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Appendix A : Feed Solution Preparation
Appendix Al : Acetone-Butanol-Ethanol-Acetic Acid-Butyric Acid-Water

Mixtures

Concentrations of each compon
Butanol \
Acetone

Ethanol —

Acetic Aci

Appendix A2 : Acflonf Buts ,%\  \ui

Acetone-bu srmentRiior ‘\ obtained from a fermentation
process of Clostridium ace b 13 i 824, Fermentation medium that
has been described by Pefit : K,HPO, 0.5 g, KH,PO, 05 g,
MgSo, .TH,0 027 MAESOFHOC (WELO 0.01 g, NaCl 0.01 g,
yeast extract 6.0 D{+ gla drouse griablr.. The fermenter was

coupled with recyclingesystem, ceramig filter for cell recovery in continuous

proces. P o 5t Mera YhGaich & e denea condion

Y @V NI et L TR

broth were adjusted to the values shown in Appendix Al.
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Appendix B : Experimental Calculations
. St Al

1.1 Sorption Percentage (%wt.)
(W —W )*100

% Sorption =

(% by wt)

2.1 Permeate Flux 59;,
J '&;’;,h

ummfikzm' = -
s RSN TNYN T
WIASAI M INGA Y

y.[Y, . vif—=y)
p= =

x /x  x/A=x)

2.6 Permeability and Diffusivity

The permeation flux is analyzed on the basis of the solution-diffusion
model. From this assumption, the permeation flux at steady state is

represented as follow:
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dc _ dci
J =—D —=-DK —
dx dx
and the boundary conditions are given as :
at x=0 c = C
at x =98 ¢ =

Integrating with tha
J =DEK

muns yields

where; DK, = g abl_ e

1. Mass ba‘na & permeate collected in

1hour. ¢ .

2 il BN BN AT

a%"ﬁ“é""i"r‘f’%wﬁ FAREaE

Mass balace :
Mass flow in the unit = Mass flow rate out ofthe unit +
Mass accumulation
eivy = Civ, + wy
where;

¢; = concentration of i component in feed



¢, = concentration of i component in retentate
Vi = v, = flow rate of solution

w, = mass of i component in permeate

ﬂummmw BINT
QW?ﬂ\iﬂ‘ifUlmemﬁlﬁl
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Appendix C :

Sorotion Experi

Table C1 Distribution coefficient of athtic mixtures mixtures.

Experimental Data

109

Temperature Butanol Acetic acid | Butyric acid Water
Cel
40 04088 9 0 1887 efe 0257 00297 0.0861
50 05642 ™ Laoh” | | paiz | 06310 00276 0.0435
80 06300 _g0%a8i/// u‘“\\ 0.0301 0.0304
70 0.6416 ﬁyﬂgV‘n 1 [, 00 0.0366 0.0406
Table C2 Distribution ¢ ntation broth
Temperature Butanol Butyric acid Watar
(el
40 00198 0.0650
50 0.0300 0.0601
60 0.0306 0.0229
70 0.0376 0.0267

Butanol-EthanokAcetone-Acetic Acid-Butyric Aad
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Table C4 Distribution coefficient of acetone in various mixtures.

Micture Distribution Coefficient of Acetone
Acetone 01712
Acetone-Butanol 0.1689
Acetone-Ethanol 0.1694
Acetone-Butanol-Ethanol 0.1880
Acstone-Acetic Acid-Butyric Acid ‘ 0.1691
Acetone Butanok EthanokAcetic AcidBltyiie Aeic ' 0.1642

Table C6 Distributiol \‘k\\ 5 mixtures

ion Coefficient of Ethanol

Ethanol 0.1769
Ethanol-Butanol 0.1601
Ethancl-Acetone 0.1638
Ethancl-Butanok-Acetons Y. 0.1488
Ethanol-Butanol-Acetic Acid-Butyria' Acid Foris, < 12 0.1703
Ethonot ButanokAcetone-Acetic Add-BUYIBAGE - | 0.167

ixtures.

mbution Coefficient of Acetic Acid
., 00218
: | d 0032
= R AT
T : ‘ =
Table C7 Distribution coeffiicient of butyric acid in various mixtures.
Mixtures Distribution Coetficient of Butyric Acid
Butyric Acid-Acetic Acid 0.0250
Butyric Acid-Acstic Acid-Butanol-Ethanol 0.0321
Butyric Acid-Acetic Acid-Acetone 0.0307
Butynic Acid-Acstic Acid-Butanol-Ethanol-Acetone 0.0297




Table C8 Distribution coefficient of water in various mixtures.

111

Mixtures Distnbution Coefficent of Water
Butanck-Ethanal 0.0366
Acetons 0.0486
Acetic Acid-Butyric Acid 0.079
ButanokEthancl-Acatone 0.0437
ButanokAcetone-Acetic Acid-Butyric Acidsd ‘", 00439
Acetone-Acetic Acid-Butyric Acid ‘\\W/ 0.0539
Butanok-EthanckAcetonr-Acetic Asg-bi 0.0661
_ :
Permeation Are
1,0.0566 m
\ . 0.0457 m

b v o ﬂﬁ’ﬁ?wm"ﬁ‘?m

rm@tation broth
N s
(aq
2 1o 10 torr 30 torr 2 torr 10 torr 30 torr
40 1.2873 0.8652 0.1651 0.8008 0.2891 01329
1] 22181 1.4882 0523 16319 0.3892 0.1688
B0 25618 1.8208 1.1788 21503 1.1306 0.9279
70 41448 26996 1.6426 26938 2.1569 1.1746
B0 b.278 31443 20482 z -




Table C10 Permeation flux of synthetic mixtures and aceetone-butancl

fermentation broth at permeation pressure 2 torr.

112

'_Carrmnen'l Synthene Mixtures Acetlone-=utanal Fermentation Broth

40 50 80 80 0 | 50 80 70
Butarol 35404 | 69720 | 11280 a532 | 21742 | +2831 | 87846 | 103410 |
Acetone 15815 | 29274 20189 | 19830 | 30469 | 37448
Ethanal 01262 | 0 29 01808 | C1478 | 02812 | 02974
Acenc Acd 00111 | 0.0 o081 0 00114 | 00509
Butyric Acid 0 0 Q 00123 | 00168
Water 17 4214 4 48 05 | 225779 | 26.7520 | 33.2388

NS _
Table C11 Permeation nthgtl etone-butanol
: AUC 1A
fermentation ‘ p 10 torr

Component ._ I Acatone-Butancl Fermantation Broth

40 50 50714, 7 40 50 80 70
Butanol 1.7982 05384 | 37487 | 6.9603
Acetone 0.9609 04748 | 155246 | 24146
Ethanol 0.0678 " 00427 | 01423 | 018611
Acetic Acd | 0.0048 | 00112 E.rmﬁ 0.0418 ol 0.0426 0 0 00108 | 0.0263
Butyric Acid f 1%} 0 0 0
Water Il’l@% 1 44203 | 5 3954 145591 | 286228

'

Nt NN

Table C12 Permeation flux of synthetic mixtures a

fermentation broth at permeation pressure 30 torr

rﬂcaﬂcnﬁtﬂnd

Component Synthetic Moxtures Acetone-Butancl Fermentation Broth
40 50 60 70 80 40 50 60 70
Butanal 02608 | 10230 | 53142 | 64934 | 70674 | 01307 | 02942 | 35049 | 51417
Acetone 01651 | 06033 | 18044 | 18530 | 20199 | 00797 | 01543 | 13930 | 15072
Ethanol 0008 | 00162 | 01687 | 01633 | 01809 | 00021 | 00061 | 008579 | 0.0541
Acetic Acid 0 0 001200 | 0.0141 | 0018 0 0 00022 | 00032
BuvncAcd | 0 o | o o s} 0 0 0 0
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Water 22118 | 75581 | 136404 | 205897 | 270346 | 21221 | 24778 | 114414 | 18.0244

Table C13 Permeation concentration of synthetic mixtures and aceetone-butanol

fermentation broth at permeation pressure 2 torr

Cormponent Synthetic Mixtures (%] Acetone-Butanol Fermentstion Broth (%)
40 50 Qi 80 ) 50 60 70
Butanol 1697 | 17.77 N 248 1763 | 2646 | 1106 | 2302 | 2168
Acetone 698 : il 864 652 8.00 7.85
Ethanol 089 | 0 7 1 o 0 3 076 | 027 | o7 | o082
Acetic Acd | 005 ¢/ | \wos [ Tegs. | 004 0 003 | 010
Butyric Acid | 0 | 0 0 003 | 004
Water 769 | ¢ 75 |10 | 75 7115 | 7807 | 68.17 | 699
R AN
Table 14 Permeatiofl ogfehtratié 6f synthaicimitures and acetone-butano
fermentati permaation presstre 10 torr
Component 2 T"; Aritiire : Acetone-Butancl Fermentation Broth
0 | w48 KR ERERE
Butanol 1ar4 1838 | 2181 | 204 825710 | 976 | 202 | 2168
Acstone 627t 191 | 804 | 728 | 776 | &
Ethanol o | oss | o6 044 | 03 o4 | o5 | o089 | o042
AceticAcid | 003 | %oes | 006 | oOme 008 0 0 005 | 008
Butyric Acid 0 WEJ’ o 0 0 0
Wis2 | 6160 | 64 7489 7274 | 74.96

aw{aﬁmm um'mma El

Tal:ls C15 Permeation concentration of synthetic mixtures and aceetone-butanol

fermentation broth at permeation pressure 30 torr

Component Synthetic Mixtures Acetone-Butanol Fermentation Broth
40 B0 60 70 80 40 50 60 70
Butanel 949 11.06 2546 232 19.48 555 947 2468 2472
Acetone 80 6.52 B.64 637 6.57 33 b.16 848 724
Ethanal 0.19 0.0.27 0.76 0.59 0.44 0.09 0.08 0.52 541
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Acetic Acd 0 0 008 004 0.04 Q 0 om 032
Butyne Acid 0 0 0 0 0 0 0 0 002
Water B0 52 8173 6536 70.80 74 55 9016 8293 65.28 8568

Table C16 Membrane Selectivity of synthetic mixtures and aceetone-butanol

fermentation broth at per

Component Syntk
40 50

Butanol 26,9601 | 30,858

Acetons 124312 1

Ethanal 2373

Acatic Acid 1 3

Butyric Acid 0 0

Water 0.0457

Table C17 Membrane Se

tion pressure 2 torr

70

TR

P
¥
Jitl';""

T

=

=

-
- I

T,

(30
144is 1

2

—r
b,

Acetone-Butanal Fermentation Broth

40 50 60 70
22,3963 | 24.6809 | 438683 | 39.2679
98462 | 11,5368 | 144057 | 141128

6013 | 23.3205 | 208132 | 24,9484

0 o | ose8 | 40030
‘o o | 15002 | 20004
0348 | 00603 | 0.0303 | 0.0325

ixtures and aceetone-butanol

Acstone T% 1 %% i 12.9686 | 13.9206 | 11.1765

Ethanol 16.08034)1 5& 18 221666 | 23.7341 | 16.8666

Acatic Acid | 0. 07999 | 1.2001¢| 16006 | 1.6006 0 ad 1 1.2001

p = \ -

Butyric KF \jﬂ Ej_‘ AL 'g_ 4 ’]laug 0 0

Weter 9 | 00624 | 0.0452 | 00257 | 0.03556 | 0.0422 | 0.0886 | 0.089%6 | 00377 | 0.0423

Table C18 Membrane Selectivity of synthetic mixtures and aceetone-butanol

fermentation broth at permeation pressure 30 torr

Compaonent Synthetic Mixtures Acetone-Butanal Fermentation Broth
40 80 60 70 80 40 50 60 70

Butanol 148737 | 17,6404 | 48.4620 | 40.7602 | 34.3410 | 8.3357 | 14.8391 | 39.8246 | 466622
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Acetone 106932 | 116648 | 156672 | 112709 | 97719 | 67954 | 90135 | 153502 | 12,9304
Ethanol 76125 | 108863 | 306200 | 116308 | 96207 | 36023 | 84165 | 209035 | 104246
Acetic Acid 0 0 12001 | 07999 | 0.7999 0 0 | 01999 | 0308
Butyric Acid 0 0 0 0 0 0 0 0 0
Water 00584 | 00632 | 00266 | 00343 | 00414 | 01296 | 00687 | 00278 | 00820
Table C19 Mass recovery of nd aceetone-butanol
fermentation bRt 2 torr
Carmponent Acetone-Butanol Fermentation Broth
40 50 80 70
Butanol 294 f| = - b 75 3.45 701 8.34
Acetone 149 | 2 =2\ o84 | 177 | 287 | 353
Ethanol 285 364 | (104 33 | 635 | &n
Acetic Acid | 0.13 % o 0 0 012 | 087
Butyic Acd | 0 0 81 s 408, ] 1 0 0 | 03% | 083
Water 009 | 016 1. 0 007 | 013 | 014 | o019
Table C20 Mass btone-butanol
ferme orr
Component ' Synthetic Mixtures Butanol Fermentation Broth
60 70
302 | 661
. 146 | 227
@ 323 | 384
Acetic Acid| | 0.06 013 0.23 047 0.48 0 0 0013 | 057
Butyric Acid 0 0 0 0 0 0 0 0 0
Water 007 | 012 | 013 | 019 | 024 | 002 | 003 | 008 | o016
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Table C21 Mass recovery of synthetic mixtures and aceetone-butanol

fermentation broth at permeation pressure 30 torr

osition Synthetic Mixtures Acetone-Butanol Fermentation Broth
40 50 60 70 80 40 50 60 70
Butanol 021 | 082 | 428 | 524 | 57 | on | o024 | 28 | 416
Acetone 016 | 067 | 169 | p47 190 | o008 | 01 | 13 | 142
Ethanol 08 | o037 | as\aeld 006 | 014 | 184 | 122
Acetic Acid 0 0 o2 | o) A 0 003 | 004
Butyric Acid | 0 0 , 0 0 0 0
Water 001 | 004 TR 001 | 002 | o006 | 010
Table C22 Permeability of syftiefié mix ‘ ‘ tone-butanol f
fermentation perrhe 2 torr
Component " sygfhefle Midiies 04 4 | | Acetone-Butanol Farmentation Broth
40 sof | 60 225 €0 40 50 60 70
Butanol 1.3000 | 24900 A" 40805} 541 0.7765 | 15296 | 31302 | 36935
Acetone 06631 | 12198 | 163951 2810 |- 03729 | 07846 | 12686 | 15600
Ethanol 12620 |.2670 | 3940 | 47382 | 28869 {0 0sp | 14780 | 28120 | 29740
Acetic Acid | 0.0566 % | 0. _. 0 | 00570 | 0.204
Buyric Acid | 0 l'; 00, . j_ljo o | 0163 | 0232
Water 01268, | 0.1787 00672 | 00667 | 00843
ﬂ ﬂ ¢ W YWY '] ﬂ

Table C23 P!rrnaabihty‘ of syntheti¢' mixtures and, aceetone-butapol

ammmmmmmaa

Synthetic Mixtures Acetone-Butanol Fermentation Broth
40 B0 B0 70 BO 40 50 B0 70
Butanol 08422 | 1.7327 | 29480 | 34943 | 35265 | 01300 | 02280 | 1338 | 24858
Acetone 04004 | 08682 | 12808 | 14837 | 16829 | 01289 | 0.1978 | 06468 1.008
Ethanol 06780 | 1.2777 | 1.9780 | 20840 | 21645 | 02370 | 04270 | 12290 | 186110
Acetic Acid 02400 | 00660 | 0.1030 | 02090 | 02130 0 0 0.0B46 | 01316
Butyric Aad 0 0 0 0 0 0 0 0 0
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Water 36833 | 66708 | 84708 | 121174 | 141132 | 12876 | 16673 | 50741 | 96913

Table C24 Permeability of synthetic mixtures and aceetone-butanol

fermentation broth at permeation pressure 30 torr

Component Synthetic Motures Acetone-Butanol Fermentation Broth

40 50 80y ] 80 40 50 80 70
Butanol 00931 | 03653 J 1 41 | 00467 | 01060 | 14426 | 1
Acetone 00688 | 02614 10 @418 | 00331 | 00643 | 05804 | 06280
Ethanol 00800 | 0.162 7| 1832000 00211 | 00814 | 10670 | 11680
Acetic Acid 0 0 09700, | D o | ooto | ooteo
Butyric Acid | 0 il = N 0 0 0
Water 05608 | 19 87| 57207 | ¢ 5380 | 06282 | 27602 | 45698

e (15
'f':-.éf. ‘, \
Table C26 Diffusivity of 5 prixty ace nol fermentation broth
e
at permeation pyssuré ”
Component 40 50 — , 40 50 80 70
Butanol 31847 -, 42622 -.: ;mi’ 36082 | 51316 | 57792
Acetone 25098 [|—29042—— 53268 5.1 21931 | 27068 | 30976
Ethanol 86025 | 794604 9218 | 61924 | 93421 | 98804
Acetic Acid | 21595 | 35645 | 35450 | 6.9151 0 0 25221 | 56648
Butyric Acid =ie lo 14 <] &° 23041 | 32472
Water 1%31 ) 1|8 1182l | 189880 | 164240 | 21.0860
¢ o o/

e AN FUUA LN DA e

at permeation pressure 10 torr

Companent Synthetiv Mixtures Acstone-Butanol Fermentation Broth

40 50 60 70 40 50 60 70
Butanol 15732 | 29650 | 46793 | 54462 | 04352 | 05229 | 21934 | 3889%
Acstons 15155 | 20671 | 25488 | 24192 | o0s4s0 | 06794 | 13791 | 19978
Ethanol 46216 | 61067 | 53896 | 59410 | 23235 | 29407 | 40831 | 536
Acetic Acid | 09338 | 18064 | 31212 | 55437 0 0 24116 | 38663
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Butyric Acid

9 2459

15,5134

18 6240

276396

32437

40421

126852

242033

Table C27 Diffusivity of synthetic mixtures and aceetone-butanol fermentation broth

at per meation pressure 30 torr

Component Synihetic Maxus | | Acetone-Butanol Fermentation Broth
40 50 , u Mf' 40 50 60 )
Butanol 02281 , | semiiwouses | 02108 | 2380 | 2672
Acstone 0.2603 . "'ﬂ'lmf:f 3,16 02209 | 1237 | 12477
Ethanol 0543 | 6RO A 4308 ““‘\k 02669 | 35448 | 38904
Acetic Acid 0 I‘f EE 567, | 0. 0 04867 | 04002
soren | [ A AP RN | o [ |
Water 1382 | 44 ‘ﬁ, et |1 'b\ 15321 | 6%006 | 114245

A’J di 4

4:2:1 )

Membrane Thickness 0. ,‘
Operating

-F'.prp o, ¥ -
"
ona |'|"IA ;

0.60 v

Table C29 Permeation flux of synthetic mixtures and acetone-butanol
fermentation broth for membmae thickness 0.5, and 1.0 mm.

Component Synthetic Mxtures Acetone-Butanol Fermentation Broth
0.50 mm. 1.00 mm. 0.60 mm. 1.00 mm.
Butanol 5.6759 2 6664 485564 20776
Acetone 2129 1.0917 1.7606 0.7896
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Ethanol 01641 0.0886 01352 0.0658
Acetic Acd 0 0 0 0
Butyric Acid 0 0 0 V]
Water 8.2470 3.2565 84847 2751

Table C30 Permeation concent tic mixtures and acetone-butanol
Qi ///

fermentation broth n

"""ﬂ-..

s 0.5, and 1.0 mm.

060 /mlf\l\‘w\\ ~ 050 mm 1.00 mm.
— ] V% S me |
Acetane AN s ™ 208 1387
Ethanol lllﬁﬁ\\‘\ 092 089
Acetic Acid ll : 0 0
Table C31 Membrag

fermentatic

o

———
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Table C32 Mass recovery of synthetic mixtures and acetone-butanol fermentation

broth membrnae thickness 0.5, and 1.0 mm.

Component Synthetic Mixtures Acatone-Butanol Fermentation Broth
0.50 mm. 1.00 mm 0.60 mm. 1.00 mm.
Butanol 364 122 317 0.95
Acetone 162 1.33 042
Ethanol 3.00 247 0.84
Acetic Acid 0 0 0 0
Butyric Acid 0 0 0 0
Water 0.04 : 0.04 0.01
Table C33 Permeability & mi ne-butanol
fermentation 2 ,and 1.0 mm.
Component tdces ne-Butanol Fermentation Broth
0.50 P 0.50 mm. 1.00 mm.
Butanol 39627 abiy 31110 29680
Acstone 1.7743 MY 14633 1.3168
Ethanol 26320
Acetic Acid 4 ‘o 0
Butyric Acid 9 0 0
Water 0.0488 o, 0.0401 0.0279

HJEJ J‘VIEJ‘V]'?W!:TWW

Table C34 Dlﬁua of synthet

ic Mixtures and acetone-butanolgfermentation broth

q WAASH I AN b

Gnrr'pnn&l\t Synthatic Mixtures Acetone-Butanol Fermentation Broth
0.50 mm. 1.00 mm. 0.60 mm. 1.00 mm.
Butanol 6317 6.0461 5.1000 48665
Acetone 3.6267 36165 31200 28066
Ethanol 89427 56566 8.4500 8.1983
Acelic Acid 0 0 0 0
Butyric Acd 0 V] 0 0
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Water 104197 7.3386 10,0185 6.8953

Experimental Results of Solutes in Various Mixtures
Operating Condition : Feed Temperature 60°c

Permeation P 2 torr

Table C35 Pervaporatic /’/;'I?h \"t\&\ oUS ixtures

SR Sl

Butanol i o5 | ‘bﬁ“\\\\‘ . 56742 46438

Butanok-Ethanol l JE'S ﬁ;\\\\\ 61,9367 43260

Butanol-Acetone-Ethanal 47 4624 41028

BautanckAcetone 10613 &m m\\ 48,4281 43078
W TR

LE S B “Sglectiv Permeability
’ x10’, '/

24934

1.7163

21121

1.6692

9 ; o
Table C37 Pervaporation results of ethanol in various mixtures

Mixtures Flux Concentration Selectivity Permeability
(gim he ) (%) 610", m fhe)

Ethanol 05169 141 57 2334 5.1690

Ethanok-Bautanol 0.4291 0,97 39,2518 4.2910

Ethanol-Acetone 0.4609 116 47.1376 48090

Butanok-Acetone-Ethanol 0.3591 087 35,1414 39910




Table C38 Pervaporation results of water in various mixtures

122

Mixtwres Flun Concentration Selectivity Parmeability
@m- hr) (%) x10", m'fh)
Butanol 330890 7,78 00178 8.3306
Acetone 339018 8499 00342 8 5266
Ethanol 381117 58 00174 9.0302
Butano-Acetone 304 00114 76707
Butanol-Ethanol ) ’ 0.0199 83276
Acetone-Ethanol 80 - 0.0317 83023
Butanol-Acstone-Ethanol 0.0262 76807

AULINENINYINg

ARIANTAUNIINGIAE




Butanol concentration in permeate (g/l)
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Figure C1 Correlation between butanol concentration in permeate at ermeation
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Acetone concentration in permeate (g/l)

8
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Ethanol concentration in permeate (g/l)
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100 120

Figure C3 Cuneldiq; between timeyand ethanol concentration in permeate at

mmﬂ uﬂ&uﬂ:ﬂ m’mjd membrane thickness
ﬁaﬁﬁﬁ\iﬂ‘imu‘iﬂﬂﬂmﬂﬂ



Acetic acid concentration in
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