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CONTINUOUS PRODUCTION OF ETHANOL RY USE OF 
FLOCCULENT ZYMOMONAS MOBILIS 

Backaround o f  t h e  I n v e n t i o n  

The i n v e n t i o n  d i sc l osed  h e r e i n  r e s u l t e d  from a  c o n t r a c t  w i t h  t h e  

5 Un i t ed  S ta tes  Department o f  Energy and r e l a t e s  t o  t h e  p roduc t i on  o f  

e thanol  by a  con t  i nuous- f l  ow f e m e n t a t  i o n  process and apparatus f o r  

conduc t ing  t h i s  process. 

I n  one p r e v i o u s l y  used process f o r  produc ing e thano l ,  a  sugar- 

c o n t a i n i n g  s o l u t i o n  i s  c o n t i n u o ~ s l y  added t o  a  s t i r r e d  vessel  ( o r  

10 r e a c t o r )  i n  which yeas t  o r  o t h e r  micoorganisms t h a t  conve r t  sugar t o  

e thano l  c i r c u l a t e  f r e e l y .  The e f f l  uent  c o n t i n u o u s l y  withdrawn from 

such s t i r r e d  r e a c t o r s  con ta ins  bo th  t h e  ethanol  product  and some o f  t he  

mic roorgan i  sms, and t o  make t h e  process economical l y  f e a s i b l e  t h e  

microorganisms must be separated from t h e  e f f l u e n t  and recyc led  t o  t h e  

15  r e a c t o r .  The i n i t i a l  c a p i t a l  o u t l a y  and ope ra t i ng  c o s t s  f o r  t h e  

equipment r e q u i r e d  f o r  t h i s  sepa ra t i on  a re  no t  t h e  o n l y  disadvantages 

i n  t h e  use of s t i r r e d  reac to r s ,  f o r  t h e  c o n c e n t r a t i o n  o f  ethan- 

01 i n  such apparatus can r i s e  t o  a  l e v e l  which i n h i b i t s  t h e  a c t i v i t y  

o f  t h e  a1 coho1 - produc i  ng microorganisms used t h e r e i n .  S t i r r e d  r e a c t o r s  
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have been operated under reduced p ressure  t o  m in im i ze  t h i s  i n h i b i t i o n  

problem by v a p o r i z a t i o n  o f  t h e  e thano l ,  bu t  t h e  equipnent  r e q u i r e d  f o r  

t h i s  purpose i s  complex and a l s o  r ep resen t s  a  rnajor expense i n  terms of 

c a p i t a l  out1  ay and o p e r a t i n g  costs .  

5  To avb id  t h e  above-descr i  bed problems, v a r i o u s  means have been 

proposed f o r  immobi 1  i z i  ng a1 coho1 - p roduc i  ng m i c roo rgan i  sms i n  a  r e a c t o r  

t h rough  which a  suga r - con ta i n i  ng s o l u t i o n  i s  c o n t i n u o u s l y  passed. 

Microorganisms have p r e v i o u s l y  been immob i l i zed  by  ( 1 )  p r o v i d i n g  reac-  

t o r  packings t o  which microorganisms have a  n a t u r a l  a b i l i t y  t o  a t t ach ,  

10 ( 2 )  chem ica l l y  bonding microorganisms t o  r e a c t o r  packings, and (3 )  

i n t e r s p e r s i n g  microorganisms i n  porous r e a c t o r  pack i  ngs. However, as 

i s  we1 1  known t o  m i c r o b i o l o g i s t s ,  d i f f e r e n t  microorganisms vary  con- 

s i d e r a b l y  w i t h  r espec t  t o  t h e i r  a b i l i t y  t o  a t t a c h  t o  r e a c t o r  packings, 

and some m t e r i a l s  which have been used as bonding agents o r  suppor ts  

15 f o r  i m m o b i l i z i n g  microorganisms r e q u i r e  ex tens i ve  p r e p a r a t i o n  before., 

use. 

Sumnary o f  the Invention 

It i s  an o b j e c t  o f  t h i s  i n v e n t i o n  t o  p rov i de  an improved means and 

process f o r  produc ing ethanol  by  fe rmenta t ion .  

2 0 Anather- o b j c c t  o f  t h c  i n v e n t i o n  i s  t o  p rn r l r r c~  e thano l  i n  a 

con t i nuous - f l ow  process by  means o f  a  b i o l o g i c a l  c a t a l y s t  t h a t  can be 

r e t a i n e d  i n  a  c o n t i  nuous- f l  ow r e a c t o r  vesse l  w i t h o u t  b e i  ng bonded t o  

o r  h e l d  w i t h i n  a  'support  m a t e r i a l .  

An a d d i t i o n a l  o b j e c t  o f  t h e  i n v e n t i o n  i s  t o  p rov i de  a  f e rmen ta t i on  

25 r e a c t o r  vessel  where in  d i s t u r b a n c e  o f  t h e  d e s i r a b l e  p l u g  f l o w  o f  sugar 

s o l u t i o n  i s  minimized. 



These ob jec ts  are a t t a i n e d  by t h e  p re fe r red  apparatus and process 

of t he  i nven t i on  which u t i l i z e  a  newly-discovered f l o c c u l e n t  s t r a i n  o f  

Zymomonas m o b i l i s  ( h e r e i n a f t e r  r e f e r r e d  t o  as - Z. m o b i l i s  f o r  b r e v i t y )  

f o r  conver t ing  sugar t o  ethanol i n  a  cont inuous f low- type r e a c t o r  

5 vessel.  The f l ow  r a t e  o f  a  sugar-conta in ing s o l u t i o n  through a  column 

con ta in ing  the  f l oc - fo rm ing  s t r a i n  o f  - Z. m o b i l i s  i s  adjusted so t h a t  a  

s u f f i c i e n t  conversion o f  sugar t o  ethanol i s  achieved i n  the  column and 

t h e  f l o c c u l e n t  - I .  m o b i l i s  i s  not  washed away i n  e f f l u e n t  from t h e  

column. Carbon d iox ide  gas generated by the  fermentat ion process i s  

10 vented from a  p l u r a l i t y  o f  po in t s  spaced along an i n c l i n e d  column i n  

which t h e  process i s  conducted, thus min imiz ing  d is tu rbance o f  the  

p lug  f l o w  o f  l i q u i d  by t h i s  gas. 

Descr i  p t i o n  o f  t h e  Drawings 

Fig.  1 i s  a  di.agrammatic representa t ion  o f  the  apparatus used i n  

15  t e s t  i ng the  e f f i c i e n c y  o f  an ethanol - produci ng process i n  accordance, 

w i t h  t h e  app l i can ts '  invent ion .  

F ig .  2 i s  a  graph i l l u s t r a t i n g  t h e  r a t e  o f  etha'nol product ion 

achieved i n  t e s t s  conducted w i t h  the  apparatus o f  Fig. 1. 

Fig.  3 i s  a  diagrammatic representa t ion  o f  a  p re fer red  apparatus 

20 f o r  producing ethanol i n  accordance w i t h  t h e  appl i c a n t s '  invent ion .  

F ig .  4 i s  a  graph i l l u s t r a t i n g  t h e  r a t e  o f  ethanol product ion i n  

t e s t s  conducted w i t h  the  apparatus o f  F ig.  3. 

De ta i l ed  De'scri p t i o n  o f  P re fe r red  Apparatus 
and Process Embodiments o f  t h e  Inven t i on  

2 5 The ef fect iveness o f  s t r a i n s  o f  Zymomonas m o b i l i s  f o r  conver t ing  

sugar t o  ethanol has been p rev ious l y  repor ted by P.J. Rogers e t  a1 i n  an 



' a r t i c l e  e n t i t l e d  "High P r o d u c t i v i t y  Ethanol Fermentat ions w i t h  

Zymomonas Mobi l  i s " ,  pub1 i shed i n  t h e  August/September 1980 i ssue o f  

Process Biochemist ry .  Researchers a t  t h e  Oak Ridge Nat iona l  

Labo ra to r i es  i n  Oak Ridge, Tennessee, i n c l u d i n g  t h e  i n v e n t o r s  named i n  

- 5  t h i s  appl i c a t  ion,  have been engaged i n  developmental programs d i  r ec ted  

toward de te rmin ing  e f f e c t i v e  means f o r  immobil i z i n g  b i o l o g i c a l  cata-  

l y s t s  on o r '  i n  packings f o r  con t i nuous - f l ow  apparatus f o r  producing 

e thano l  by fe rmenta t ion .  I n  connec t ion  w i t h  these i n v e s t i g a t i o n s ,  a  

s t r a i n  of - Z. m o b i l i s  i d e n t i f i e d  as ATCC No. 10988 was ob ta ined  from t h e  

10 American Type C u l t u r e  C o l l e c t i o n ,  12301 Park1 awn D r i v e ,  Rockv i l  l e ,  

Maryland, d u r i n g  t h e  month o f  J u l y ,  1980. Subsequently va r i ous  

m a t e r i a l s  were t e s t e d  by t h e  a p p l i c a n t s  t o  determine t h e i r  e f f i c a c y  i n  

immobi 1  i z i  ng c u l t u r e s  o f  t h e  above- i d e n t  i f e d  s t r a i n  o f  - Z. mobi 1  i s .  

Furthermore, d u r i n g  approx imate ly  1 4 , f e r m e n t a t i o n  t e s t s  conducted w i t h  

15 c u l t u r e s  o f  t h e  ATCC No. 10988 - Z. mob i l  i s ,  a p p l i c a n t s  observed no ten-  

dency o f  t he  microorganism t o  f l o c c u l a t e .  However, a f t e r  t h i s  pe r i od  

o f  exper imenta t ion  w i t h  ATCC No. 10988 c u l t u r e s  under va r i ous  fermen- 

t a t i o n  cond i t i ons ,  t h e  a p p l i c a n t s  observed d u r i n g  one t e s t  (which w i l l  

be descr ibed  i n  d e t a i l  h e r e i n a f t e r )  t h a t  macroscopic f l o c  p a r t i c l e s  o f  

20 one - Z. m o b i l i s  c u l t u r e  were spontaneously formed i n  a  con t i nuous l y  

f l o w i n g  aqueous stream c o n t a i  n i  ng sugar and other .  n u t r i e n t s .  Th i s  p a r t i c u l  a r  

Z. m o b i l i s  s t r a i n  has been i s o l a t e d  and mainta ined by means o f  convent ional  - 
techniques which are w e l l  known by m i c r o b i o l o g i s t s ,  and a sample o f  t h e  

s t r a i n  i s  dPpnsi t e d  i n  t h e  A g r i c u l t u r a l  Research C u l t u r e  C o l l e c t  ion ,  

25 I n t e r n a t i o n a l  Depos i to ry  A u t h o r i t y  (NRRL) , 1815 N. U n i v e r s i t y  S t ree t ,  



Peor ia ,  I l l i n o i s ,  and r e g i s t e r e d  t h e r e i n  as Zymomonas m o b i l i s  " f " ,  

I n t e r n a t i o n a l  Depos i t o r y  ,Au tho r i t y  access ion number NRRL B-12526. As 

w i l l  be shown i n  t h e  f o l l o w i n g  t e s t  examples, t h e  f e rmen ta t i on  o f  sugar 

by use o f  t he  form o f  - Z. m o b i l i s  which has been found by a p p l i c a n t s  t o  

5  f l o c c u l a t e  i n  a  con t inuous- f low r e a c t o r  vessel  p rov ides  t h e  impor tan t  

advantage o f  e l i m i n a t i n g  any need f o r  a  separate means f o r  immob i l i z i ng  

t h e  b i o l o g i c a l  c a t a l y s t  on a  packing. 

EXAMPLE I 

Zymomonas m o b i l i s  ATCC 10988 was ma in ta ined  on a  l i q u i d  medium 

10 compr is ing  5.0 grams o f  g l  ucose and 0.5 gram o f  yeas t  e x t r a c t  per  100 

m l  o f  water. Yeast e x t r a c t  i s  a  we1 1 known n u t r i e n t  f o r  b a c t e r i a  

c u l t u r e s  and i t  i s  a v a i l a b l e  f rom t h e  D i f c o  Company and o t h e r  sources. 

Fo r  e thanol  p roduc t i on  s tud ies  i n  t h e  r e a c t o r  i l l u s t r a t e d  i n  F ig .  1, 

t h e  same concen t ra t i on  o f  yeas t  e x t r a c t  was used; however, t he  con- 

15 c e n t r a t i o n  o f  g lucose . in t h i s . c a s e  was e i t h e r  5.0 o r  10.0 grams per 100 

ml o f  water.  A f l a s k  c o n t a i n i n g  100 ml of t h e  growth medium (5  grams . 

o f  g lucose per 100 m l  o f  water  f o r  one t e s t ,  and 10 grams o f  g lucose 

per  100 ml o f  water  f o r  a  second t e s t )  was i nnocu la ted  w i t h  1.0 ml o f  

t h e  ahnve-descr i  bed c u l t u r e  o f  Z. mob i l  i s  ATCC 10988. These c u l t u r e s  

20 were incubated a t  30°C f o r  48 h  i n  a  g y r a t o r y  shaker and then  used as 

s t a r t i n g  c u l  t l i r e s  i n  t h e  exper imenta l  r eac to r .  

A f l o c c u l e n t  b i  o r e a c t o r  was cons t ruc ted  by adding approx imate ly  

10.0 m l  o f  po l ys t y rene  beads 10 (1.0 mm d iameter )  t o  t h e  b i o r e a c t o r  12 

dep i c ted  i n  F ig .  1. The t o t a l  r e a c t o r  h e i g h t  was 58.42 cm. The bo t -  

25 tom g l a s s  s e c t i o n  14 o f  t h e  column had a  l e n g t h  o f  22.86 cm and an i n t e r n a l  

d iameter  v a r y i n g  f rom 2.54 cm a t  t h e  t o p  t o  an i n t e r n a l  d iameter  o f  1.27 

.cm a t  t h e  base. The remainder of the CU~UIIIII had an i n t e r n a l  d iameter  



o f  2.54 cm. Sampling p o r t s  16,18 were l o c a t e d  where shown i n  t h e  

drawing. The column was connected t o  a g l ass  tube 20 and s t e r i l i z e d  by 

a u t o c l a v i n g  a t  121°C and 15 p s i  f o r  25 min. 

Ten m i l l i l i t e r s  o f  a p o r t i o n  o f  t h e  above-descr ibed - Z. m o b i l i s  

5 ATCC 10988 c u l t u r e  which had been incubated a t  30°C f o r  48 hours and 

10.0 ml o f  t he  above-descr ibed growth medium c o n t a i n i n g  5 grams g lucose 

pe r  100 ml water were added t o  t h e  descr ibed  reac to r .  The b i o r e a c t o r  

was k e p t  a t  room temperature (approx imate ly  24°C). A t  1 day i n t e r v a l s ,  

on t h r e e  successive days, t he  medium con ta ined  i n  t h e  b i o r e a c t o r  was 

10 d r a i n e d  down t o  t h e  t o p  o f  t he  bed ( i .e . ,  t h e  s t y rene  beads j u s t  

remained submerged). A volume o f  10.0 ml o f  t h e  above-descr ibed growth 

medi um was then added t o  t h e  column. A f t e r  24 hours,  a cont inuous f l o w  

(1.8 t o  10.0 ml/mi n)  o f  t h e  above-descr ibed aqueous s o l u t i o n  c o n t a i n i n g  

e i t h e r  5.0 grams o r  10.0 grams o f  g lucose and 0.5 gram o f  yeas t  e x t r a c t  

15 p e r  100 ml Hz0 was metered th rough t h e  column us ing  a p e r i s t a l t i c  pump. 

A t  d a i l y  i n t e r v a l s ,  samples were withdrawn, c l a r i f i e d  by c e n t r i f u g a t i o n  

a t  1000 x g f o r  10 min a t  4 " C ,  and t h e  supernatants  analyzed f o r  

e thano l  and glucose. 

Du r i ng  t h e  s t a r t u p  phase ( i .e . ,  d u r i n g  t h e  p e r i o d  o f  d a i l y  batch- 

20 f eed ing  o f  - Z. mobi l  i s  ATCC 10988 c u l t u r e )  o f  t h e  r e a c t o r ,  samples o f  

t h e  po l ys t y rene  beads were a s e p t i c a l l y  removed and observed by phase 

c o n t r a s t  microscopy. No evidence o f  s i g n i f i c a n t  at tachment t o  t h e  beads 

was observed, However, a marked tendency toward b a c t e r i a l  f l o c  f o r -  

ma t i on  was observed. Once cont inuous ope ra t i on  o f  t h e  b i o r e a c t o r  was 

25 i n i t i a t e d ,  f l o c  format ion became more pronounced. The s i z e  o f  t h e  

i n d i v i d u a l  f l o c  p a r t i c l e s  reached macroscopic dimensions (approx imate ly  

1.0 rnm i n  d iameter) ,  and t h e  d e n s i t y  o f  t h e  p a r t i c l e s  was such t h a t  a 

v o l u m e t r i c  f l o w  r a t e  o f  10.0 ml/rnin tended o n l y  t o  expand t h e  bed and 



d i d  no t  wash t h e  f l o c ' o u t  o f  t h e  b i o r e a c t o r .  As was observed i n  t h e  

s t a r t u p  phase o f  opera t ion ,  t h e r e  was no apparent at tachment t o  t h e  

s t y rene  beads. 

The above p a t t e r n  o f  f l o c  f o rma t i on  and l a c k  o f  at tachment t o  t h e  

5  s ty rene  beads was noted when e i t h e r  t h e  s o l u t i o n  c o n t a i n i n g  5.0 grams 

o f  g l u c o s e  per  100 ml o f  water  o r  t h e  s o l u t i o n  c o n t a i n i n g  10.0 grams o f  

g lucose per  100 ml o f  water  was employed. The concen t ra t i ons  o f  e thanol  

produced a t  t h e  two g lucose concen t ra t i ons  .are shown i n  Fig'. 2. I n  

b o t h  cases, t h e  v o l u m e t r i c  f l o w  r a t e  o f  t h e  medium th rough t h e  b io reac-  

10 t o r  was 1.8 ml/min. I n  t h i s  graph, day 0  rep resen ts  t h e  t ime a t  which 

cont inuous ope ra t i on  o f  t h e  b i o r e a c t o r  was i n i t i a t e d .  From t h e  f i g u r e ,  

i t  can be seen t h a t  no e thano l  was de tec ted  d u r i n g  t h e  f i r s t  two days 

o f  opera t ion .  However, by day 3 a  smal l  bu t  s i g n i f i c a n t  amount o f  e thanol  

was found and t h e  concen t ra t i on  o f  e thanol  i n  t h e  e f f l u e n t  stream 

15 i ncreased dramat i c a l  l y  t h e r e a f t e r .  The r e s i d u a l  g l  ucose p r o f  il es (da ta  

n o t  g i ven )  d u r i n g  t h e  courses o f  t h e  exper iments were as expected 

( i .e. ,  no g lucose removal was de tec ted  d u r i n g  t h e  f i r s t  two days o f  

opera t ion .  but  t h e  r e s i d u a l  g lucose l e v e l s  f e l l  o f f  r a p i d l y  du r i ng  t h e  

remainder o f  t h e  exper iment) .  The r a p i d  inc rease  i n  e thanol  con- 

20 c e n t r a t i o n s  observed a f t e r  day 3 was accompanied by a  dramat ic  i nc rease  

i n  t h e  amount o f  f l o c c u l e n t  biomass observed i n  t h e  b i o r e a c t o r .  The 

p r o d u c t i v i t i e s  ( i n  grams ethanol  p r o d u c e d / l i t e r s  o f  r e a c t o r  volume 

hour)  c a l c u l a t e d  f rom t h e  ethanol  l e v e l s  observed on day 6 a r e  g i ven  

i n  t h e  f o l l o w i n g  t a b l e .  



REACTOR PRODUCTIVITIES OF M E  
FLOCCULENT BIOREACTOR ILLUSTRATED I N  FIG. 1 

Grams glucose F l  ow Rate X Ethanol P r o d u c t i v i t y  
per 100 m l  H20 (~n l /m in)  . ( E f f l u e n t )  (9/  2 h r )  

5 10.0 0.66 132 .O 

10 1.8 2.96 79.9 

10 10.0 0.80 120 .O 

The p r o d u c t i v i  t i e s  obta ined.  a t  a  f l ow  r a t e  o f  1.8 ml/min were 70'.8 

10 and 79.9, r e s p e c t i v e l y ,  f o r  the  5.0 grams glucose per 100 m l  Hz0 and 

the  10.0 grams glucose per l n 0  m l  Hz0 feeds. The values f o r  r e a c t o r  

volume used i n  these p r o d u c t i v i t y  c a l c u l a t i o n s  were those de f ined  by 

t h e  geometric boundary o f  the expanded bed (0.03 and 0.04a f o r  t h e  5.0 

gram and 10.0 gram glucose concent ra t ion  cases, r e s p e c t i v e l y ) .  It was 

15 shown t h a t  no measurable change i n  ethanol concen t ra t i on  occurred be- 

tween the  top  o f  the expanded bed and the r e a c t o r  vessel l i q u i d  o u t l e t  

po r t .  

Reactor ope ra t i on  a t  a  f l o w  r a t e  o f  1.8 ml/min was n o t  cont inued 

pas t  day 6 due t o  problems a r i s i n g  from cont inued m i c r o b i a l  growth. 

20 That i s ,  as r a p i d  accumulation o f  dense f l o c c u l e n t  biomass occurred, a 

f l o w  r a t e  o f  1.8 ml/min was unable t o  ma in ta in  t h e  bed i n  an "expanded" 

s ta te .  Medium channel i ng and gas (C02) bubble accumul a t i o n  occurred 

w i t h  i n t e r m i t t e n t  t u r b u l e n t  d i  s r u p t i o n  o f  the  bed by the  disengagement 

o f  l a r g e  gas bubbles. Th is  problem was a l l e v i a t e d  by i nc reas ing  ' t h e  

25 vo lumet r ic  f l o w  r a t e  t o  10.0 'ml/min. The 5.6- fo ld inc rease i n  f l o w  

r a t e  o n l y  resu i  t ed  i n  a 3.0- fo ld and 3.7-Fold deerease i n  t h c  con- 

c e n t r a t i o n  o f .  ethanol i n  the  e f f l u e n t  stream when the  column was fed 



5;0 and 10.0(m glucose, respect ive ly .  As shown i n  the  above tab le ,  t he  

, . 
' 

increase i n  f l ow  r a t e  ' thus l e d  t o  an increase i n  r e a c t o r  p r o d u c t i v i t y  

t o  132.0 g l  a h r  and 120.0 g l  a h r  f o r  the reac to rs  being fed the 

described 5.0 grams and 10.0 grams glucose per 100 ml H20, respec t i ve l y .  

5 EXAMPLE I1  

F ig .  3 i l l u s t r a t e s  a preferred apparatus fo ' r  use i n  producing 

ethanol w i t h  the  f loc - fo rming - Z. mobi l  i s  "f" NRRL 6-12526 discovered by 

appl i can ts .  The apparatus comprises a tubu la r  column 22 which i n  the  

drawing i s  i n c l i n e d  a t  an angle o f  approximately 45' r e l a t i v e  t o  a 

10 ho r i zon ta l  plane. However, t e s t s  have shown t h a t  the  gas-vent i  ng 

advantage a t ta ined  by use o f  column 22 (which w i l l  be f u r t h e r  described 

h e r e i n a f t e r )  i s  no t  1 im i ted  t o  a placement o f  the column a t  45' r e l a -  

t i v e  t o  a ho r i zon ta l  plane. I n  f a c t ,  i t  has been found t h a t  t he  column 

can be used e f f e c t i v e l y  i n  near -hor izonta l  and nea r -ve r t i ca l  p o s i t i o n s  

15  as we l l  as i n  pos i t i ons  therebetween. Feed i s  in t roduced i n t o  column 

22 through a condui t  24 a t  i t s  lower end and e f f l u e n t  i s  discharged 

from the  column through a condu i t  26 a t  i t s  upper end. F i xed l y  

at tached t o  the column and spaced apar t  along one s ide  the reo f  are a 

number o f  condui ts  28, these condu i ts  communicating w i t h  the  i n t e r i o r  

20 of t hc  column through ape r t~ r res  i n  the w a l l  o f  t he  column. Sampl i ng 

condu i ts -  30 a re  l i k e w i s e  attached t o  the column and spaced apa r t  along 

t h e  s ide  thereof  opposi te the vent  condui ts .  Flow through sampling 

condu i ts  30 i s  c o n t r o l l e d  by spr ing  clamps 32 mounted on r e s i l i e n t  

tubes 34 attached t o  the conduits.  Extension tubes 36 connected t o  

25 vent condu i ts  28 p r o j e c t  upward t o  a l e v e l  even w i t h  o r  above the upper 

end o f  column 22. I n  c la ims appended hereto, condu i ts  28 and the 



extens i o n  tubes 36 assoc ia ted  t h e r e w i t h  a r e  r e f e r r e d  t o  as gas-vent i ng 

condu i ts .  . A f i l t e r  38 (e.g., a  wad o f  c o t t o n )  i.s pos i t i oned  i n  t h e  

upper end o f '  each ex tens ion  tube  36 t o  m a i n t a i n  t h e  s t e r i l i t y  o f  column 

22. The above-descr ibed column was i n i t i a l l y  f i l  l e d  w i t h  app rox ima te l y ,  

5  50 ml o f  a s t e r i l e  s o l u t i o n  c o n t a i n i n g  10 grams o f  g lucose and 0.5 gram 

o f  yeas t  e x t r a c t  per  100 ml o f  water.  A c u l t u r e  o f  t h e  f l o c - f o r m i n g  

s t r a i n  o f  - Z. m o b i l i s  " f"  NRRL B-12526 d iscovered  by t h e  a p p l i c a n t s  i n  

, t h e  exper iment descr ibed  i n  Example I was prepared by a l l o w i n g  a  por-  

t i o n  o f  t he  s t r a i n  t o  grow f o r  24 hours i n  100 ml o f  t h e  same 10 grams 

10 g lucose - 0.5 gm yeas t  e x t r a c t  per  100 ml Hz0 s o l u t i o n ,  t h e  s o l u t i o n  

be ing  ma in ta ined  a t  30°C d u r i n g  t h e  growth per iod .  The r e a c t o r  

i l l u s t r a t e d  i n  F ig .  3  was then i nnocu la ted  w i t h  20 m l  o f  t h e  a f o r e s a i d  

. 24 hour  i n c u b a t i o n  c u l t u r e .  A f t e r  24 hours, a  s i g n i f i c a n t  m i c r o b i a l  

f i l m  was found l o o s e l y  a t tached t o  t h e  w a l l  o f  t h e  reac to r .  Then a  

15 s o l u t i o n  c o n t a i n i n g  10 grams o f  g lucose and 0.5 gram o f  yeas t  e x t r a c t  

per  100 ml Hz0 was pumped through t h e  r e a c t o r  a t  a  f l o w  r a t e  o f  2.0 

m l l m i n  by means o f  a  p e r i s t a l t i c  pump. A f t e r  4 hours, a  sample o f  t h e  

e f f l u e n t  f rom t h e  r e a c t o r  was taken  and t h e  ethanol  concen t ra t i on  

t h e r e i n  was determined. The ethanol  c o n c e n t r a t i o n  i n  t h e  e f f l u e n t  was 

20 subsequent ly determined a t  d a i l y  i n t e r v a l s .  The t r e n d  i n  e thanol  pro- 

d u c t i o n  over  t h e  ten-day pe r i od  i s  shown i n  F ig .  4. Dur ing  t h e  course 

o f  t h e  run,  t h e  g lucose  concen t ra t i on  was increased t o  17 grams per  100 ml 

o f  water. I t  can be seen t h a t  t h e  ethanol  c o n c e n t r a t i o n  increased 

r a p i d l y  d u r i n g  t h e  f i r s t  f i v e  days o f  r e a c t o r  o p e r a t i o n  and sub- 

25 sequent l y  l e v e l e d  o f f  a t  an average va lue  o f  5.2%. Th i s  corresponds t o  

: a v o l u m e t r i c  p r o d u c t i v i t y  o f  125 grams o f  e thanol  per  r e a c t o r  volume 

( i n  1  i t e r s )  per  hour. 



Dur ing  t h e  f i r s t  24 hours o f  r e a c t o r  opera t ion ,  t h e  f i l m  o f  - Z. 

m o b i l i s  " f "  NRRL R-12526 which was found l o o s e l y  a t tached  t o  t h e  w a l l s  

o f  t h e  r e a c t o r  f e l l  away i n  l a r g e ,  l oose  clumps and s e t t l e d  t o  t h e  bo t -  

tom of t he  r e a c t o r .  W i t h i n  t h e  f i r s t  2-3 days o f  opera t ion ,  t he  clumps 

5  began t o  b reak 'up  and form sma l l e r  and more t i g h t l y  packed f l o c  

p a r t i c l e s .  The reason f o r  t h e  f i l m  breakup i s  no t  c l e a r ,  bu t  probably  

i s  t h e  r e s u l t  o f  t h e  combined e f f e c t s  o f  con t inued  c e l l  growth and t h e  

assoc ia ted  l i b e r a t i o n  o f  l a r g e  amounts o f  C02. Upon cont inued r e a c t o r  

opera t  ion ,  t h e  t o t a l  amount o f  f l o c c u l e n t  biomass increased r a p i d l y  and 

10 reached a  maximum volume o f  approx imate ly  50 ml on day 5. Th i s  amount 

o f  biomass f i l l e d  t h e  r e a c t o r  t o  j u s t  above t h e  second gas vent and d i d  

n o t  appear t o  inc rease  pas t  50 ml f o r  t h e  d u r a t i o n  o f  t he  exper imenta l  

run. 

The combinat ion o f  t h e  f l o c - f o r m i n g  s t r a i n  o f  - Z. m o b i l i s  " f "  NRRL 

15 B-12526 b a c t e r i a  w i t h  t h e  gas ven t i ng  r e a c t o r  22 i l l u s t r a t e d  i n  F ig .  3 

p rov ides  a  l e s s  cumbersome and more e f f i c i e n t  process f o r  cont inuous 

ethanol  p roduc t ion  t h a n  p r i o r  a r t  processes. The use of t h e  gas 

v e n t i n g  b i o r e a c t o r  22 w i t h  t h e  f l o c - f o r m i n g  - Z. m o b i l i s  prevents  t h e  

d i s r u p t i o n  n f  t h e  p l ug  f l o w  na tu re  o f  t h e  r e a c t o r  system by conduct ing 

20 t h e  C02 generated d u r i n g  ethanol  f e rmen ta t i on  away from t h e  r e a c t i o n  

zone near  t h e  p o i n t  o f  o r i g i n  o f  t h e  gas i ns tead  o f  a l l o w i n g  i t  t o  t r a -  

ve rse  t h e  l e n g t h  o f  t he  column. Maintenance o f  t h e  p l ug  f l o w  na tu re  

r e s t r i c t s  t h e  reg ion  o f  h igh  ethanol  c o n c e n t r a t i o n  t o  a  small zone near  

t h e  e x i t  o f  t h e  reac to r .  The lower  e thanol  c o n c e n t r a t i o r ~ s  throughout  

25 t h e  i n l e t  and mid reg ions  o f  t h e  r e a c t o r  a r e  l e s s  i n h i b i t o r y  t o  t h e  I .  

m o b i l i s  " f "  NRRL B-12526; hence ethanol  i s .  produced a t  h i g h e r  r a t e s  

which leads  t o  an overal.1 more e f f i c i e n t .  r e a c t o r  system. 



The a p p l i c a n t s  a re  no t  aware o f  any p r i o r  pub1 i c a t i o n  o r  o t h e r  

d i s c l o s u r e  concern ing a  s t r a i n  o f  2. m o b i l i s  b a c t e r i a  which f l o c c u l a t e s  

i n  a  con t i nuous l y  f l o w i n g  stream c o n t a i n i n g  sugar, and t h e  - Z. mobi l  i s  

s t r a i n  ATCC No. 10988 ob ta ined  f rom t h e  American Type C u l t u r e  

5 C o l l e c t i o n  d i d  no t  f l o c c u l a t e  d u r i n g  t h e  i n i t i a l  exper iments made by 

t h e  a p p l i c a n t s  w i t h  t h e  same t ype  o f  sugar -con ta in ing  feeds and r e a c t o r  

f l o w  c o n d i t i o n s  d i sc l osed  here in .  However, i t i s  w e l l  known t h a t  muta- 

t i o n s  occur  i n  b a c t e r i a  e i t h e r  n a t u r a l l y  o r  as a  r e s u l t  o f  some 

env i ronmenta l  i n f l  uence exer ted  thereon. 



CONTINUOUS PRODUCTION OF ETHANOL BY USE OF 
FLOCCULENT ZYMOFlONAS M O B I L I S  

Ethanol i s  produced by means o f  a  f l oc - fo rm ing  s t r a i n  o f  Zymornonas 

rnob i l i s  bac te r i a .  Gas i s  v ~ n t . ~ d  along the  l e n q t h  o f  a column con- 

5 t a i n i n g  t h e  f l o c c u l e n t  b a c t e r i a  t o  preclude d i s r u p t i o n  o f  l i q u i d  f low. 
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