) presents in Figure 6. The %Rp
increased with increasing feed flow rate. This may be caused by multilayer of protein

adsorption on CGA at high flow rate [9].
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Figure S Effect of feed flow rate on the overall mass transfer coefficient
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Figure 6 Effect of feed flow rate on protein recovery

Effect of aphrons flow rate

The effect of aphrons flow rate on the kia values is shown in Figure 7. The kia
value increased with increasing aphrons flow rate. This should be explained by decreasing
of resistance on liquid film. Moreover, the values from the effect (6.9 x 10™ - 1.2 x 107
(1/s)) were slightly higher than the effect of feed flow rate. For the %Rp, the values were

also increased by increasing aphrons flow rate. The higher amount of aphrons should

increased the chance of protein to be separated.
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Effect of column height

Figure 5-8 presents the effect of column height on ki a and %R, at various feed flow
rates and aphrons flow rate. The kra values at column height of 35 cm were higher than the
values of column height of 80 cm. The decreasing of ki a values should be caused by
reducing of specific surface area. However, the %Rp decreased With decreasing of column

height. This may be explained by the longer residence time for protein to contact with

CGA.

CONCLUSIONS

- At protein flow rate of 2.37 ml/s, the adsorption of protein on CGA was Langmuir
adsorption isotherm.

- The overall mass transfer coefficient increased with the increasing of feed flow rate and
aphrons flow rate whereas it decreased when increasing column height.

- The percentage of protein recovery increased with increasing of feed flow rate, aphrons

flow rate and column height.
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