nnRusRTaanARA Az lunmsusunimdinued lmudianues
oo ol -
nursuuAsdisuULsaITUReY

UNETT AR InTaIA

’mmﬁﬁuﬁnﬂuﬁqwﬂqﬁqmﬁnmmuuﬁ'nand?rumﬁmnmmmmmﬁm-ﬁn
nA I AINTTIAT
Tiufindnends aiaInTalmInende
. A. 2537
ISBN 974-583-728-8

£ - - -
frfnFreniuTindinendy  eisInTnBmInende



SOLVENT PRODUCTIVITY IMPROVEMENT IN ACETONE-BUTANOL
FERMENTATION BY TWO-STAGE CONTINUOUS SYSTEM

33
4 X
L
®

D3 'p[f Q|
g

»

) A

X a0

A E st

~
W3 =
h =0

< DAY B g (&

(o A% ) ¥y

™

—

AOUUINBUINT )
RN ITNINENAY

A Thesis Submitted in Partial Fulfilment of the Requirements
for the degree of Master of Engineering
Department of Chemical Engineering
Graduate School
Chulalongkorn University
1994
ISBN 974-583-728-8



Thesis Title Solvent Productivity Improvement in Acetone-Butanol

Fermentation by Two-Slage Continugus System

By Miss Satida Krailas
Department Chemical Engineering
Thesis Advisor Associate Professor Chirakarn Muangnapoh, Dr.Ing.

Muenduen  Phisalaphonge

Accepted by the Graduate School Chulalongkorn University in

Partial Fullfilment of the Requirements for the Masier's Degree.

TﬂM"" V{’,?M#ﬂ) Sovd . RREN Dean of the Graduate School

(Professor Thavorn Vajarabhaya, Ph.D.)

Thesis Commitiee

: Q'\-]p— ' {}-bL— !} .. Chairman

{Professor Piyasan Praseridham, Dr.ing.)

______ L. - Iﬂ'm T‘JV ... Thesis Adwisor
{

(Associate Professor Chirakarn Muangnapoh, Dr.ing.)

(Muenduen Phisalaphonge, M.Eng)



- T w wF e = « 11 | A - i -
WHHAUDTVUUYMAAOO INMETHWUR ST OS5 00arur u r v e 3o e e

atmy  lnsanm - nnANdRTusLARATYIAEANE  luntsusunamminued mudianues 1ae
ol A
TUUARLHEILLUUAEITIUADY (SOLVENT PRODUCTIVITY IMPROVEMENT IN ACETONE
-
_BUTANOL FERMENTATION BY TWO-STAGE CONTINUOUS SYSTEM.) f.fnm :
- - " £ - e f - - - v
1A, AT, SAud Weduaing . e fUTnendan - milaumau  Himenad, 111 wia.

ISBEN 974-58B3-728-8B

AneriinusiAnmninlzgnilduusedeiuuseduney  lunndudnuanindan
szalunszuaunimninuedlnu-dianiuen meamadgfunid Clostridium acetobutylicum ATCC
824 Tn11'H‘n11ﬂ=ﬂw1}'1mnnq‘[nn#m‘mﬁui’u s0_nfu/@ns Araandunsa-lus (pH) 4.8
wazgoungiluninein 3s5°,. s i gnsnaus e ssaUT it TN Tune Uil
UAT ARY (dilution rates) BIIALG.17 uAY 0.057 Aedaluam e Ry Wusamfmenzaslunig
uﬂ’nﬁﬁﬁnﬂnnnﬁnﬁqﬁwmmgaqnﬁ 0. 63 nhyAnrdalie Anhe 2% IearuuRadisTuRe WAl
TusnusAnonududurasiamssatgdly 1.7 i ﬂ'ﬂ'lﬁffmi‘nlun'nnﬁr'uuun ufimAuyiuannga
dlavszgnliszuunimnsesdady@undduuululaslswmeiu Ursnsududamindunaudines
wudrlddnrusudndaniagaieddu 3 7 un"'ﬂﬂqr::uun‘uLﬁﬂauuufunamﬂm upz 1lu 8.9
m'ﬁmrs‘uur:nLﬁ-a-auuuﬂﬂ%muﬁ‘lﬁﬂmmnmnﬁﬁw?ﬁ fennisiausasarnssialFanasdamin
Funouiiuils uss saavinfy 0.17 uas 0. 55 Aedali musAy Tusasiimduduresdiasans
IndiAsfuruuseiauysasiunsud biinmemegRund Auiuruudedesusssiunauizney

- -~ L i J q' - ~r -
furuunimnreassdqaund duuululaiamriu Salluruuivnzadluninindnruauiafaiacay

- = &y m -
mpdyr. Afanmmuell o uiledenan....... 2. ol l‘yr

AN "‘"'-’1“““1-"” awunwummmr Snw.. C

g ;4'::_. o

s Eﬂm L awilos oo i mm' 7} DR v Lo



¥ C416511:MAJIOR CHEMICAL ENGINEERING DEPARTMENT
KEY WORD: SOLVENT PRODUCTIVITY / ACETONE-BUTANOL FERMENTATION / TWO-STAGE

CONTINUOUS

SATIDA KRAILAS : SOLVENT PRODUCTIVITY IMPROVEMENT IN ACETONE-
BUTANOL FERMENTATION BY TWO-STAGE CONTINUOUS SYSTEM. THESIS
ADVISOR : CHIRAKARN MUANGNAPOH, Dr.Ing., THESIS CO-ADVISOR :

MUENDUEN PHISALAPHONGE, M.Eng. 111 pp. ISBN 974-583-728-8

Two-stage continucus system was applied to improve solvent
productivity in acetone-butanol fermentation of Clostridium acetobutvlicum
ATCC 824. In this system, the medium coneentration, pH, and temperature were
kept constant at S0 g/l glucose, 4.8, and 35°C, respectively. The optimum
dilution rates of 0.17.hr ' dn the first stage and 0.057 hr* in the second
stage were obtained from the experiment. The maximum solvent productivity
was 0.63 g/l-hr, which was 42% of that cbtained from the single-stage continuous
system, while the aoLvEntscqnqenuxatinn was increased by 1.7 times, which was
more suitable for separation. By coupling this system with microfiltration
in the second stage, the Solvent productivity was increased to 3.7 times
that of the single-stage continucus system, or 8.9 times that of the two-

i stage continuous system without micrafiit;atinn. The optimum dilution rates
for the first stage and the second stage were 0.17 hr'* and 0.55 hrt,
raspectively, and the solvent concentration was close to that of the two-stage
continuous system without microfiltration. Then the most suitable system,
which was applied to& improve solvent productivity, 'was the two-stage system

coupling with micreofiltation.
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CHAPTER |

INTRODUCTION

Butanol has been produced by both fermentation processes and petrochemical
processes. With the advent of petrochemical processes and low cost petrochemical
feedstocks, the acetone-butanol fermentation process became economically unattractive.
However, in the future, the increased cost of petrochemical feedstocks and the desire to
produce a methanol cosolvent for gascline due to the energy shortage crisis have stimulated
the investigation for the improvement of acetone-butanol fermentation.

Butanol is used not only as a reactant and a solvent in many industries but also as a
fuel in mixture with either petrol or diesel. It also has a potential use as a cosolvent in
Methanol/Petrol mixture (1,2) to prevent phase separation at low temperature. The
advantages of butanol over methanol as a liquid fuel extender are its low vapor pressure, its
low miscibility with water and its complete miscibility with diesel even at low temperature
(Table 1.1).

The old fermentation processes were batch processes with low productivity and
solvent concentration because of an end product inhibitory effect and a long fermentation
time. However, the solvent productivity can be increased by using a single-stage continuous
culture; but its disadvantages are that the dilution rate limits the specific growth rate and that
butanol still inhibit solvent productivity for it has not yet been separated from the broth.

There are two techniques used to overcome these disadvantages. One is to use a
cell recycling in order to increase cell concentration in the fermenter. Therefore, the dilution
rate does not limit the specific growth rate. Another is to use a two-stage system in order to
separate acidogenic and solventogenic phases from each other to prevent butanol inhibitory

effect. Since only cells in the second stage are exposed to the high solvent concentration, the



two-stage process can be expected to increase the longevity of the continuous process at
high solvent productivity as a result of the continuous feeding of fresh cells to the second
stage.
The objective of this work :

The principal aim of the study was to determine the optimum condition for producing

solvent in acetone-butancl fermentation by using the two-stage continuous system.

The scope of this work :

1. Setting up the experimental apparatus.

2. Determining the optimum operating condition of the two-stage continuous system.

3. Comparing the solvent productivity of the two-stage continuous to those of the
single-stage continuous and the batch systems.

4. Comparing the solvent productivity of the two-stage system with cell recycling to
that of the two-stage without cell recycling at the same condition.

5. Comparing the solvent productivity of the two-stage continuous system to those of

other systems.




TABLE 1.1 Characteristics of chemically pure fuels.*

Fuel Molecular | Specific Boiling | Wapor pressure | Combustion | Latent heat Solubility Stoichiometic
weigth gravity | point at.37.7C energy (kJikg) | (parts in 100 | - air fuel ratio
[ C) [psil {kdikg) parts water)

Meathanol 32 0.79 65 4.60 23864.80 1170.00 imfinite 6.5
Ethamnol 46 0.79 78 2.20 J0610.60 921.10 infinite 9
Butanol 74 0.81 17 0.30 36681.00 432.60 2 11.2
Qctane 114 0.70 210 1.72 4826450 360.50 insoluble 15.2

Hexadecane 240 0.79 287 3.46 47264.30 - insoluble 15

* Data from Comprehensive Bictechnol, 3 (1985) : 915-931.




CHAPTER I

LITERATURE REVIEW

2.1 Acetone- butanol Fermentation

2.1.1 The Fermentation Process

In an industrial acetone-butanol fermentation, butanol, acetone and ethanol are
produced by selective bacterial fermentation (Table 2.1) of carbohydrate-containing materials
(Table 2.2, 2.3). It is necessary to give the raw material some kind of preliminary treatment.
When corn is used as the source of carbohydrate, the germ (24 % oil) is removed and sold as
coproduct, and karnels are ground to a coarse meal. The ground meal is diluted with water to
a sugar concentration of 6 to 8 percent approximately, sterilised, cooled to 30°C and pumped
to a fermenter where it is inoculated with a culture of bacteria (Clostridium acetobutylicum )
and allowed to ferment for 48 to 72 hours at 37°C (Table 2.4 ). Protein nutrients and an
alkaline buffer to control the pH are also added to improve yields. It is essential to sterilise all
the fermenters, pipes, pipe connections and equipments where grain or butanol organisms
may come into contact, since contamination in this fermentation is usually a very serious
matter that may cause considerable losses.

After fermentation is completed, the completely fermented medium is generally
termed "beer". The beer may contain 1.7 to 2.4% mixed solvent, depending on the initial
carbohydrate concentration and on temperature and culture used. The ratio of acetone,
butanol and ethanol will also be varied. The beer may be temporarily stored in a large holding
vessel prior to distillation. The beer is first run through a beer still which strips off the solvent.
When a 50% solvent mixture is stripped overhead, distiller slop is removed as bottoms. This
slop is dried and sold as a high protein meal coproduct. It is a source of riboflavin and other
components of the vitamin B complex to be used as animal feed. Another by-product is a

mixture of carbondioxide and hydrogen evolved during the fermentation.



The mixed-solvent vapor from the beer column are then separated by a batch
fractionating column from which three fractions ( acetone, ethanol and butanol ) are removed
overhead, leaving water as bottoms. The acetone and ethanol fraction, containing about 15%
water , is led to a column from which vapors containing 70% butanol and 30% water are
removed overhead. On condensation, two layers are formed. The top layer { 80% butanol
and 20% water ) is returned to the butanol column | and the bottomn layer ( 4% butanol and
90% water ) is returned to the beer column.

The yield of mixed solvents is approximately 30% by weight base on the sugar
content. Solvent yield ratio are 60-65% butanol, 30-35% acetone and 5-10% ethanol by
weight, Figure 2.1 and 2.2 are the flow diagram of acetone-butancl fermentation. The
biochemical pathway and scheme for the butylalcohol fermentation are shown in Figure 2.3

and 2.4, respectively.
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TABLE 2.1 Microonganisms which can produce butanol by fermentation.*

U.S. patent | Name of bacteria Substrate Sobvent ratios (%)
na. - Butanol | Ethanol | Acetone Isopropancd
1,725,083 Badilus saccharcbubyllicum-betz frverted motasses and CaCO, 75 - 3 35
1,908_361 Ci. sacchanobutylicum-gamma Béacksirap molasses and CaCl, 65-80 - 18-34 1-2
1,822 921 CL sacharobutyl-acetonicum Blackstrap mokas=es, com gluten and (NH )2 50, 54 - 36 -
2,017,572 Cl. viscifaciens inverted molasses and CaCO, 66 - 3 |
2,050,219 Cl. saccharoacetobutylicum-beta and gamma | Cane mofasses and degraded 88713 1-3 25-32 -
protien such as amenonia, sbeep wates or distillery slop
2063 444 Cl. propyl butyficum Inverted molasses, NH, and CaCO, 5570 - 447 14-28
(mixture isopropyl
and ethyl)
2073125 Cl. invertoacetobutylicum Lowisianna molasses (inverted) and ammonium salt 65-T0 23 73 -
or alkafes
2 0&9, 522 Cl. saccharcacetobutylicum Louisianna mofasses {NH_ 1250, and CaC0, 68-T3 1-3 %-32 -
2,132,038 | CL propyl butylicum-alpha Inverted molasses, (NH,)1250,, CaC0,, K,HPO, 6570 - 5-10 16-26
and MgSO,
2,139,108 Cisacchambutyl-acetonicum-fquefaciens- Blackstrap molasses, (NH, 250, CaCO, and P, 0y 58-74 246 24-36 -
gamma and deta '
2,138,111 | Clsaccharcbutyl-acetonicum-iquefaciens- Cuban molasses, (NH,}280,, CaCO, and P,0, 60-69 345 26-35 -
gamma and deka
2,147 48T B. butacone - Blacksirap moiasses and animal and wegetable protein 65 28 -
2,169,246 Cl. cefesifactor Inverted molasses, ammonia and CaCOy 60 2 38 -
2,195,629 Cl. granulobacter acetobutyficum Moiasses, com gluten, ammonium sakt and CaCo, 60-75 1-10 25-30 -
2,219 425 Cl. saccharabutyl-isopropyl-acetonicum-beta . | Cane and beet molasses,(NH, 1250, and CaCO, 60-85 - 15-40 014
2,308,837 Cl. esdisonii Cuban blackstrap, (NH, 250, CaCo, and NH,OH T5-T6 45 17-20 -
2,420,598 Cl. amylosacchambutyl-propylicum Invested molasses, (NH 250, CaCO, and P,0, 65-T2 Trace 24 26-32
or NH,OH and PO,
2430, Cl. saccharcacetopesbutylicum Invertad molasses, (NH, 250, CaCO, and PO, 60-78 2.7 18-25 -
or NH,OH and P, 0y

* Data from Microbiol Technology, 1 (1979) : 187-208.




TABLE 22 Raw malerial which can be used as carbon source in acetone-butanol fermentation.*

Riaw Microorganism Fermentation % Production total solvent Solvent (g/l)
material time [hr) yield g Butanol Acetone Ethanol
Whey Cl. acetobutylicum 39 42 9.5 7 2.5 -
P262
Corn starch Cl. acetobutylicum 72 26.7 13.3 7.2 4.3 1.8
Mo.105
Maolass Cl. acetobutylicum 30-36 ‘ 31-32 16.18 At At At
P262
Tapioca Crostridium 25-30 29,22 14.03 9.82 3.95 0.25
Starch MNo. 8P-2
Tapioca Cl. butylicum 68.5 27.83 14.63 9.51 4.86 0.26
Starch MRRL B592

A* = no reported data

* Data from Master's Thesis "Production of Acetone-butanol from.  enzyme

hydrolysate of water hyacinth®, Graduate School, Chulalongkorn University, (1989)




TABLE 2.3 Sugars which can be used as carbon source in acetone-butanol fermentation.*

Substrate Microorganism Fermentation % Production total solvent Solvent (g/)
time (hr) yieid (g Butanol Acetone Ethanol
Glucose Cl. acetobutylicum 95 32 20.8 15 4.5 1.3
ATCC 824
Glucose Cl. butylicum 110 28.2 14.1 o A A#
MRAL B592
Glucose Cl. acetobutylicum 58 32 12.7 9 3.4 0.3
P262
Kylose Cl.acetobutylicum 144 28 14.1 8.9 3.9 1.3
ATCC 824
Arabinose iCl.acetobutylicum 99 29 16.5 10.5 4.5 1.5
ATCC 824
Lactose Cl. acetobutylicum 96 38 9.5 6.7 2.6 0.2
P 262
Galactose Cl. acetobutylicum 42 31 10 7.1 2.7 0.2
P262

A® = no reported data

* Data from Masters Thesis "Production of Acetone-butanol from enzyme

hydrolysate of water hyacinth®, Graduate School, Chulalongkom University, (1989)




2.1.2 Culture Methods

The continued transfer of a seed culture in the usual media results in the culture
becoming sluggish, with corresponding decreased yield of solvents.

It has been shown that the most prodigious producers of solvents are in general the
most heat resistant. " Heat Shocking " is @ method wherein the vegetative cells and the
weaker spores of a culture are destroyed. By subjecting a culture of the organism, in which
the development of spore has been favored, lo a temperature of 100°C for 1 to 2 minutes,
heat shocking is effected.

The treatment bears a direct relation to the temperature employed, the size and
nature of the tube containing the seed culture and the characteristics of medium. If one is to
use a thin-walled wafer tubing and a very small amount of the culture, it is obvious that neither
the time of shocking nor the temperature should be excessive , since even the resistant
spores may be destroyed.

Alternate heat shocking and successive subculturing are commeonly used to activate a
culture. The medium containing the seed culture is allowed to stand at room temperature for a
few days to encourage sporulation. New medium is inoculated from the spore-containing
culture and heat shocked. The surviving spores are permitted to germinate under favorable
conditions and subcultures are made successively at daily intervals for 4 to 7 days. At the end
of this, the cullure is again permitted to stand at room temperature to encourage spore
formation. The cycle is then repeated heat-treatment, repeated subculturing, rest. for

sporulation, heat shocking; and so on.

2.1.3 Optimum Conditions for Fermentation

Temperature - The most favorable temperature range is 37°C to 42°C. Since the
neutral solvents, especially acetone, are volatile at these temperatures it is necessary to take

precautions to avoid losses during the fermentation process.
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Oxygen Relationship - Since the organism best suited to the production of acetone
and butanol are anaerobic in nature, the highest yields will be obtained when anarobiosis is
maintained.

pH - Growth may be obtained in corn mashes between a pH of 4.7 and 8 by the
butanol organisms, but there is a low production of solvent at both of the extremes. The pH

range of 5 to 7 is satisfactory in most cases.

Butanol - Butanel! is used primary in the manufacturing of lacquers which are utilized
on automobiles, rayon, detergent, brake fiuids, amine for gasoline additive. It is also used as
a solvent for fats, waxes, resins, rubber, plastics, shellac and varnish. Large quantities of
butanol and its derivatives are used in other industrial processes.

Acetone - Acetone is used mostly as a solvent for fats, oils, waxes, resins, rubber
plastics, lacquers, vamishes. Maoreover, it is used in the manufacturing of artificial silk and
leather, photographic film, airplane dopes, rubber cement and other products.

Ethanol - Ethanol is used in pharmaceuticals industrials and is also used for chemical
material synthesis such as ether or chloroform.

Gases - The gases , consisting of 60% CO, and 40% H, , have been used for
synthesizing both methanol and ammonia. When the two gases are separated, the hydrogen
can be used in chemical synthesis as burned for energy or used as an industrial chemical and
the carbondioxide is often converted to dry ice,

Solid Residues - The acetone-butanol fermentation produces a beer which contain
riboflavin, B complex vitamins, protein and certain unknown growth factors in relatively large
concentrations. After drying, the solid residues are being used as a vitamin supplement for
feed stuffs.

The mass balance of fermentation material is shown in Table 2.4, 2.5 and the Figure

24.
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FIGURE 2.1 Process for n-butanol production fermentation.*

* Data from Biotechnol. Progress, 2 (March, 1986) : 23-28.
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FIGURE 2.2 Biochemical pathway for conversion of sugar into organic solvents by CL

acetobutylicum.

* Data from Biotechnol. Progress, 3 (September, 1987) : 156-157.
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FIGURE 2.3 The scheme for the butanol fermentation.*

* Data from The Chemical Activities of Microorganisms, (1931).
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TABLE 2.4 Mass balance of fermentation.

Component % of Fermented Sugar
Carbondioxide 57
Hydrogen 2
ABE 32
Biomass 6
Acetic and Butyric acid
other metabolism 1

TABLE 2.5 Solvent ratio.

% n-Butanol % Acetone % Ethanol

60-65 30-35 5-10
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FIGURE 2.4 Glucose balance of acetone-butanol fermentation.*

* Data from Encyclopedia of Chemical Processing and Design.
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2.1.5 The Petrochemical Processes

In the United States, 70% of butanol is made by the oxoprocess. The oxo or
hydroformylation process has been developed into a 3 MMUYy industry. Most of the aldehydes
produced are either reduced to alcohols directly or subjected to alcohol condensation prior to
hydrogenation. A limited amount of aldehyde is oxidized to the corresponding acid.
Propylene is the highest volume feedstock for oxo plant.

The overall reaction is

CH,
2CH4CH=CHy+2CO + 4H, —-> CHE-CHz-t!:Hz-CHZGH + CH4-CHCH,0H

Besides normal and isobutylaldehydes, varying amounts of normal and isobutyl
alcohols, propane and heavy ends are produced in two major reaction steps. In the first step,
the olefin are reacted with hydrogen and carbonmonoxide using cobalt carbonyls as catalyst
to yield. In the second step, the oxo-products, largely aldehydes are hydrogenated using
supported metallic cobalt as catalyst. The hydrogenated product is caustic mashed to remove

organic acid and formats. The crude alcohols are purified in a two tower fractionation system.

The process is shown in Figure 2.5,

2.2 Development of Acetone-butanol Fermentation Processes

2.2.1_Single-stage Continuous Fermentation

M. Fick, P. Pierrot and J. M. Engasser ( 1985 ) obtained a solvent productivity of 0.75
g/l-hr with an end concentration of 13 @/l solvent from @ continuous_culture of ATCC 824
(Clostridium acetobutylicum) on a complex medium containing 40 gfl glucose. This process
was maintained for 2 months, at an optimum dilution rate of 0.06 hr!. For batch culture,
butanol toxicity limits high product concentration and volumetric productivities. However, the
continuous culture is usually limited by high concentration of butanol which has a strong toxic

effect and inhibits cell growth.
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2.2.2 Immobilization

M.Chirakam and G.Goma (1984) reported a solvent productivity of 0.75 gfl-hr in a
two-stage continuous process when an immobilization technique is used in the second stage
fermenter. Spore and vegetative cells of Cl_acetobutylicum were immobilized in pored-
valcano rock.

Ch.Frick and K.Schugerl (1986) studied a two-stage continuous fermentation with and
without immobilized ATCC B824 in calcium algenate gel of the second fermenter for
comparison between the two systems. The systems without immobilization obtained a solvent
productivity of 1.93 gfl-hr with an end concentration of 15.4 g/l solvent while the systems with
immaobilization obtained a solvent productivity of 4.02 g/l-hr

The single-stage continuous process of butanol has been reported from immobilized
Clostridium acetobutylicum ( L.Haggtrom and N.Malin, 1980) in calcium algenate gel. These
yields a solvent productivity of 0.48 - 0.64 g/l-hr. However, since butanol toxicity rapidly
reduced cell activity within the immobilization matrix, extensive investigation will be required to

establish economical working condition for such a process.

2.2.3 Microfiltration

The application-of microfiltration (MF) to fermentation processes has been studied to
improve productivity in acetone-butanol fermentation. Conlinuous ethanol fermentation, using
crossflow microfiltration (CFM) to recycle cell back to the fermenter, has been reported to
increase the biomass per unit volume, facilitate an increase in productivity. In MF and CFM,
fermentation broth flows tangentially across the membrane surface with cell-free liquid
permeating through the membrane. Accumulated cells are swept away from the membrane
surface using a high recirculation flow rate. Concentration cells and a portion of the cell-free
liquid stream are returned to the fermenter.

G.Albert and L.1.Engene (1986) studied butanol separation from acetone in broth by

using microfiltation technique. This experiment was very satisfactory.
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M.Minier, E.Feras, G.Goma and P.Soucallce (1986) improved productivity in acetone-
butanol fermentation by coupling continuous fermentation with microfiltration. The membrane
was a carbon tube with a microfiltering ceramic coat inside. With total recycle of biomass, a
dry weight concentration of 125 g/l was obtained, which enchanced a solvent productivity of
4.5 g/l-hr at dilution rate of 0.33 hrl,

D.Schlote and G.Gottschalk (1986) improved a productivity of acetone-butanal
fermentation by using celluloselriacetate membrane lo separate and recycle cells in a
continuous fermentation of Clostaidium acetobutylicum ATCC 824 under phosphate limitation
(0.74x103 molar) at dilution rate of 040 hr'. A solvent productivity of 4.1 g/l-hr was
maintained for three months.

M.Fick, P.Pierrot and J. M.Engasser (1986) used a microfiltration which was coupled
by continuous fermenter at dilution rate of 0.50 hr!, a biomass concentration of 20 g/l, a
solvent productivity of 6.5 gll-hr and an end concentration of 13 g/l solvent.

P.Muenduen (1989) studied application of microfiltration for improved productivity in
continuous acetone-butanol fermentation. A multitubular ceramic microfilter was used to
separate and recycle celis-of Clacetrobutylicum ATCC -824: _With total recycle of biomass, a
dry weight concentration of 80 g/l and a solvent productivity of 6.06 gfl-hr were obtained at
dilution rate of 0.55 hr' on a complex medium containing 42.4 g/l glucose.

However, {hie ‘microfiltration techfiigue is failure bacause of blockage of membrane

when operation carried out for a long time.

2.2.4 Two-stage Continuous Fermentation

H.Bahl, W.Andersh and G.Gottschalk (1982) studied two-stage continuous acetone-

butanol fermentation under phosphate limitation (0.74x10-3 molar) and found the optimum

condition to be dilution rate of 0.125 hr! at temperature of 37 °C in the first stage and dilution
rate of 0.04 hr' at temperature of 33 °C in the second stage with an overall concentration of

16.87 g/l solvent.
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C.Godin and J.M. Engasser (1988,1989,1990) used 2 litres fermenter as the first
stage coupling with 6 litres fermenter as the second stage. The first stage was keptin a
suitable condition for cell growth and the second stage for solvent production with pH 4.5 for
both stages at dilution rate of 0.1 hr' and 0.04 hr! respectively. An overall solvent

productivity of 0.57 g/l-hr was obtained.
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FIGURE 2.5 Process of n-butanol production by hydroformulation of propylene.*

1. oxo reactor 7. mormal-butylaldehyde column
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* Data from Higher Oxo Alcohols.
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CHAPTER 1l

THEORY

The purpose of this chapter is to explain a general description of a mathematical analysis
of fermentation processes to be used as basis for interpretation of the experimental results. In
section 3.1, basic equations are given. In section 3.2, 3.3 and 3.4 important mathematical

equations of the system are given.

3.1 Basic Equations

The general material balance equations for growth, substrate utilization and product

formation can be written as follows;

Growth:
Cellmass = Cell + Cells - Cels - Cell
accumulation  growth in out death
dx /dt = uX+FXo!V-FXIV—rX (1)

Substrate Utilization;

Substrate = « Substrate + Substrate - Substrate - Maintenance - Product

accumulation consumed feed removal requirement  formation
dS/dt = -uX/Yys+ FS/V - FSIV - mX -vX/Yps (2)
Product Formation:
product =  Product + Product - Product + Product
accumulation  synthesis feed removal destruction
dP/dt = uvX + FPya/V-FP/V-KP (3)

In equations (1), (2) and (3), X denotes the cell mass, p the cell growth rate, F the feed

flow rate , X, the initial cell mass, V the volume, r the death rate, S the substrate
concentration, S, the initial substrate concentration, m the specific maintenance rate, v the

specific production rate, Y, the conversion yield of substrate to product, Y, the conversion
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yield of substrate to product, P the product concentration, P, the initial product concentration

and K the product destruction rate, respectively. The above equations are applicable for both

steady and unsteady state fermentation.

3.2 Batch Fermentation

For simplicity, it can be based an the following assumptions:

1. At the exponential growth phase,
T (4)

2. At the product formation phase,
v>=> Ko (5)

3. Atthe substrate consumption phase
MX<<puXiYys « VXIY=0 (6)
VX/Yps=0

Since for the batch process, the feed rate F=0, equation (1), (2) and (3) can be rearranged

with the help of assumptions (4), (5) and (6) to be in form

T = (1/X){dX./ dt) (7)
X1 Y= (11X)(dS/dl) = v, (8)
v = (1/X) (dP / dt) (9)

Where v, denotes the specific subsirate consumption rate, the production yield from
carbon source, Y5 , can be calculated from

\ #Re IRY (10)

3.3 Single-stage Continuous Fermentation (Figure 3.1)
In addition to the assumptions (4), (5) and (6], it can be assumed that
4. Substrate is free from strain at initial condition, i.e.,

X,=0 (11)

5. MNone of the product is fed to the first fermenter, i.e.,
o=0 {12)
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With assumption (4)-(6) and (11)-(12), equation (1) can be simplified as shown :

~FXIV + X = dX/dt (13)

For steady state, dX / dt = 0, equation (13) becomes

p=FIV (14)

Let D denotes the dilution rate defined by the ratio between the flow rate of the substrate

to the culture volume, i.e.,

D=FIV (15)

At steady state, it can be seen that the specific growth rate is exactly equal to the dilution

rate.

From equation (2), using assumption (4) - (6) and (11) - (12), there obtain at steady state
Je,dS/dt=0,

D(Sg-S)= uX/Yy (16)

Where D is defined in equation (15). Recalling from equation (15) that p = D, equation (16)

becomes

X = Yy (55-5) (17)

Similarly, from equation (3} there obtain at steady state

v = DPI/X (18)

3.4 Two-stage Continuous Fermentation (Figures 3.2,3.3)

The material balance on cell mass, limiting substrate and product formation for the first
stage at steady state are identical to the single-stage chemaostat and are given by equation

(14),(16), and (18), respectively. Writing the general material balance equations for cell mass,

substrate and product in the second stage yields

Cell = Cells - Cells + Cell
accumulation in out growth
dXo/dt = FXy/Vo - FX3/Vy +py X, (19)
Substrate =  Substrate - Substrate + Substrate
accumulation in out consumed
dS,/dt = FSy/Vo- FSy/Vy + poXolYy, (20)
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Product = Product - Product + Product
accumulation in out formation
dP,/dt = FP{/V, - FPoIV, + uyX, (21)

The steady state solution of equation (19), (20) ,and (21) for the second stage are

compared with equations for the first stage in Table 3.1.

TABLE 3.1 Comparison of the steady state solutions for material balance on each stage of a

two-stage chemostat.

Stage Cell mass Substrate Product
™ 4 =D X, =Y, (S,-8,) v,= D, P /X
2 #y= Dy (- X DO X, =(D/1,) Yy (8,-8,) | v, =D, (P,-P)IX,

The dilution rates of the first stage and the second stage are equal to FV, and F/V,,

respectively. From the steady state solutions for the second stage, the growth rate and the
dilution rate are not equal. In addition, if no additional limiting nutrient is added to the second
stage, the net growth in the second stage will be small. The value of this system is that cells
may be grown in the first stage under constant controlled conditions and then maintained in
the growth limiting environment for prolonged periods of time in the second stage.

Significant madification of this arrangement is the addition of feed stream to the second
stage. This stream contain the limiting nutrient. Then material balances for cell mass, limiting

nutrient and product formation in the second stage are given by equation (22), (23), and (24),

respectively.
Cell = Cells + Cell - Cels + Cell
accumulation from 15! stage from additional feed out growth
dXs/dt = FX IV +F X' IV, - (FHF ) X 1V, +pp X5 (22)

Where F' is the flow in the additional feed stream and X' is the cell mass in the additional

feed stream. The dilution rate for the second stage is D, = ( F+F' ) / V,. Material balance of

limiting nutrient is
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Substrate = Substrate + Substrate - Substrate - Substrate
accumulation  from 15! stage from additional feed removal consumed
dS,/dt = FS{/IVo+F S /Vy - (F+F ) S/ Vo + gy X5 ¥y (23)

Where S' is the concentration of limiting nutrient in the additional feed. Similarly, the

product formation balance is given by

Product = Product -  Product - Product
accumulation  from 15 stage removal formation
dP,/dt = FPyiVy = (F+F)Ps/V, +uyXy (24)

It is assumed that the additional feed to the second stage is sterilised (X' = 0). At steady

state, equation (22), (23) , and (24) are rearranged.

Hy = Dy - (EIV X4/X5) (25)
X, = (Yue! o) (F S0V, +F'S'{V5-D, S3) (26)

From these equations, it may be seen that the additional feed stream now permits further
growth in the second stage. Furthermore, the dilution rate can be set at value greater than the

maximal growth rate (u...,) and the culture will not wash out because the first stage supplies

fresh cells continuausiy.

3.5 Two-stage Continuous Coupled by Microfiltration (Figures 3.4, 3.5)

The two-stage coupled by microfiltration in order to increase the concentration of cells. A
schematic for this system is shown in Figures 3.4,3.5. The nomenclature is the same as for
the single-stage chemostat except for two additional parameter a, the recycle ratio and C, the
concentration factor.

A material balance for cell mass is

Cell = Cells + Cell - Cels + Cel
accumulation  from 15! stage in recycle stream out growth
dX;/dt = FX/Vo+aFCXp/Vp - (1+a)FXp/V, 4+, %, (28)

Death cell is assumed to be small. Solving equation (28) for steady state, dX / dt = 0,

substituting D,=F /Y, , gives
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By = (1+a-aC)Dsy-( Xy/X5) Dy (29)
or = (B-(Xy/Xy))D,
Where B denotes the bleed ratio and equals 1+ a-a C.

A material balance on the limiting nutrient over the same boundary yields

Substrate =  Substrate  + Substrate - Substrate - Substrate
accumulation  from 15! stage in additional feed removal consumned
dS,/dt = FS;/Vo+aFS,/Vy - (1+a)FSy/Vy +pp Xy /Yy (30}

Solving equation (30) for steady state, dS / dt = 0, gives
Xz = (DpYysl1z) (81-Sz) (31)
Substituting equation (26) into (28) gives
X =(Yys (51 -85) + X%, )4 B (32)
A material balance on the product formation is identical to equation (27).
If additional limiting nutrient is added to the second stage, the material balances at the

steady state are given

My = (14« ) Dy- (FAGI({ Xg%o) =eC) (33)
X, = (Yyalfiz) ( (FIV5)(Sy-S5)+F SIVy-(140)D,S,) (34)
vy = Dy Py /Xy - (F I V) PyfXy) : (35)

Where D, = ( F+F' }/V; and F’ denotes the additional feed.
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FIGURE 3.3 A two-stage continuous fermenter which applied an additional feed (F").
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FIGURE 3.4 A two-stage continuous fermenter coupled by microfiltration.
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CHAPTER IV

EXPERIMENT

The purpose of this experiment was to study the single-stage and the two-stage

continuous system. The detail of the experimental investigation is as follows:

4.1 Strain
The strain used in this study was Clostridium acetobutylicum ATCC 824 stored as liquid

samples from non-pH regulated cultures at 0°C in glass tubes.

4.2 Medium

The same medium was used for inoculum in both batch and continuous cultures. The
synthetic medium contained per litre of distillate water : K; HPO, 0.5 g ; KH; PO, 0.5 g |
MgSO, 7H,0 0.2 g ; MnSOy 7H,0 0.01 g ; FeS0O4 7H,0 0.01 g ; NaCl 0.01 g ; Yeast extract
6.0 g ; D (+) Glucose anhydrous 50 g. For continuous fermentation, antifoam (vegetable oil)

was added to the fermentation broth for foam inhibition.

4.3 Experimental Equipments
4.3.1 Fermenter

4311 Balch System : A Eylla-M100 1 litre glass fermenter was used for the
batch system. The pH of the experimental fermentation broth was controlled by a pH controller
which controlled an alkali feed pump. The temperature of the system was controlled at 35°C
by a temperature controller and the agitation speed was 200 rpm.

4.3.1.2 Single-stage Continuous System : A KMJ-2B 3 litres glass fermenter from
Mituwa Rikagaku Kogyo Co.,Japan was used for the single-stage continuous system. The

flow rate of broth was controlled by controlling the medium feed pump and overflow. The pH of
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total fermentation broth was controlled by the pH controller which controlled the alkali feed
pump. The temperature was maintained at 35°C by a temperature controller and the agitation
speed was 200 rpm.

4313

A 1 litre glass fermenter was used as the first stage and the KMJ-2B 3 litres glass fermenter
as the second stage. Agitation speeds were 200 spm, temperatures were 35°C and the pH of
the total fermentation broth was controlled by two pH controllers which controlled alkali feed
pumps. The volume of broth of the first stage was controlled with a level controller which
controlled the medium feed pump. For the second stage, overflow at 3 litres was used. This
experiment may applied the additional feed to the second stage by a medium additional feed

pump in case of shortage of nutrient from the first stage fermenter.

4.32 The Cell Recycling System

The microfiltration was a ceramic filter (type 1M-1, Japan) (Figure 4.1) consisting
of 19 carbon tubes with microfiltering ceramic coat inside. The tubes were 4 mm. of internal
diameter, 85 cm. long and & 02030 m? of filtration area. The pore diameter was 0.2 pm
{molecular weight cut off 100,000 approximately). A peristaltic pump was used for pumping
the nutrient which was controlled by a level controller. The fermentation broth was circulated
through the rmcrofiitration module with a sanitary rotary pump (0.75 kW). The circulation
velocity was 0.465 m/s. The permeate was continuously discharge at a fixed flow rate F and

collected in a storage tank: The excess permeate was directly recycled to the fermenter.

4.4 Experimental Procedure
4.4.1 Study of Single-stage Continuous Fermentation
The aim of this study was to find two optimum conditions. One allowed a high
solvent productivity to compare with other systems and the another allowed a high cell
productivity to used for the best condition of the first stage. The parameter under studied was

the dilution rate. Other parameters such as temperature, pH, agitator speed, glucose
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concentration were fixed at the optimum point in a batch acetone-butanol fermentation
process. Photograph and schematic diagram of this operation were shown in Figures 4.2 and
4.3, respectively. The procedure of this study was described as follows.

4.41.1 Preparation of the Clostridium acetobutylicum ATCC 824 Cultures : A 10
ml of Clostridium acetobutylicum ATCC 824 stored as liquid at 0°C in a glass tube was
aseptically transferred to 100 mil of the sterilised medium in a 500 ml flask. The medium was
kept anaerobic by bubbling pure nitrogen for 15 minutes, and was then kept at 35°C for an 18
hours growth, Culture tubes and inoculum flask were shown in Figures 4.4 and 4.5 ,
respectively.

4.4.1.2 Batch Operation in the Single-stage System : The 100 ml of the prepared
culture (from 4.4.1.1) was aseptically transferred to 3 litres of the sterilised medium in the
fermenter. The agitation speed was maintained at about 200 rpm and the temperature was
controlled at 35°C. The pH of the medium was controlled to be not less than 4.8 by automatic
addition of 4 N NaOH. The medium was kept anaerobic by bubbling of pure nitrogen.

After the residue substrate concentration reached about 25 g/l or until the cell
concentration was constant) 50 g/l-glucoseof the sterlised medium was added by medium
feed pump. Every 4 or 6 hours of the operation, 5 ml of broth was aseptically taken from the
fermenter for determination of products, cell and glucose concentrations.

44138  Conlinuous_ Operation in ‘the ‘Single-stage System : The continuous
operation was started after the residual substrate concentration reached about 25 g/l or until
the cell concentration'was constant. After that, 50 g/l glucose. of sterilised medium was fed
into the fermenter by a multichannel flow tube pump and the fermentation broth removed by
overflow with a fixed flow rate (F) to the storage tank. The pH of the medium was controlled to

be not less than 4.8 by automatic of 4 N NaOH. The temperature was maintained at 35°C.
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The dilution rate (D) was at first controlled to be at 0.03 hr -1 until the residual
substrate or cell concentrations were constant at least 3 times of retention time. Then the
dilution rate (D) was changed to 0.05 hr-', 0.07 hr -1, 0.1 hr -1,0.12 hr ', 0.14 hr -1, 0.15 hr',
0.17 hr-!. 0.18 hr-1. and 0.23 hr -1, respectively. Then a repeated run at 0.05 hr -! was made
to compare the productivity to the first run. The data from experiments were used for
optimization of this system. Every 4 or 6 hours of the operation, 5 mi of the fermentation broth
was aseptically taken from the fermenter for determination of cell, products and glucose

concentrations.
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FIGURE 4.1 Ceramic filter ( type 1M-1).



FIGURE 4.2 The single-stage continuous fermentation.
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FIGURE 4.4 Culture tubes,
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FIGURE 4.5 An inoculum flask.
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4.42 Study of Two-stage Continuous Fermentation
4.4.2.1 Batch Operation in the Two-stage Continuous System : The 100 ml of the

prepared culture (from 4.4.1.1) was aseptically transferred to 1 litre of the sterilised medium in
the 1-L first stage fermenter which was connected with the 3-L second stage fermenter. Both
agitation speeds were maintained at about 200 rpm and temperatures were also controlled at
35°C. The pH of this system was controlled to be not less than 4.8 by autornatic addition of 4
N NaOH and kept anaerobic by bubbling of pure nitrogen.

After the residual subsirate concentration of the first stage reached about 25 g/l or
until the cell concentration was constant, 50 g/l glucose of the sterilised medium was added
into the first stage by medium feed pump. Every 4 or 6 hours of the operation, 5 ml of broth
was aseptically taken from the fermenter for determination of cell, products and glucose
concentrations.

4422 Continuous Operation in the Two-stage System : The continuous
operation was started after the residual substrate concentration reached about 25 g/l until the
cell concentration was constant  After that, 50 g/l glucose of the sterilised medium was fed
into the first stage fermenter and the residual glucose was removed from the first stage
fermenter to the second stage fermenter by a multichannel flow tube pump. The volume of
the first stage was maintained at 1 litre by egualing the feed flow rate and the outflow rate,
while the fermentation broth was continuously overflow at a fixed flow rate (F) from the second
stage fermenter to storage tank. In case of shortage of glucose in the second stage, a 500 g/l
glucose of additional feed was fed into the second stage by a peristaltic pump. The overall
dilution rate (D=F/V) was defined by the continuous outflow rate of the fermentation broth (at
4-L of the total fermentation broth volume). The pH of the medium was controlled to be not
less than 4.8 by automatic addition of 4 N NaOH. The temperature was kept at 35°C.
Photograph and schematic diagram of the two-stage continuous fermentation were shown in

Figures 4.6 and 4.7, respectively.
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The dilution rate of the first stage (D,= F/V,) was at first kept at 0.15 hr? until

residual substrate concentration of the first and the second stage were constant at least 3
times of the retention time. Then the dilution rate ( D;) was changed to 0.17 hr', 0.12 hr,
and 0.10 hr', respectively. If the residual substrate concentration in the second stage
reached about 5§ g/l , the 500 g/l glucose was fed until the residual substrate concentration
reached more than 5 g/l.

In this study, run A (Table 4.1) was operated with a fixed dilution rate of 0.15 hr!
in the first stage and 500 g/l glucose of additional feed was added to the second stage
fermenter with a fixed flow rate of 0.03 Vhr. Run B, C and D were the same as run A in the
first stage and added the 500 gfl glucose of additional feed into the second stage with a fixed
flow rate of 0.02 Vhr, 0.01 Vhr, and no additional feed, respectively. Run E was operated with
a fixed dilution rate of 0.17 hr -lin the first stage and no addition to the second stage. Run F
was operated with a fixed dilution rate of 0.12 hr -1 in the first stage and no addition to the
second stage until the shortage of glucose occurred, then for run G, 500 g/l glucose was fed
with a fixed flow rate of 0.0045 Vhr. Run H was operated with a fixed dilution rate of 0.10 hr!
in the first stage and 500 g/l glucose was added to the second stage with a fixed flow rate of
0.0045 hr. Every 4 or 6 hours of the operation, 5 ml of broth of each stage were aseptically
taken from both fermenters for determination of cell ,products and glucose concentrations.
Table 4.1 was the operation parameters_in run A - H.

4423 A Two-stage Continuous System coupling with Cell recycling : The
working volume of 1. litre of the first stage fermenter was connected with a total working
volume of 2.7 litres of the second stage fermenter coupled by the microfiltration. Preparation
of the ATCC 824 culture and batch operation for this system were the same as (4.4.1.1) and
(4.4.1.2), respectively. The continuous operation was also started after the residual substrate
concentration reached about 25 g/l or until the cell concentration was constant. After that, a
sterilised medium was fed into the first stage fermenter and removed to the second stage

fermenter by a multichannel flow tube pump. A volume of the first stage fermenter was
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maintained at 1 litre by allowing the feed flow rate was equal to the outflow rate. The
permeate was continuously discharged at a fixed flow rate (F) to the storage tank by
peristaltic pump controlled with a level controller of the second stage. Sometimes the
additional feed was used in the second stage to avoid the shortage of glucose. The dilution
rate (D=F/V) was defined by the flow rate of permeate (at 3.7 litres of total fermentation broth
volume). The pH of the medium was controlled to be not less than 4.8 and the temperature of

the system was kept constant at 35°C. Photograph and schematic of the two-stage

continuous coupled by microfiltration were shown in Figures 4.8 and 4.9 , respectively.

The dilution rate of the first stage (D) was maintained at 0.17 hr-! and that of the

second stage (D,) was at first kept constant at 0.063 hr -1 for run | until the residual substrate

concentration reached about 5 g/l. Then the 500 g/l glucose was added to the second stage
with a fixed flow rate of 0.0045 Vhr for run J and increased to 0.0157 Vhr for run K. Run L and
run M were operated with 50 g/l glucose added to the second stage with a fixed flow rate of
0.75 I/hr and 1.323 Vhr, respectively, while the first stage was also maintained at 0.17 hr -1,
Every 4 or 6 hours of the operation, § ml of broth was aseptically taken from the first stage
fermenter for determination of cell, products and glucose concentrations. For the second
stage fermenter, 5 ml of broth was aseptically taken for determination of the cell concentration
and 5 ml of the permeate was taken for determination of products and glucose concentrations.
Table 4.2 was the operation parameter intun | - M.

4424 A Batch System : The 100 ml of prepared culture (from 4.4.1.1) was
aseptically transferred to the 1 litre of sterilised medium which contained 50 g/l glucose. The
agitation speed was 200 rpm and the temperature was controlled at 35°C. The pH of the
medium was maintained to be not less than 4.8 by automatic addition of 4 N NaOH. The
incubation time was 60-70 hours. Photograph and schematic of this operation were shown in

Figures 4.10 and 4.11, respectively.
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4.4.3 Analysis

4431 Determination of Cell Concentration

Biomass concentration was determined by two independent method :

1. Optical density measurement at 625 nm with a spectrophotometer : The
samples were diluted in order to be in the linear range of the instrument (Figure 4.12).

2. Dry weight : A 5 ml sample of the fermentation broth was centrifuged at 4,000
rpm for 10 minutes. The cell pellet was resuspended and washed twice with distilled water
and then dried for 48 hours, at 90°C, and weighed.

4.4.3.2 Determination of Product Concenirations

Acetone, n-butanol, ethanel, acetic acid and butyric acid were determined by gas
chromatography using @ Shimadzu Model G, 7 Ag equipped with a flame ionization detector.
Separation took place ina 2 m x 0.125 in stainless steel column packed with Porapak Q 80-
100 mesh at 210°C and nitrogen was used as carrier gas. The injector temperature was
280°C and the detector temperature was 300°C. The analysis of the chromatographic data
was with a Chromatopac CR14 recorder injector. Flow rate of carrier gas was 50 ml/min,
retention time of butanel, acelone, ethanol, acelic acid and butyric acid are 4.09, 1.77, 1.31,
3.10, and 9.96 minutes, respectively.

4.4.3.3 Determination of Glucose Concentration

Glucose was determined by a YSI Model 27 giucose analyzer (Figure 4.13).



FIGURE 4.6 The two-stage continuous fermentation.
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FIGURE 4.8 The two-stage continuous fermentation coupled by microfiltration.
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FIGURE 4.9 Schematic diagram of the two-stage continuous fermentation coupled by

microfiltration.
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FIGURE 4.10 The batch fermentation.
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TABLE 4.1 Operating conditions of two-stage continuous fermentation for studying the effect

of dilution rate on solvent productivity.

Run Operating condition
first stage second stage

A F = 0.156 V/hr Addition 500 g/l glucose at F'= 0.03 l/hr
B F = 0.15 l/hr Addition 500 g/l glucose at F' = 0.02 |/hr
C F = 0.15 /hr Addition 500 g/l glucose at F'= 0.01 l/hr
D F = 0.15 I/hr Mo additonal feed

E F = 0.13dMr No additonal feed

F F = 0.12 \fhr No additonal feed

G F = 0:12 |/pr Addition 500 g/l glucose at F'= 0.0045 I/hr
H F =0.10/r Addition 500 g/l glucose at F'= 0.0045 |/hr

TABLE 4.2 Operating conditions of two-stage continuous fermentation coupled by

microfiltration for studying the effect of dilution rate on solvent productivity.

Run Operating condition
first stage second stage
| F = 0.17 l/hr Mo additonal feed
J F.=0.17 \/hr Addition 500 g/l glucose at F'= 0.0045 I/hr
K F =017 \l/hr Addition 500 g/l glucose at F'= 0.0157 I/hr
L F = 0.17 l/br Addition 50 g/l glucose at F'= 0.55 |I/hr
M F=0.17/hr | Addition 50 g/l glucose at F'= 1.323 l/hr




CHAPTER V

RESULTS AND DISCUSSIONS

5.1 The Study of Single-stage Continuous Fermentation

The experimental results of this study are shown in Figures 5.1-5.5 and Table 5.1.
After the batch operation, the cell mass reached 1.72 g/l with the glucose consumption and
residual glucose of 2.05 g/l-hr and 25 g/l , respectively. Then the first continuous fermentation
was started at a fixed dilution rate of 0.05 hrl.

After changing from batch operation to continuous operation, the cell mass and
glucose consumption began to increase after 20 hours. The operation was allowed to reach
steady state and was maintained for 60 hours with the glucose consumption rate of 2.12 g/i-hr,
glucose concentration of 7.5 g/l and cell mass of 1.96 g/l. The solvent concentration was 10.7
g/l and butanol was 6.37 g/l. Then the dilution rate was changed from 0.05 hr to 0.07 hr'.

After 92 hours of the operation at 0.07 hr! dilution rate, the cell mass reached 2.10 g/l
and the residual glucose was 10 g/l with 8.03 g/l solvent concentration and 5.14 g/l butanol
concentration. The glucose consumption increased to 2.66 g/l-hr. The dilution rate was then
changed to 0.10 hr',

This operation at 0.10 hr' was maintained for 72 hours. The glucose concentration in
the system was 11 g/l and the glucose consumption was 3.92 g/-hr.” Solvent and butanol
concentration reached at 8.84 g/l and 5.08 g/l, respectively, and the cell mass increased to
2.34 g/l. After that, the dilution rate was changed to 0.12 hrl,

With the fixed dilution rate of 0.12 hr', the cell mass was 2.23 g/l and the residual
glucose was 12 g/l with 10.50 g/l solvent concentration and 5.55 g/l butanol concentration. The
glucose consumption rate increased to 5.63 g/l-hr. The operation was maintained for 72 hours

and then changed to a fixed dilution rate of 0.14 hr'.
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The operation at 0.14 hr! dilution rate was maintained for 70 hours. The cell mass
was 2.08 g/l with 9.25 g/l solvent concentration and 5.0 g/l butanol concentration. The glucose
consumption was 4.62 g/l-hr and the residual glucose concentration in the fermenter was 17.5
g/l. Then the dilution rate was increased to 0.15 hrl.

About 60 hours of the operation at 0.15 hr' dilution rate, the residual glucose
concentration in the fermenter reached to 18.5 g/l with 8.82 g/l solvent concentration and 4.44
g/l butanol concentration. The glucose consumption increased to 5.44 g/l-hr and the cell mass
was 2.14 g/l. After that, the dilution rate was increased te 0.17 hrl.

At the dilution rate 0.17 hr!, the cell mass reached 2.17 g/l with 20.5 g/l residual
glucose concentration. Solvent and butanol conceniration were 8.96 g/l and 4.47 gll,
respectively, and the glucose cansumption rate was 4.97 g/l-hr. After 64 hours of this
operation, the dilution rate was changed to 0.18 hr'.

The operation of 0.18 hr! dilution rate was maintained for 78 hours and the cell mass
was constant at approximately 2.12 g/l with 23 g/l residual glucose concentration and 4.86
g/l-hr glucose consumption. Solvent and butanol concentration were 8.44 g/l and 4.37 g/l,
respectively. After that, the dilution rate was. increased t0.0.23 hr',

About 40 hours of 0.23 hr'dilution rate, the cell mass decreased to 1.24 g/l and the
residual glucose concentration increased to 31 g/l with the glucose consumption rate of 4.1
g/l-hr. This is because-the-high dilution-rate led. to culture- washed out from the fermenter.
Solvent and butanol concentration reduced to 4.42 g/l and 2.26 g/l, respectively. Finally, a run
at the fixed dilution rate of 0.05 hr! was repeated for comparison with the first 0.05 hr'
dilution rate,

For the second 0.05 hr! dilution rate, the average cell mass increased to 1.96 g/l with
7 g/l residual glucose concentration and 2.26 g/l-hr glucose consumption. The solvent
concentration was 10.99 g/l and butanol was 6.5 g/l. This second operation was almost
identical to the first one. After 106 hours of this operation, the dilution rate was decreased to

0.03 hrl.
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At 0.03 hr! dilution rate, the average cell mass was 1.95 g/l with 3 g/l residual glucose
concentration and 1.43 g/l-hr glucose consumption. The solvent concentration was 14.27 g/l
and butanol was 7.47 g/l. The operation was maintained for 72 hours and then was stopped
because cell would loose activity in the very low glucose concentration (< 5 g/l) if it is allowed
to continue for a long time.

Figures 5.1, 5.2 showed the behavior of microarganism during operation of the single-
stage, i.e., specific growth rate (u), specific production rate (uv) and specific acid production
rate (v,eq)- Table 5.1 showed the productivity and concentration of total solvent and butanol of
this experiment. It could be seen that the maximum solvent productivity and cell productivity
were achieved from the operation when the dilution rate was 0.17 hr! with 1.52 g/l-hr solvent
productivity, 0.76 gfi-hr butanol productivity and 0.37 g/l-hr cell productivity. Therefore the
optimum condition for the first stage of two-stage continuous fermentation was taken to be the
dilution rate of 0.17 hrl.

In this experiment, low solvent productivity, low glucose consumption rate but high
butanol concentration were achieved while the dilution rate was rather low. This could be
explained by the inhibitory effect of butanol on glucose uptake. Moriera et al. (1985) and
Bowles et al. (1985) reported that at high concentration (> 7 g/l approximately), butanol could
inhibit the rate of glucose uptake into cells for growth and solvent production. Thus, the
glucose consumption rate was limited by butanol concentration. For increasing dilution rate,
solvent productivity, growth rate and glucose consumption rate were higher because the
butanol -concentration decreased due to glucose and -cell removal. . Also, the glucose
consumption rate and growth rate were limited by the dilution rate. At a high dilution rate,
solvent productivity, growth rate and glucose consumption rate decreased because the culture
was washed out from the fermenter.

The comparison of the first run with 0.05 hr! dilution rate with the second is shown in
the same Table 5.1. The second result was almost identical to the first and it indicated that
the fermenter still had a lot of active cells so there was no need to repeat other experiments in

order to check cell activity.
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TABLE 5.1 The results of single-stage continuous fermentation of Cl.acetobutylicum.

57

System Dilution rate Solvent Butanol Solvent Butanol
(1/hr) concentration concentration productivity productivity

@m @m (9/-hr) (@/-hr)
Single-stage 0.03 14.27 TAT 0.44 0.22
0.05 1077 6.15 0.51 0.31
Repeated 0.05 10,81 6.37 0.53 0.32
0.07 7.98 4.98 0.58 0.35
0.10 5.84 5.07 0.84 0.51
0.12 10.50 5.55 1.23 0.87
0.14 9.25 5.00 1.30 0.70
0.15 8.82 4.44 1.34 0.67
0.17 8.98 4.47 1.52 0.76
0.18 8.17 415 1.48 0.75
023 4.42 2.26 1.01 0.52

L5
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entation ( Runs A-H)

The results of this experiment are shown in Figures 5.6-5.13 and Table 5.2. After 10
hours of the batch operation, the cell mass reached 1.50 g/l and the residual glucose was 25
g/l. Then first continuous fermentation was started at a fixed dilution rate of 0.15 hr! while
500 g/l glucose concentration was added at a fixed flow rate of 0.03 Vhr or equivalent dilution
rate of 0.06 hr! to the second stage fermenter.

After 20 hours of the continuous operation, the volume of the second stage fermenter
became constant at 3 litres. In the first stage fermenter with the dilution rate of 0.15 hrl, the
average cell mass was 2.16 g/l and the residual glucose was 18.25 g/l. The glucose
consumption was 4.82 g/i-hr with 9.11 g/l solvent concentration and 4.53 g/l butanol
concentration approximately. In the second stage fermenter, cell mass and residual glucose
were 1.71 g/l and 65 gll, respectively. The glucose consumption was 3.49 g/l-hr with 12.44 g/l
solvent concentration and 6.23 g/l butanol concentration. This operation (Run A) was
maintained for 144 hours and then the flow rate of the 500 g/l glucose additional feed was
decreased from 0.03 /hr to 0.02 /hr while the dilution rate of the first stage was kept constant
at0.15 hrt

At the 0.02 Uhr flow rate of additional feed which is equivalent to the dilution rate of
0.057 hr' (Run B), the cell mass reached at 2.12 g/l and the residual glucose decreased to 25
g/l with the glucose consumption rate of 5.43 g/l-hr. ‘Solvent and butanol concentration were
12.58 g/l and 6.53 g/l, respectively, in the second stage. After 102 hours of this operation, the
additional feed flow rate was decreased to 0.01 I/hr or a 0.053 hr' dilution rate (Run C).

In the second stage, the 0.053 hr' dilution rate was maintained for 132 hours. The
cell mass was 2.07 g/l with the glucose consumption rate at 3.06 g/l-hr and residual glucose
was 16 g/l. Solvent and butanol concentration were 13.25 g/l and 7.12 g/l, respectively. Then
the additional feed was stopped.

For this run without additional feed (Run D), we obtained 2.23 g/l cell mass and 3.5 g/l

residual glucose. Solvent and butanol concentration were 15.29 g/l and 8.44 gfl, respectively,
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with the glucose consumption of 1.65 gfl-hr. After 96 hours operation, the dilution rate of the
first stage fermenter was increased to 0.17 hr'.

In the first stage fermenter at the fixed dilution rate of 0.17 hr'and with no additional
feed into the second stage (Run E), the cell mass and residual glucose were 2.17 g/l and 21
all, respectively, with the glucose consumption of 5.01 g/l-hr. The solvent concentration was
8.89 g/l and the butanol concentration was 4.0 g/l In the second stage fermenter with the
0.057 hr! dilution rate, the cell mass reached 2.12 g/l, the residual glucose was 9 g/l and the
glucose consumption was 1.38 g/i-hr. Solvent and butanol concentration were 15.04 g/l and
8.53 g/l, respectively, After 96 hours, the dilution rate was decreased from the 0.17 hr! in the
first stage fermenter to 0.12 hc'(Run F).

At the 0.12 hr'dilution rate, with no additional feed to the second stage fermenter, the
cell mass was 2.38 g/l and the residual glucese was 13 g/l. The glucose consumption was
4.41 gli-hr with 11.15 g/l solvent concentration and 6.05 g/l butanol concentration in the first
stage fermenter. In the second stage fermenter with a 0.04 hr! dilution rate, the cell mass
remained constant at 2.18 g/l and the residual glucose decreased to 2.0 g/l with 1.68 g/l-hr
glucose consumption, —Solvent and butanol conceniralion were 16.07 g/l and 9.0 gfl,
respectively. After 24 hours, the next run with additional feed of 500 g/l glucose with a fixed
flow rate of 0.0045 Vhr into the second stage fermenter was started.

For this run with additiénal glucose at a fixed flow rate of 0,0045 Vhr or a 0.0415 hr'
dilution rate (Run G) into the second stage fermenter, the cell mass was 2.36 g/l and the
residual glucose increased to 13.5 g/l with the glucose consumption rate of 1.79 gfl-hr. Solvent
and butanol concentration were 18.13 g/l and 10.58 g/l, respectively, in the second stage
fermenter. After 84 hours of this operation, the dilution rate of the first stage fermenter was
changed from 0.12 hr! to 0.10 hr'! with the same additional glucose at the flow rate of 0.0045
Ifhr or a 0.035 hr! dilution rate into the second stage fermenter.

In the first stage fermenter for this run, the cell mass and residual glucose were 1.86
g/l and 10 g/l, respectively, with the glucose consumption of 4.03 gfl-hr. The solvent

concentration was 10.07 g/l and the butanol concentration was 5.04 g/l. In the second stage
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fermenter with the 0.035 hr'dilution rate, the cell mass was 1.86 g/l with 14.0 g/l residual
glucose and the glucose consumption rate of 2.13 g/l-hr. Solvent and butanol concentration
were 16.51 g/l and 9.77 g/l, respectively. This operation was maintained for 88 hours (Run H)
and then the experiment was stopped.

Figures 5.6, 5.8 and 5.9 showed the behavior of microorganism during operation in
the form specific growth rate (p), specific production rate (v) and specific acid production rate
(Ugaeig). respectively. Table 5.2 showed the productivity and concentration of total solvent and
butanol in this experiment. |

It can be seen that the overall maximum productivity was achieved when the dilution
rate was 0.17 hr! and with no additional feed into the second stage fermenter ( overall dilution
rate was 0.0425 hr! or Run E ) resulting in 15.04 g/l solvent concentration and 8.53 g/l
butanol concentration. According to the experiment, the influence of the dilution rate on the
behavior of microorganism in the first stage was almost the same as that in the single-stage
continuous fermentation. In the second stage fermenter, specific growth rate, glucose
consumption and specific solvent productivity were clearly lower than the first stage
continuous while solvent and butanol concentration were higher because of the inhibitory
effect of butanol on glucose uptake. Cells were mainly produced in the first stage where a
small cell growth was maintained in the second stage.

From Runs A, B and C, which 500 g/l glucose was added, the low productivity might
be the result of the very excessive residual glucose with very high feeding glucose
concentration. Another factor that might reduce solvent productivity was the effect of burned
glucose. In many fermentation processes, the amount of burned glucose could reduced the
activity of microorganism to produce solvent. The burned glucose occurred when high
glucose concentration in the broth was kept at high temperature for a long time. Comparing
Run B with Run E which operated at the same dilution rate of 0.057 hr by feeding and not
feeding excessive glucose, respectively, it can be seen that the effect of butancl on glucose

uptake was stronger than the effect of burned glucose.
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Comparing the second stage with the first stage, the acid formation was very low
while solvent formation was higher because acid was changed almost completely to acetone
and butanol. The overall solvent productivity of this fermentation was 0.63 g/l-hr at 0.0425 hr'
overall dilution rate which was slightly higher than the solvent productivity of single-stage
continuous culture under nearly the same overall dilution rate (i.e., 0.54 g/l-hr at 0.05 hr?
dilution rate for the single-stage continuous). VWhen comparing the two-stage (Run E) with the
single-stage (at 0.17 hr! dilution rate), it can be shown that the solvent productivity of the
single-stage was 1.4 times higher than the two-stage but the solvent concentration of the two-
stage was 1.7 times which was more satisfied for separation economically. However, the two-
stage fermentation could also be achieved to increase the longevity of the continuous
fermentation at high solvent concentration, as a result of the continuous feeding of fresh cells
to the second stage. Additional gains in productivity might still be expected by coupling the
second stage with a microfiltration device so as to reach high cell concentration by cell

recycling (Godin et al., 1888).
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temperature of 35 °C and steady state condition of a two-stage continuous compared with a
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continuous fermentation of Cl.acetobutylicum.

== first stage
—— second stage

= =0= = single stage

* A-H denoted the operating condition (see Table 4.1).



69

12

10 1

butanol concentration (g/l)

0 4 — t t +

(1] 0.05 0.1 0.15 0.2 0.25
dilution rate (1/hr)
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TABLE 5.2 The results of two-stage confinuous fermentation of Cl.acetobutylicum.
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Operating condition Owerall Dilution rate of Solvent Butanol Solvent Butanol
dilution rate - first second | concentration | concentration |. productivity productivity

(1/hr) stage stage (om om (@-hr) (g-hr)
Run A 0.045 015 0.08 12.45 6.23 0.56 0.28
Run B 0.0425 0.15 0.057 12.61 6.53 0.54 0.28
Run C 0.04 0.15 0.053 13.30 T.12 0.53 0.28
Run D 0.0375 0.15 0.05 15.24 8.44 0.57 0.32
Run E 0.0425 047 0.057 14.94 8.53 0.63 0.36
Run F 0.03 0.12 0.04 16.07 9.00 0.48 027
Run G 0.031 012 0.042 18.21 10.58 0.56 0.33

Run H 0.026 0.10 0.035 16.45 8.77 0.43 0.25.

0L
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ation (Runs I-M)

The result of this experiment are shown in Figures 5.14-5.20 and Table 5.3. After the
batch operation, the cell mass reached 1.83 g/l and the residual glucose was 25 g/l with
glucose consumption rate of 1.50 g/l-hr, respectively. Then the first continuous fermentation
was started at a fixed flow rate of 0.17 Vhr and 0.17 hr'dilution rate (Run |).

After changing from batch operation to centinuous operation, the cell mass and
glucose consumption began to increased rapidly. After 63 hours, the second stage
fermentation clearly showed shertage of glucose with 3 g/l residual glucose concentration,
19.05 g/l cell mass and the consumption rate 0.762 g/l-hr. Solvent and butanol concentration
were 13.93 g/l and 7.83 g/l, respectively. Then 500 g/l glucose was added to the second
stage fermenter at a fixed flow rate of 0.0045 U/hr (Run J). In this case, cell mass and residual
glucose in the first stage fermenter fiuctuated between 1.70-1.84 g/l and 20-22 gll,
respectively, with 7.18-8.13 g/l solvent concentration, 3.68-3.89 g/l butanol concentration and
4.66-5.02 g/l-hr glucose consumption rate,

With the addition of 500 g/l glucose at the flow rate of 0.0045 Uhr (Run J), the dilution
rate for the second stage was 0.0646 hr!. After 30 hours, the shortage of glucose occurred in
the second stage fermenter with 38.42 g/l cell mass, 5 g/l residual glucose concentration and
1.20 gfi-hr glucose consumption rate. The solvent concentration was 16.26 g/l and the
butanol concentration was. 8.66 g/l.. Then the flow rate of 500 g/l glucose was increased to
0.0157 I/hr (Run K).

After 42 hours of increasing the flow rate of 500 g/l glucose to 0.0157 I/hr which is
equivalent to 0.069 hr'dilution rate of the second stage, the cell mass reached at 45.49 g/l
with 16.78 g/l solvent concentration and 9.90 g/l butanol concentration. The glucose
consumption rate was 2.89 g/l-hr in the second stage and the residual glucose was 19 g/l.

After that, the residual glucose concentration increased to 39 g/l because cell lysis
and loss of glucose consuming activity occurred. Therefore, a part of cells were removed
from the second stage fermenter and additional feed of 50 g/l glucose was introduced at a

fixed flow rate of 0.55 Uhr or a 0.267 hr'dilution rate.
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In the second stage fermenter with additional feed of 50 g/l glucose at the 0.267 hr
dilution rate (Run L), the cell mass increased to 71.03 g/l with 12.57 g/l solvent concentration.
The glucose consumption rate was rather constant at 8.75 g/l-hr and the residual glucose
show sign of shortage at 9 g/l after 124 hours. Then the flow rate of 50 g/l glucose was
increased to 1.323 Vhr (Run M).

At the fixed flow rate of 1.323 I/hr or 2 0.55 hr' dilution rate of the second stage, the
cell mass remained constant at 80.06 g/l. The residual glucose was 14 g/l and the average
total solvent and butanol concentration were 14.01 g/l and 7.09 g/l, respectively. The glucose
consumption reached at 17.79 g/l-hr. After 118 hours of operation, the high cell concentration
reduced permeate flux of the recycling unit lower than the point which the 0.55 hr dilution
rate could be maintained. So the experiment was stopped.

Figures 5.14 and 5.16 showed the behavior of microorganism during operation in
terms of specific growth rate (u) and specific production rate (v). Table 5.3 showed the
productivity and concentration of total solvent and butanol as functions of the dilution rate.
Glucose consumption, cell concenfration and residual glucose concenfration were
demonstrated in Figures 5.14, 5.17 and 5.18, respectively. From Table 5.3, the solvent
productivity rose with increasing dilution rate and attained a maximum value of 5.65 g/l-hr at
0.40 hr! overall dilution rate (Run M) with 14 g/l solvent and 7.09 g/l butanol concentration.

In this experiment, the first stage was kept constant at the fixed dilution rate of 0.17
hr! and the second stage was coupled by the microfiltration in order to increase the cell
concentration in the fermenter. As could be seen from Table A7, in the second stage, growth
rate (r,), consumption rate (r;) and solvent productivity {rp'_i increased with the dilution rate
because of the increase in cell concentration and the decrease in butanol concentration. At
the same time, the ability of microorganism to arow, i.e., the specific growth rate (u), the
product formation, i.e., the specific solvent production rate (u), and the substrate utilization,
i.e., the specific glucose consumption (v,), were all rather small. This could be explained by
the effect of butanol on glucose uptake. Acids were almost entirely changed to acetone and

butanol, so that there was less acid-accumulation in this system.
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Comparing this operation with the two-stage fermentation, the solvent productivity
from the two-stage continuous coupled by microfiltration was higher than the two-stage
continuous because of the increase in cell concentration by cell recycling. However, the
solvent productivity of this experiment was limited by cell concentration. High cell
concentration reduced permeate flux of cell recycling unit due to blockage in microfilter tubes.
This problem could be solved by operating at optimum cell concentration in order to obtain the

maximum solvent productivity for a long time by using turbidostatically controller.
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FIGURE 5.14 Influence of the dilution rate on specific growth rates (u) at pH 4.8, temperature
of 35 °C and sieady state condition of a two-stage continuous coupled by microfiltration
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FIGURE 5.15 Influence of the dilution rate on glucose consumption rates (r,) at pH 4.8,
temperature of 35 °C and steady state condition of a two-stage continuous coupled by
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FIGURE 5.16 Influence of the dilution rate on specific solvent productivities (v) at pH 4.8,
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FIGURE 5.17 Influence of the dilution rate on cell concentrations at pH 4.8, temperature of 35

°C and steady state condition of a two-stage continuous coupled by microfiltration compared
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FIGURE 5.18 Influence of the dilution rate on solvent concentrations at pH 4.8, temperature
of 35 °C and steady state condition of a two-stage continuous coupled by microfiltration
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TABLE 5.3 The results of two-stage confinuous fermentation coupled by microfiltration of Cl.a cum.
Operating condition Owerall _Dilution rate of Solvent Butanol . Solvent Butanol
dilution rate first second | concentration | concentration productivity productivity

(1/hr) stage stage {om (@M (g/t-hr) (g/t-hr)

Run | 0.048 0.17 | 0.083 13.93 7.83 0.64 0.36

Run J 0.047 0.17 0.065 16.26 8.66 0.76 i0.41

Run K 0.05 0.17 0.069 16.78 9.90 0.84 0.50

Run L 0.20 0.17 0.27 12.57 6.24 2.51 1.25

Run M 0.40 0.17 0.55 14.01 7.09 5.60 2.84

o8

80
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The comparison of total solvent productivity was reported in Table 5.4. From the
results, the maximum solvent productivity of two-stage continuous fermentation was achieved
at 0.0425 hr' overall dilution rate (Run E). The solvent concentration was 14.94 g/l which
consisted of 8.53 g/l of butanol, 5.12 g/l of acetone, and 1.29 g/l of ethanol. There was less
acid accumulation in this system and the cell mass concentration was 2.12 g/l. Therefore, the
operation at a 0.17 hr! dilution rate of the first stage and a 0.057 hr'dilution rate of the
second stage (at the 0.0425 hr'! overall dilution rate) was considered the optimum condition
for this two-stage continuous fermentation.

When the second stage fermenter was coupled by a microfiltration, the maximum
solvent productivity at the 0.40 hr! overall dilution rate with 80 g/l cell mass (Run M) was 8

times higher than two-stage continuous without microfiltration.



TABLE 5.4 Comparison of the results of acetone-butanol termentaton MOmM SiNgwe-stage

continuous, two-stage continuous, and two-stage centinuous coupled by microfiftration.

Operating condition Qwerall Solvent Butanol Solvent Butanol
dilution rate concentration concentration productivity productivity
{1/hr) ign g (gA-hr) (gA-hr)
Single-stage 0.03 14,27 7.47 0.44 0.22
0.05 10.77-10.81 6.15-6.37 0.51-0.53 0.31-0.32
007 7.88 408 - 0.58 0.35
0.10 B.64 5.07 0.84 0.51
0.12 10.50 5.55 1.23 0.67
0.14 9.25 5.00 1.30 0.70
0.15 8.82 448 1.34 0.67
0.17 8.96 44T 1.52 0.76
0.18 817 4.15 1.48 0.75
0.23 4.42 2.2 1.01 0.52
Two-stage
Run A 0.045 12.45 6.23 0.56 0.28
Run B 0.0425 12.61 6.53 0.54 0.28
Run C 0.04 13.30 712 0.53 0.28
Run D 0.0375 15.24 B8.44 0.57 0.32
Run E 0.0425 14.94 8.53 0.63 0.36
Run F 0.03 16.07 900 0.48 0.27
Run G 0.031 18.21 10.58 0.56 0.33
Run H 0.026 16.45 Q.77 0.43 0.25
Two-stage coupled by MF
Run | 0.046 13.93 7.83 0.64 0.36
Rum J 0.047 16.26 8.66 0.76 0.41
Run K 0.05 16.78 9.90 0.84 0.50
Run L 0.20 12.57 6.24 2.51 1.25
Run M 0.40 14.01 7.09 5.60 2.84

P
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An experiment of batch fermentation with initial glucose concentration at 50
g/l was operated to compare with the two-stage fermentation. The result were shown in
Figures 5.21-5.29. Figures 5.21 and 5.23 showed the behavior of microorganism during
operation of the batch fermentation in the form of specific production rate (u) and specific acid
production rate (v,.4) and specific growth rate (u). The maximum solvent concentration
occurred after 40 hours of fermentation with 17.42 g/l solvent, 8.56 g/l butanol and 5.98 g/l cell
mass. The productivity of this batch fermentation was 0.21 g/l-hr while the glucose
consumption rate was 0.62 gfl-hr with 0.30 production yield. In the comparison with the
maximum productivity of two-stage fermentation (Table 5.5), the solvent productivity of two-
stage continuous fermentation and two-stage continuous coupled by microfiltration were 3

times (Run E) and 27 times (Run M) higher than batch fermentation, respectively.

5.5.2 The Study of Single-stage Couple with Microfiltration

A comparison of the results obtained from the two-stage continuous (Run M)
and the data obtained from single-stage continuous coupled by microfiltration utilizing the
same apparatus (Muenduen Phisalphonge, 1989) was shown in Table 5.6. It could be seen
that the second stage, which duplicated the system of single-stage continuous coupled by
microfiltration, showed improvement in the solvent concentration by using the first stage
fermenter as a supplier for continuous feeding of fresh cell to the system. Also, the solvent
productivity of the two-stage was 7% less than the single-stage continuous coupled by
microfiltration but obtainable solvent concentration was 21.2 % higher. However, the
advantages of two-stage system was the longevity of operation due to the continuous feeding
of fresh cells from the first stage and the solvent at high concentration which was more

suitable for separation.



5.5.3 Other Processes
Comparing of the results obtain from the two-stage continuous fermentation at
the overall dilution rate of 0.0425 hr'! (Run E) with two-stage continuous coupled by
microfiltration at the first stage dilution rate of 0.17 hr! and the second stage dilution rate of
0.55 hr! (0.40 hr! overall dilution rate, Run M) and with the data obtained from the literatures,

the solvent productivity was higher than that of most published data (Table 5.7).
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FIGURE 5.20 Time varation of cell concentration during a batch fermentation of

Clacetobutylicum atpH 4.8 and temperature of 35 °C.
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FIGURE 5.23 Time variation of solvent, acid and total product concentration during a batch

fermentation of ClLacetobutylicum at pH 4.8 and temperature of 35 °C.
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TABLE 55 Comparison of the results of acetone-butanol fermentation from two-stage

continuous, two-stage continuous coupled by microfilration and batch fermentation.

Syslem Cwerall Dilution rate of Solvent Butanol Solvent Butanol
dilution rate first second | concentration | concentration | productivity | productivity
(1/hr) stage siage | (o) (g (g/1-hr) (g-hr)
Batch - - - 16.79 8.56 0.21 0.11
Single-stage 0.17 0.17 - 8.06 447 1.52 0.76
Run E 0.0425 0.47 0.057 14.94 ' 8.53 0.63 0.36
Run M 0.40 0.17 0.55 14.01 7.09 5.60 2.84
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TABLE 5.6 Comparison of fhe results obtained from the two-stage

obtained from single-stage continucus coupled by microfiltration.

of run M with the datas

System Dilution rate Concentration (g/T) Productivity (g/-hr) Cell concentration
(1/hr) Sohvent Butanol Solvent Butanol Ty
Single-stage coupled by MF 0.55 11.03 B.26 .08 3.44 80.00
Two-stage coupled by MF 0:40 14.01 7.09 5.60 284 80.06
[Run M) [D2 = 0,55}
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TABLE 5.7

Comparison of the results obtained from this experiment with datas

96

of Cl acetobutylicum obtained from the literatures.

Ral, 25 Bahletal | Monotetel | Afscheretal | Piemctetal. | Schioteetel | Forberg et al Godin et al. Fick et al, Present work
R [1983] [1885] (19881 19881 11983 RECLH 11986] _ Run E Rm M
Maximum soheent praductivity < 08 0.54 0.4 4.5 B.5 & 0.7 0.5 4.02 0.63 5.60
lgit-he]
Sobvent concentration 18 18 12 7 13 10.3 1 20.00 304 14.94 14.01
lgm
Substrets Molzsses | Symthetic Symthetic | Synthetic 0UBgn | Synehetic Synehedtic Complax 10g1 Symtharis Compilex Bgll Synshetic | Synshetic
P-Fmited yeas! sxtracl yeast axtract VEasT extract
Fermenter Indusitrial | Two-stage Single-stage Two-stage Simgle-stage Singfe-stage Single-stage Two-stage Two-stage Two-stage | Two-stage
babeh Cal recycls Call recycls Cell recycle | immobilized cels immobdized calis Cedl recycie

96
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CHAPTER VI
CONCLUSIONS AND RECOMMENDATIONS

It was clear that solvent praductivity can be improved by using a two-stage continuous
‘ermentation. With this system. the solvent ;:r't’.'fl:Im:t:'!.fi't'_n,ur was 3 times of the baich fermentation
and approximately 1.2-1.4 times of the single-stage continuous. From the experiment, the
naximum solvent prnductrva_l;_.ﬁas,ﬂ.ﬁa a/l-hr with butanel preductivity of 0.36 g/l-hr. The cell
nass was 2 12 g/l and the total soivent concentration was 14 94 a/l which consisted of 8.53 g/l
>f butanel, 5.12 g/l of acetone and 1 29 afl of ethanol

The second stage of the two-stage Cﬁﬁﬁnunus system produced solvent at high
zoncentration while the first stage produced lhei...ﬁ:l:;twe cell  The second stage could be
:onsidered as a single-stage system whm-_ﬁ was Gmnacfeﬂ with an active cell feeding unit, Le
he first stage The twa-stage centinuous system Ttidiate be expected to increase the
stability of the continuous process as a result of continuous feeding of active cells

Replacing the second slage with one coupled by microfiltration, the cell mass
ncreayed to 3@ tigh concentration of 80 g/l which was 40 times of the system without
nicrofiltration  Thesahient productivity reached a maximum vaiue of 560 a/l-hr with butanol
reductivity of 284 g/l-hr The total solvent concentration was 14 agfl twhich was lhe
:ombination, of 7109 a/l butanol, 542 /a/l-of acetona’and 1 50 g/l of ethanol \The technigue
1sing a cell recycling could overcome the problem of growth rate limitation due to the dilution
ate Moreover, the operation with high cell concentration might allow higher productivity ( 8
imes higher than two-stage without coupling by microfiltration) at optimum parameters

However, this microfiltration system which made of ceramic could not be operated for
1 long period of time due to a lack of equipment for cell bleeding. Then the cell mass

ncreased to a very high concentration rapidly unlil the equipment became noperable caused
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by the blockage of cell mass at high density in the microfilter tubes. This problem might be
solved by incorporating a turbidostatically controller to control cell concentration in the system.
This would allow the fermentation to be operated at optimum cell concentration which is
expected to yield a higher solvent productivity for a long period of time. Therefore, it might be
studied continuously to determine the optimum cell concentration for operation of two-stage
coupled by microfiltration at the maximum solvent productivity by using cell concentration
controller.

Based on this experiment, two techniques for improvement solvent productivity, i.e.,
two-stage continuous systern and cell recycling unit, were used and yielded higher solvent
productivity. It clearly demonstrated the possibility of further improvement of acetone-butanol

fermentation and other fermentation processes.
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TABLE A1 The resuflts of acetone-butancl fermentation from single-stage continuous process.

Operating Solvent concentration (g/l) Total solvent Acid concentration (g/l) Cell concentration

condition Butanol | Acetone | Ethanol (g) Butyric acid | Acetic acid (@)
Batch (3 L) 223 1.85 0.44 432 1.73 0.41 1.72
Continuous (D=0.03 hr-1) T AT 6.22 . 0.55 14.24 0.36 0.00 1.95
Continuous (D=0.05hr-1) repeated 6.15 417 0.38 10.70 1.73 0,00 1.96
Continuous (D=0.05 hr-1) 6.37 4.09 0,33 10.79 0.90 0.00 1.96
Continuous (D=0.07 hr-1) 4.98 268 0.36 8.02 0.00 0.00 211
Continuous (D=0.10 hr-1) 5.07 2.86 0.62 B8.75 0.00 0.00 2.34
Continuous (D=0.12 hr-1) 5.55 4.04 0.98 10.56 0.92 0.00 2.23
Continuous (D=0.14 hr-1) 5.00 .72 0.53 8.25 1.00 0.00 2.08
Continwous: (D=0.15 hr-1) 4.44 3.346 1.04 B.83 1.01 0.00 2.14
Continuous (D=0.17 hr-1) 4.47 3.41 1.02 8.80 1147 0.00 217
Continuous (D=0.18 hr-1) 4.15 35T 0.47 8.18 1.37 0.00 2.00
Continuous (D=0.23 hr-1) 2.26 166 0.15 4.07 1.30 0.00 1.24

S0l



TABLE A2 The resulis of acetone-butanol fermentation from two-stage continuous process.

106

Operating Solvent concentration (/1) Total solvent |Acid concentration (g/l) Cell concentration

condition Butanol Acetone Ethanol (am Butyric acid | Acetic acid (g
Batch (1 L) 2.71 2.80 0.55 6.06 0.31 1.54 1.67

First stage
Continuous (D =0.1hr-1) 5.04 4.18 0.94 10.15 0.30 0.90 2.20
Continuous (D =0.12hr-1) 5.10 4.09 1.03 10.22 0.10 0.90 2.38
Continuous (D =0.15hr-1) 4.20-4.70 | 3.24-3.31 | 1.23-1.37 | 8.67-9.38 0.230.28 | 0.90-1.48 2.00-2.34
Continuous {D=0.1Thr-1) 400 3.57 1.35 8.92 i0.45 0.00 217

Second stage 7

D=0.10 hr-1 added 0.0045 I/hr 9.77 5.27 1.41 16.45 0.65 2.20 1.85
D=0.12 hr-1 no additional feed 9.00 5.77 1.30 16.07 0.35 0.95 2.18
D=0.12 hr-1 added 0.0045 I/hr 10.58 6.20 1.42 18.21 0.25 1.10 2.36
D=0.15 hr-1 no additional feed 8.44 5.43 1.37 15.24 0.22 0.90 2.32
D=0.15 hr-1 added 0.01 I/hr 7.12 4.69 1.49 13.30 0.15 1.50 2.07
D=0.17 hr-1 no additional feed 8.53 5.12 1.29 14.94 0,41 0.95 2.12
D=0.15 hr-1 added 0.02 I/hr 6.53 4.59 1.49 12,61 0.30 2.10 2.02
D=0.15 hr-1 added 0.03 I/hr 6.23 4.7 1.51 12.45 0.30 2.50 1.71

a0l



TABLE A5 Glucose consumption rate (r;) . solvent preductivity (rp) , cell productivity (r,) and

production yield (Y,) flom single-stage continuous process.

Operating rs p ~ Ypls

condition lgh-hr) (g/t-hr) (gM-hr)
Batch (3 L) 2.05 0.29 0.15 0.17
Continuous (D =0.03 hr-1) 1.43 0.44 0.06 0.21
Continuous (D =0.05hr-1) repeated '2.12 0.51 0.10 0.24
Continuous (D =0.05 hr-1) 2.16 0.53 0.10 0.25
Continuous (D =0.07 hr-1} 2.82 0.58 0.16 0.20
Continuous (D=0.10 hr-1) 3.92 0.84 0.23 0.21
Continuous [D=0.12 hr-1) 4,50 1.23 0.27 0.22
Continuous [D=0.14 hr-1) 4.62 1.30 0.29 0.28
Continuous (D =0.15 hr-1) 5.44 1.34 0.32 0.25
Continuous (D=0.17 hr-1) 4.97 ¥.62 0.37 0.31
Continuous (D=0.18 hr-1} 4.86 1.48 0.36 0.31
Continuous (D=0.23 hr-1) 4.10 0.85 0.28 0.21
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TABLE A6 Glucose consumplion rate (rg) , sotvent productivity (rg) , cell productivity (r,) and

production yield (Y from two-stage continuous process.

Operating rs P ™ Ypis
condition (g/fl-hr) (gf-hr) (gh-hr}
Batch (1 L) 1.80 0.36 10.08 0.21
First stage
Continuous (D=0.1 hr-1) 4.03 1.02 0.22 0.25
Continuous (D=0.12 hr-1) 4.41 1.23 0.29 0.28
Continuous (D=0.15 hr-1) 4.82 1.35 0.33 0.28
Continuous (D=0.17 hr-1) 5.01 1.52 0.37 0.30
Second stage
D=0.10 hr-1 added 0.0045 l/hr 1.15 i0.06 0. 06 0.21
D=0.12 hr-1 no additional feed 0.77 i0.09 0.09 0.25
D=0.12 hr-1 added 0.0045 [/hr 0.72 0.10 0.10 0.22
D=0.15 hr-1 no additional feed 0.75 0.12 0.12 0.23
D=0.15 hr-1 added 0.01 l/he 1.48 0.11 0.11 0.19
D=0.17 hr-1 no additional feed 0.65 012 0.12 0.22
D=0.15 hr-1 added 0.02 l/hr 217 0.11 0.11 0.16
D=0.15 hr-1 added 0.03 l/hr 2,28 0.10 0.10 0.15
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TABLE AT Glucose censumption rate (rg) , solwent productivity (r,) , cell productivity (r,) and

production yield (Y) from two-siage continuous coupted by microfiltration.

Operating rs rp [} Yp/s
condition (g-hr) g/t-hr) an-hr)
Batch (1 L) 1.60 0.36 0.08 0.21
First stage (D=0.17hr-1) 4.668-5.02 | 1.21-1.37 | 0.28-0.31 0.21-0.28
second stage
D=0.063 hr-1 no additional feed 0.76 0.609 1.90 0.34
D=0.0646 hr-1 added 500 g/l of glucose 1.20 1.584 0.00 0.32
D=0.069 hr-1 added 500 g/l of glucose 2.89 1.689 0.00 0.21
D=0.267 hr-1 added 50 g/l of glucose 8.75 3.838 1.42 0.20
D=0.55 hr-1 added 50 g/l of glucose 17.79 B.264 0.00 0.21

TABLE AB Glucese consumption rate (rg) , solvent productivity (ry) , cell productivity (r,) and

production yield HP\;.- from balch process.

Operating s p (¢} Ypis
condition (g/-he) {g/t-hr) (g/-hr)
Batch (1 L) 0.62 0.21 0.07 0.30

oLl
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