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I. STUDIES OF THE MECHANISM AND KINETICS OF CELLULOSE HYDROLYSIS

1. Introduction

Most studies of enzyme kinetics have been concerned with

heterogeneous systems: the action of soluble enzymes on soluble
substrates. Studies of homogeneous enzyme kinetics have been .
largely confined to the action of insoluble (imﬁobilized) enzymes
and soluble substrates. Much leés research has been conducted on
the action of soluble énzymes on insoluble SUbstfates. The
enzymgtic hydrolysis of cellulose falls in this latter area, and
thus is of concern, not only for its applications iﬁ
saccharification technology, but also as an investigation into
this lesSer-known area of enzyme kinetics.

The kinetics of enzymatic hydrolysis of cellulose depends
on the'structural features of cellulose, the nature of the enzyme
system, and the interaction of substrate and enzyme. Structural
features pértinent to the development of a model for cellulose
hydrolysis include particle size and degree of crystallinity.
These influénce both the sUfface available for enzyme binding and -
the rate of reaction, since amorphous'regions are degraded
readily, while hydroleis of crystalline regions proceeds only
slowly. The nature of the cellulasé system is described by the
relative ambunts‘of the constituent ehzymes—-endoglucanases,
éxbglucohydfolases,-Cellobiohydrolases and_B-gluCosidases. ' The
interaction of substrate and ehzyméé is described by adsorption,
reaction, and product'inhibition phenomena. ,A mechanistic model

incorporaging all of these three groups of factors has not yet
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been developed, and is thelobjective of this work.
2. Current Research
The scheme for the purification of components of the

cellulase complex obtaih;d from Ixighgdéxmg_zggﬁgi has been

developed in modified form, as shown in Figure IA-l1l. This scheme-

is similar to that previously described except for changes in

composition of eluting buffers)made to optimize the separation,
and added steps to remove salts which can interfere with

separation. Results of the ion exchange step are shown in Figure

IA-2 (second step of the purification scheme). Results of gel

permeation chromatography of the cellobiohydrolase dembnstrate
-that this cdmponent was purified to homogeneity.
b. Cellobiohydrolase activity determination

Previously shown specific activity determinations bf
partially purified components indicate a decrease in specific
activity of éellobiohydrolase with each stage of the
purification. This is not due to a decrease in intrinsic
activipy of this protein, but a result of the synergistic action
of components on highly crystalline substrates. Recovery of full
activity with recombinatibn.of purified componénts*demonétratés
this point. To show that steps in the purification scheme are
valid not bnly in obtaining protein homogeneous in physical
properties, -but in ehzymatic action as 'well, an assay needs to be
devised to demonstrate increases in specific activity doncomitant
with each stage of purification of. protein; as is.the caserwith

the other components of the cellulase complex. To this end,
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assay of cellobiohydrolase activitf.by measuring formatioh df
cellobiose from phosphoric acid swollen (amorphous, Walseth
cellulose) is being substituted for traditional measurement of
reducing sugar formation from cotton (crystalline cellulose).
This is consistent with new knowledge of the meéhanism of action
of cellulase components, corresponding to the specificity of
‘enzyme aétion,’rather than Cl (cotton) and Cx (soluble}cellulose
derivative) measurements which do not correspond to a Specifié
enzyme action but ofvcombined action of several components{
Details of this procedure'are beingkdeveloped, using the .

enzymatic conversion of cellobiose to glucoSe for use on a

- glucose analyzer.

3. Euture Research

Determination of Langmdir isotherms for fhe adsorpion of
purified endogiUCanase and purified cellobiohydrolase separately,
‘and in varying proportipns; is the'first'stép in dévéIOping a
model to describe the interaction of enzyme and substrate. This
has not been done previously for enzyﬁe from this source except
with ghe raw culture filtrate‘¢ontaining a constant proportion of
the two enzymes. |

V.Kinetic'and inhibition constants for the action of

B-glucosidase, and association-constants for

glucose-endoglucanase and cellobiosé- cellobiohydrolase, will be
obtained f:ém kinetic studies on the action of seglucosidase in
the presencelof'variable amounts of cellobibhydrolase,
‘endoglucanase, cellobiose, and glucose. This will characterize

the hombgeneous reactions in enzymatic hydrolysis of cellulose



and, in conjunction with adsorption data will comprise the

kinetic model being devised.
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In 1976, the Biotechnology Commission of the

International Union of Pure and Applied Chemistry (IUPAC)

recommended analysis of areas of microbial technology relating to

energy and chemicals from renewable resources. Following

subsequent meetihgs, task objectives were proposed in the areas

of: 1) photosynthesis and efficiency, 2) hydrogeh production, 3)
cellulase production and measurement, 4) saccharification, 5)
single cell protein production and measurement, 6) Biomass

substrates and definition, 7) yields, balances, and net

energetics of biomass (hexosans and pentosans) to ethanol.

During these meetings it became clear that there was a gfeat'need
for clear, reproducible and appropriate methodologies for
celluiaSe enzyme assays, céil”and protein yields, maintenance,
productivities and rational evaluationvof substrates'which would
be broadly applicable for those doing research in the field of
bioconversion of reneWab1e resources. It was further proposed
that currently scattered data when compiled in a critical way,
wouldvénable scientists and engineers to uée and comparé the
methods in their research and development studies and acquire by
concensus a series of suitable methodologies. Lastly, it was
also proposed that IUPAC‘publish a comprehensivé document on

these questions and solutions for the benefit of those in this

field.



2. Current Research

This group was invited to participate in the
submission of various ehzyme assays used in our laboratory. In
additibn, the preliminary combined report to the IUPAC
Biotechnology Commission was critically reviewed by us as well as
by most of the participating: groups.

In biomass.conVErsion, the area of enzyme  assay
has been somewhat of.a controvetsy. The large spread in ratios
of constituents, prbtein content and activities in réported
valqes results from a numbér of unfortunately diverging factors.
First, the measurement of product reducing sugéfsy-speqifically
glucoéé, cellobiose and‘xylose,-have been a source of large
losses in accuracy. Secondly, the nature of the enzyme assay,

i.e. solid-liquid reactions give rise to additional variance in,

not only the kinetics of conversion but also the ultimate yield

of measureable products; In the first case mentioned above, the

use of colorimetric methods for reducing sugar determinations for

relative sugar production is one of the major sources of

inaccuracy. Problems arise when the results of these methods are-

publiéhed when in fact they are generally erroneous because all

reducing substrates are measured with variable extent of 

sensitivity. For example, in this laboratory,
3,5-dinitrosalicylic acid reagent (1) is used for the
colorimetric determination of relative production of reducing

sugars. When glucose is used as the standard, values for

cellobiose.are low by 23% and -values for xylose.are-15% high on-a

*
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weight basis. However, on a molar basis xylose is equal to
glucose but éellbbibse is low by 33%. With the use of more
specific methbdé, such as silylafion of the reducing sugars and
determination of the silyl ether derivatives by gas/liquid
chromatography, the loss in accuracy has been reduced to less
than *1%. Lately, with the use of high, or even low, pressure

liquid chromatography the loss in accuracy is quite low, i.e.,

less than *2%. However, these instruments are usually quite-

expensive, though they amortize themselves relatively quickly

with the increased output and accuracy. Glucose specific assays

are accurate after they are modified to accommodate the various
substrates used and hydrolyzates encountered. The use of glucose
oxidase-peroxidase methed in automatic glucose analyzers is a
great impro§ement over the laborious mahual GOP method. Here
again, these instruments are quité expensive. |

| The second cause mentioned above, the various substrates
used, have given rise to an wide array of results. Since the
enzyme produced from varidus organisms is variable in
composition, even on a givenvprOGuction fun, cdupléd with the
variable substrates used, the results are difficult at best to
utilize. It isjéXpected in the neaf future this problem should

be greatly reduced when the somewhat refined methods of direct

~enzyme composSition are established as opposed to the present

secondary or indirect methods. Of course, the ultimate utility
of any_enzYme is its effectiveness under process conditions.

In this laboratory, the present methods for

cellulase enzyme characterization are: 1) filter paper activity,

O
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(FPA). 2) (CX an obsoiete. term) or endo-B-1,4 glucanase. or
carboxymethyl cellulase, abbreviated as CMC'ase, since carboxy
methyl cellulose is used as the éubstrate. 3) (Cl, an obsolete
-term) cellobiohydrolase, abbreviated as CBH or loosely called
exo-f-1,4 glucanase. 4) B-giucdsidaée, also called cellobiase

since cellobiose is used _as a substrate. 5) soluble proteih.

The broad measure of these activities are Calculated.based on

product glucose in micromoles (0.180 mg) per minute or 10.8 mg
per hoﬁr. This is the definition of one Internatibnal Unit of
enzyme activity.

The following is a very brief description of the

methods described above. The Filter Paper Activity is based upon

the overall action of cellulase enzyme on 50 mg of Whatman #1.

filter paper, an easily hydrolyzable substrate, at 50°C for 1
‘hour. It is not shakén or otherwise mixed after the_initial
mixing té distributé the filter paper strip ﬁniformly in the
diluted enzyme solution. The glucose and cellobiose produced is
measured as glucose with DNS reagent. As expected, the precision
of this procedure does Qary as much as 25%. As a means of

tracking enzyme growth this procedure is adequate. However,

because of the reasons mentioned previously, it should not be

repbrted as the only means of characterization of cellulase
enzyme. To demonstrate how tenuous this test is, the results of
filter paper activity measurements comparing the glucose and
cellobiose produced, determined by high pressure liquid

chromatography (HPLC) with cellulase enzyme derived from

1. QM 9414 are shown in Figures- IB-1 and 2,

&y
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respectively. In Figure IB-1l, the results from a static (i.e.
not continually mixed) FPA enzyme dilution run are plotted to
determine the critical dilution, defined as the onset ofvnon
linearity of enzyme activity, for this pa:ticular type of test.
In this case the critical dilution was 0.05 concentration of
initial enzyme. The glucose Filter Paper Activity was 1.3 IU(G)
per ml, and the cellobiose was 0.65 IU(CB) per ml. 1In Figure
IB-2, the résults of a similar enzyme dilution run is shown
except each of the enzyme activity assays were shaken at 200
cycles per minute for the 60 minutes. As shown, at critical
dilution, thefe is about the same activity for glucose produced
of 1.2 IU(G) per ml, however, there is a considerable-increase in
cellobiose activity of 3.4 IU(CB)’pef ml. To complicate the
matter further, in the previous shaker run,'the DNS colorimetric
method for "reducing substances" was used to determine the
product versus a glucose standard. The results of fhis enzyme
dilution curve afe shown in Figure IB-3. As shown, at critical
dilution of 0.05, the FPA of 2.1 IU/ml was obtained. This value
is an appafent average compared to previous run (Fig. IB-2) .
This is soley due to an artifact of the concentration ratios of
the cellobiose and glucose along with product inhibition 6f
cellobiose as is also shown in Figure IB-2. These e#amples are
shown}to demonstrate part of problems encountered with published
results. With cellulasébenzyme solution derived from T.-reesei
Rut C-30 containing considerably higher concentration of
B-glucosidase, the effects of cellobiose are proportionately

reduced. The typical FPA assays performed now produce less than
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one percent cellobiose of.total sugar produced and the
determination with DNS reageht is usually adequate. The reéulté
of a typical FPA enzyme dilution curve is shown in Figure 1B-4.
The original enzyme was diluted 1:10 (x 11) prior to this
determination and at a further relative dilution of 0.3 the sugar
produced as glucose=0.544 mg/ml. An example of the calculation

of FPA in terms of I.U. is thus:

FP = (0.544mg G/ml) (2 ml) (1/0.3 x 1ml) (0.0926) (x 11) = 3.7 1.U./

ml.

The determination of endo-8-1,4 glucanase
(CMC-ase) is performed with carboxyﬁethyl cellulose as substrate
and is specified as CMC-7L (Hercules) DP-400, DS = 0.65-0.85.
One ml of a 2wt% solution of the CHC in 0.025 M acetate buffer,
pH = 5; is’used alomg with 0.1 ml:of the diluted enzyme, mixed
andvthen maintained at 50°C for 30 minuteé. The reaction is
quenched with DNS reagent and the product sugar, as glucose, is
measured. The result of the relative enzyme dilution curve with
the same enzyme solufion used for previously described FPA is
shown 'in Fig. IB-5. The original enzyme was diluted 1:20 (x21)
prior to this determination. An example of the calculation of
- the activity is thus: CMC-ase= (0.490 mg G/ml) (1.1ml) (1/0.21 x
0.1m1)(0.1852) (x 21) = 100 I.U./ml. |

The determination of cellobiohydrolase (CBH) is
performed with cotton as the substrate and is specified as

Johnson and Johnson (Red Cross) brand. 1 ml of the diluted
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Figure IB-4.
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enzyme and 1 ml of 0.05 M acetate buffer; pH = 5, is mixed with
50 mg of the above cotton and allowed to stand at 50°C for 24
hours. The reaction is then quenched with DNS and the product
sugar, as glucose, is measured. The result .of the relative
enzyme dilution curve with the previous example enzyme solution
is shown in Figure IB-6. The original enzyme solution was
diluted 1:20 (x21) prior to this run. Since this run is
performed for 24 hours the factor for IU = 1/(0.18 mg x 24 x 60)

3

= 3,858 x 10 ° I.U./mg G. An example of the calculation of this

activity is thus:

CBH = (0.36mg G/ml) (2 ml) (1/0.42 x 1 ml) (3.858 x 10~3) (x21)
= 0.14 1.U./ml.

The determination of Bfglucosidase (CB-ase) is
performed with cellobioée as the substrate and is specified as
J.T. Baker Chem. Co. #E-403 (Baker Grade), because of
considerable variability of purity encountered with that which is
commercially available. 0.1 ml of the dilute enzyme is mixed with
1 ml of 1.25% cellobiose in 0.025 M acetate buffer, pH = 5, and
alldwéd to react at 50°C° or 30 minutes. The reaction is
quenched with glucoSe oxidase-peroxidase reagent. (2) that is
modified with tris (hydroxymethyl-aminb methane) buffer, pH = 7,
v(3). Alternatively, the reaction can be quenched, with 0.025vml
of concentrated hydrochloric acid when the glucose anayzer is
used. The result of the relative enzyme dilution curve with the

previous example enzyme-is shown in Figure IB=7. Not shown in
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Figure IB-7, the critical diluton for 30 minutes at 50°C is 0.66
mg G/ml at 1.0 relative enzyme dilution. The original emzyme
solution was diluted 1:3 (x4) prior to the run. An example of

the calculation of the activity is thus:

B~g = (0.16 mg G/ml) (1.1 ml) (1/0.24 x 0.1 ml) (0.1852) (x4)
= 5.4 1.U./ml.

In Figure IB-7 is also shown the linearities of
other reaction times and temperatures. The necessity of careful
control of temperature and reaction times are indicated by these
results. | |

_ The soluble protein is measured by the method of
Lowry, et al. (4) and with Rutger C-30 cellulase enzyme, values
of 6Ato}7 mg/ml are éncountered;

The Biotechnology Commission of IUPAC has asked
the group at the US Army Natick RD Labs to coordinate the
‘preliminary concensus procedures. In addition they héve supplied
the'neceSSary freeze dried ehzymes,»Substrates and reagents for
the coilaborative study. These procedures,.some of which we are
familiar with, should present very little problems. Others
appear to be difficult and tedious, and that may preclude their
ﬁility. The principle for enzyme evaluation under process
conditions appears to be well suited and most necessary at this
time. The procedure is in a state of flux but this study should

resolve some of the questions.
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'II. FUNDAMENTAL STUDIES OF HIGH PRODUCTIVITY FERMENTATIONS

. on Yeast Nutr 43

A. Ba f- udie
A basic study of the nutrient requirements for
yeast fermentation of sugars to ethanol is important because of'
the high cost contribution of the hutrients to the ethanol
production cost and because of the major effects of medium
composition on ethapol and yeast‘productivities; .In all known
ethanol producing processes, the growth factors and many of the
minerals are provided_f:om complex sources.such as molasSes or
cornstéep liquor. Up to now there has been little effo;t devoted
to definingvghe active componeﬁts of these complex sourceé in
yeast fermentation and tO'defining théir opfimal ratios for a
balanced medium. A balanced medium is important_to eliminate the
cost of excess compbnents and to prevent their inhibitory effects
on build-up in recycle processes with seléctive ethanol removai.‘
Therefore, batch‘and continuous fermentations are being carried
out with synthetic aﬁd semisynthetiC»ﬁedia to_define
quantitatively the dsage of all the major media cdmponents for
cell growth and ethanol production.
2. Current Research
a. vuﬂflient-studies'nnde:'lgm g]uéQsev low ethangi-
After the important growth factors were
identified in batch fermentation, continuous cultures were

started to determine the optimum levels of all the medium

components in ethanol fermentation. - The first case considered
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was a medium with only 10-15 g/L glucose to eliminate the effects
of ethanol inhibitioﬁ and glucoée inhibition on the medium
requirements.
i) Procedures
A novel proceduré extending developments by
Mateles and Battat (1) was employed. Each medium component is
made the. limiting substrate: in terms of cell and ethanol yields.
The: limiting nutrient is first determined by observing which
component when injected as a concentrated pulse directly into
the fermenter produces a transient increase in cell mass or
ethanol. The Yields of cell mass and ethanol with respect to the
limiting nutrient can then be determined from the known steady
state feed rate 6f the limiting nutrient and known productivity
rates of cell mass and éthanol prior to the injection. When this
limiting nutrient is found, its concentration in the feed
reservoif, which is feeding at a steady state dilution rate, is
increased such that it is no 1onger yield limiting up to a given
level of cell mass and ethanol. This component can then be.
eliminated from further testing as the other components in turn
are each made yield limiting.
| In Table IIA-1 is given the minimal medium and
the concentrations of the vitamins tested. The concentrations.
given. for biotin, pantothenic acid, pyridoxine, and thiamine are:
for the feed bottle after positive responses were seen for their
pulse injections into the fermentor. The concentrations given
for inositol, nicotinic acid, and p-aminobenzoic acid are for the

fermentor upon injection if’ not- consumed. Note there is a very
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Table IIA-1

Standard Minimal Medium

. | g/L
SNH4)2SO4 ' ‘. 0.472
KC1l : 0.0763
Ca2Cl2 . 2H20 0.0118
MgSO4 . 7H20 : 0.0495
Yeast Extract : ' - 0.100
H PO, - ‘ - .0.084
37 4
Trace Minerals Solution 0.5 ml/L
Trace MineralsSolution |
g/L
H3BO3 ‘3.Q.
‘CoSO4 . 7H20 | 0.2
C.uSO4 . 5H20 _ 0.8
Zn_SO4 . 7H20 2.0
,MnSO4 : HZ.O 0.6
KI 0.2
-FeSO4 . 7H20 0.4
Alz-(so4)3 0.6

Vitamin 2dditions (only when specified)

Biotin o - | 4ug/L
Pantothenic Acid : 1.25 mg/L
Pyridoxine n, 1.25 mg/L
Thiamine ‘ - 0.133 mg/L
Inositol _ . 3.45 mg/L
"Nicotinic Acid - ' 1.12 mg/L.

p-Aminobenzoic Acid ' _ 0.0518 mg/L
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small quantity of yeast extract (0.1 g/L) present to brovide for
the possible trace requirements which cannot presently be
determined. This allows determination of all the major
. components in the meantime.

ii) Results and Discussion

The positive responses to pulse injections of
nutrients are given in Table IIA-2, which shows the steady state
fermentor conditions before injection and the transient
. conditions after the specified times. The minimal medium
composition and the unspecified component concentrations referred
to in this table are those given in Table IIA~1l. The cell
optical densities (0.D) can be converted to dry weight
concentrations with the calibration in Figure IIA-1l.

The minimal medium without any vitamins added
showed low cell and ethanol productivities with only about one
third of the available glucose consumed. ~Biotin added to this
medium as a pulse gave a very'positive response. The steady
state response of biotin in the feed showed that the cell and
ethanolvproductivities.increased by about three times.
| Pantothenic acid was the next growﬁh factor to
show a positive pulse fesponse after the biotin requirement was
ﬁeti In fact, previous studies showed that unless this‘biotin
requirement was first met, pantothenic acid and pyridoxine did
not show positive responses, implying biotin is needed for a
critical reaction before pantothenic acid or pyridoxine could be
utilized in subsequent reactions. The addition of pantothenic

acid to the feed medium increased ethanol and cell production to



27

Table IIA-2

Positive Pulse Response

‘ : .
MEDIA INJECTIONS ATIME 0.D. Glucose Consumed { EtOH Produced
Before o (hr) (g/L) (g/L)
Injection

1 x minimal
10g Glucose/L - 0.248 3.69 1.13
Biotin (4yg/L) )
- (Feed Bottle) 21.5 0.460 6.79 2.43
1 x(minimal + Biotin) - - 0.690 9.03 3.28
10g G/L
- Pantothenate 4.0 0.830 9.42 4.04
(2.5 mg/L)
(Fermentor)

1 x minimal + Biotin - - 0.915 9.33 3.78
: + Panto)

15g G/L

- Pyridoxine 13.75 | 1.030 11.0 i 4.19
(1.25 mg/L)
(Feed Bottle)
1 x (@inimal + Biotin
+Panto. + Pyr) - - 0.990 12.1 4,28
15g G/L
Thia (0.133 mg/L) : .
- Inos. (3.45 mg/L) 6.75 ] 1.060 13.9 4.73
Nico (1.12 mg/L)
p-ABA (0.0518mg/L)
‘(Fermentor)

1 x(minimal + Bio )

- 1.020 12.3 4.49
+P .+ P -

15¢ G/fnto yr)

_ Thia (0.266mg/L) 7.25} 1.035 12.2 4,91
(Fermentor) .
1 x(minimal + Bio . - - | 0.990 12.1 4,39
+ Panto + Pyr .
+ Thia)
15g G/L
Yeast Extract
- (5 ml of 20 g/L 5.0 1.075 13.1 4,79
sol'n) (Fermentor)




Table IIA-2
Continued

Positive Pulse Response

MEDIA INJECTION Atime 0.D. Gluc. Consumed | EtOH Produced
Before ’
Injection (hr) (g/L) (g/L)
2/3 x (minimal + Bio - 0.699 8.69 3.51
+ Panto + Pyr ’
. + Thia)
10g G/L
- Mineral Solution
(2 x of minimal) 6.0 0.807 10.2 3.80
(Fermentor) ' :
2/3 x minimal + Bio v
+Panto + Pyr + Thi - 0.705 8.90 3.41
10g G/L
_ (NH4)2504
(4 ml of 250 g/L
sol'n
(Fermentor) 10.75 0.825 9.81 3.39
} X'(NHQ)ZSOA )
2/3 x Others - - 0.972 0.98 3.65
- KC1 Decrease-
; from
. 2/3 x to 1/3 x
(Feed Bottle 36.0  0.813 0.84 3.77
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Figure IIA-1. Dry cell mass calibration curve.
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the‘point where the glucose was almost entirely consumed so it
then-became the limiting substrate. The glﬁcose concentration
was then increased to 15 g/L for the steady state pantothenic
acid response and for the next growth limiting substrate,
pyridoxine.

Pyridoxine gave positive pulse and steady state
responses. Next a combination of thiamine, inositol, nicotinic
acid, and p—aminobenzoic acid was pulsed into the fermentor with
a positive response. After steady state was re-established,
thiamine was pulsed with a positive response. However, the
steady state response to thiamine addition to the feed showed no
 significant dhange. Subsequent injections of inositol, nicotinic
acid and p—aminobenzoic acid to the fermentor also showed no
response. Yeast extract then gave a positive pulse response,
indicating there were still nutrient limitations.

To see the growth limiting concentrations for the
medium minerals, the medium was diluted to give 10 g/L glucose
and only 2/3 the previous minimal and grthh factor
conceﬁtrations for this glucose level. An injection of a mineral
miktqre.gave a-posifive response. A subsequent injecion of
(NH4)2SO4 also gave a positive response, indicating it was the
limiting component that was responsible for the earlier positive
response. The steady state response for (NH4)ZSO4 addition to
the feed showed a‘significant cell increase but a smaller ethanol
increase.

The steady state continuous culture responses to

medium composition shifts are given in Table IIA-3. The
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Table IIA-3

Steady-State Glucose, Cell Mass and Ethanol Data

MEDIA Dilution Glucose (g/L) |Dry Cell Mass Ethanol
-1
- Rate (hr 7) Feed |Utilized }g/L Yx/s g/L Yp/s q
(1 x) minimal 0.27 10.1 3.66 0.322 {0.0880 1.13 §0.309 | 0.948
(1 x)(minimal + Biotin) 0.27 9.84f 9.03 0.897 } 0.00993 3.28 ]0.36310.987
(1 x) (minimal + Biotin) 0.27 9.84f 9.62 1.20 |0.125 4.37 |0.454 | 0.983
+ Pantothenic Acid)
(1 x) Minimal+ Biotin 0.345 9.89 6.20 . 0.751 ] 0.121 2.12 |0.342 | 0.974
+Pantothenic Acid)
(1x) (Minimal + Biotin 0.42 .10.0 2.86 0.3481 0.122 1.44 10.503 1.7&
+Pantothenic Acid) )
(1 x) (Minimal + Biotinm 0.27 14.2 8.79 1.19 0.135 3.78 | 0.430{ 0.858
+Pantothenic Acid)
(1 x)(minimal + Biotin 0.27 14:9 12.1 1.29 0.107 4,28 10.354} 0.896
+ Pantothenic Acid :
+Pyridoxine)
(1 x)(minimal +Biotin 0.27 L 14.9 12.8 1.48 0.116 4.6910.366; 0.856
+ Pantothenic Acid
+ Pyridoxine
+ Thiamine)
(2/3 x) (minimal + Biotin 0.27 10. 24 8.69 0.909{ 0.105 3.514 0.404 | 1.04
+ Pantothenic Acid
+ Pyridoxine + Thiamine)
Same 0.27 10.24 g.82 | 0.909| 0.103 3.54] 0.401f 1.05
(1 x) (NH4)2504, (2/3 x) . 0.27 10.0 9.75( 1.26 .| 0.129 3.65} 0.374] 0.782
(Other minerals + Biotin
+ Pantothenic Acid
+ Pyridoxine
+ Thiamine)
Yx/s = g cell/g glucose consumed
o/s = g ethanol/g glucose consumed
q = g ethanol/g cells/hr

P
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incremental effects of adding biotin, pantothenate, pyridoxine,
thiamine and ammonium sulfate can be determined from this table.
The effects of varying dilution rates for the biotin and
nantothenate supplemented medium are alse presented. The
highest ethanol yield, 0.503 g ethanol/g glucose consumed, and
the highest specific ethanol productivity, 1.74 g ethanol/g
cell/hr, occurred with biotin.and,pantethenic additions at 0.42
hrfl'dlution rate. The highest specific. productivity is
consistent with the highest dilution rate utilized. However, the
ethanol yield corresponds to the theoretical maximum from glucose
if no cellkmass is produced and if the yeast extract is
disregarded. Thus, there is some doubt about the aceuracy of
either the glucose or ethanol measurements for this particular
case. The next highest yield was 0.454 g ethanol/g glucose
utilized and was obtained with the same biotin and pantothenate
supplements atv0.27 hr-l dilution rate. The next highest
specific ethanol productivity was 1.05g EtOH/g cell/hr obtained
with biotin, pantothenate, pyridoxine, and thiamine additions to
"the mimimal medium.

With a recycle process which can produce high
cell éensities, hign specific ethanol productivity will result
in high total productivity. Howe?er, the-eost of ethanol
:production will be'iargely determined by its yield with respect:
to its sugar.eubstrate. Therefore, sugar should be made the
limiting substrate. To make sugar limiting, the usage or
inversely the yield of ethanol with respect to all other medium

components must be known so they will not become limiting. Based
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on the yields obtained-when each was made the above limiting

substrate in the experiments, the yield coefficients given in
Table IIA-4 can serve as approximate guidelines for sca1e4up to
higher concentration systems.

3. Euture Research

Future work will be directed at scale-up of the

low glucose, low ethanol conditions to higher glucose (100 g/L)
and correspondingly higher ethanol. As a basis for compérison,

yeast extract as a general nutrient source will be studied at

varying concentrations. Then the effects of varying individual

mineral and vitamin concentrations in a highly synthetic medium

will be dete:mined.' The feasibility of both a completely .

synthetic medium and a semisynthetic medium with an inexpensive
complex component, for example, cornsteep liquor will also be
investigated. Finally, having determined the usage requirement

of each medium component from synthetic or highly synthetic

medium studies and knowing the Composition of the inexpehsivef

complex component of the medium as well as knowing all costs, the
optimum blend of components for the medium will be determined
with a linear program. This program can be used to give the
economicaly optimum medium as prices change for various

components.

References _ v v v
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(1974)
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Table IIA-4

Yield Coefficients

g.dry cell per

MEDIA LIMITING g G used/ -g EtOH Produced/
COMPONENT g limit comp. g limit comp | g limit comp.
6 7 7
(1x) (minimal) Biotin 3.22 x 10 3.69 x 10 1.13 x 10
10g Glucose/L
(1x) (minimal + Biotin) Panthothenate 8.97 x 104 : 9.03 x 105 3.28 x 105
10g G/L
: 5 6 6
(1x) (minimal + Bio+Pant) Pyridoxine 5.95 x 10 4.67 x 10 1.89 x 10
G/L )
. ' 6 7 7
(1x) (minimal+Bio+Pant+Pyr) | Thiamine 4.42 x 10 4,10 x 10 1.50 x 10
15g G/L
(1x) (minimal+Bio+Pant (NH4)2504 3.14 27.1 9.94
+Pyr+Thia)
15g G/L
(2/3x) (minimal+Bio+Pant (NH 4>zso A 2.89 27.6 110.7
. +Pyr+Thia)
10g G/L
(lx)(NH'l‘)2 SGA 2/3 x others | KC1 1.4 388 147

1/3 x KC1

10g G/L
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B. Modeis Yeast
1. Introduction |
Under aerobic conditions the yeast demand for
oxygen can be determined from the overall reaction for aerobic
growth given by Harrison (1): |

0-35556 CgH 1206 + 0-30017 NH; +1-43729 O3

100-00 g 5:10g 46-63 g
—> 0-30017 CsH1005N + 2:28276 HaO + 1-53234 COg
.43:23¢g 41-08¢ 67-42¢g

Most all of the oxygen consumed by the above reaction goes into
the catabolic function of respiration as the terminal electron
acceptors in oxidative phosphorylation. This use of oxygen for
respiration is well understood and large enough such that it can
be éasily'measured.

| Howevér, oxygen is also réquired for less well
understood biosynthesis under both aerobic and fermentativev
conditibns. It has been shown repeatedly that complete
anaerobiosis results in very low cell and ethanol productivity
(Haukeli and Lie (2), Cysewski and Wilke (3)). Moreover, adding
both ergosterol and unsaturated fatty acids to the'medium gave
‘relatively high cell yields even under anéerobiosis (Andreasen-
.and Stier (4)). This-suggeéts that oxygen is required for the
synthesis of ergosté;ol and unsaturated fatty acids.ﬂmBoth of
these ére important components of yeast lipid, the bulk of which
is required for cell membranes. However, the bibsynthesis
requifement for oxygen is very low and difficult to measure. It

'is even ignored by Harrison (1) in his overall reaction for
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fermentation:

0-55556 CgH1206 + 0-01214 NH3 — 0:01214 CeH1003N + 005697 C3HsO3

100-00 g 0-2lg 1-748 g 5-241¢g
+ 001204 C4HqO4 - 0:00071 C4H 140 + 0-01164 H20 + 1:03076 CO
i-42¢ 0:G5g 0-2lg 45-32 g
+ 160380 CgHO ‘
46-17g. .- -

The. objective of this research is to determine the fermentative.
oxygen requirement and its relationship to cell and ethanol
productivities.

2. Procedure

All yeast fermehtations are linear combinations
of Harrison's two above approximate reactions. Thus it is
possible to calculate the fermentative oxygen demand by measuring
the total oxygen uptake and subtracting §ut the oxygen uptake
from aérbbic growth. The relative extents of aerobic growth to
fermentation can be detérmined from the respiratory quotient,
which is the ratio of the cafbon dioxide evolution rate to the
oxygen consumption rate.

Using a continuous. culture, the carbon dioxide.
evolution rate was detérmined»by meésuring the total gas-outlét
rate from the fermentor and by méasuring its CO, composition by
gas chromatography. The oxygen consumptionvtate was measured by
the dynamic method described by Taguchi and Humphrey (5). This
method requireé measuring the dissolved oxygen concentation

(D.0.) in the fermentor as a function of time with a dissolved

oxygen probe. After a steady state D.O. is reached, the gas
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inlet containing the O2 source is turned off. The slope-of-the—————

D.0. decline gives the_O2 consumption rate. A typical trace is

éhown in Figure IIB-1l. The initial steady D.O. ievel is varied
by changing the agitation rate.

The yeast metabolism is assumed to‘be still
predominantly fermentative even when the D.O. is raised mainly
because of glucose repression of respiration and because of the

- short time exposure to the higher D.O. level in some cases.
According to Suomalainen, Nurminen, and Oura.(6), glucose
concentrations over 50-100 mg/L result in méinly or partly
fermentative metabolism even with intense aeration. Ferdouée,
Rickard, MOSS‘and Blanch (7) observed that mitochondria and
aerobic cytochromes appeared in yeast between three to six hours
after the tramnsition from anaerobiosis to 3 M dissolved oxygen in
the presence of only 0.02 to 1.66 mM glucose.

The specific oxygen consumption qoz as a function of the
initial dissolved oxygen level are plotted in Figures
I18-2,3,4,5,6,7 and 8 for dilution rates (hr-l) of 0.067, 0.091,

| 0.1515 0.207, 0.254, 0.313 and 0.397, respectively. For each
dilution rate qoz_rises rapidly with respect to dissolved oxygen
up to a critical concentration. Above this concentration 992
rises slowly up to a plateau called 9o, Mmax. These'qoz max
values are then plotted against dilution rate in Figure IIB-9.
Note that for 0.067'hr.1 dilutipn rate in Figure IIB-2, 952 doeé
not reach a plateau for,q02 max and so does not appear in Figure

I1B-4.
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dgo Max is the maximum possible specific oxygen
consumption rate for a givenvspecific growth rate. HoweVer, it is
achieved only when the dissolved oxygen concentration is high
enough to provide sufficient driving force for transport or for
reaction, whichever is rate limiting. The linear relationship in
Fig. IIB-9 between dgo Max and dilution rate implies that a
constant quantity of oxygen is.utilized, if available by a given
quantity of’yeast; This relationship:.is best quantified with a

linear regression, which yields:
dg, Max (hr™ 1) = 0.0175 +0.140 x dilution rate (hr 1).

The slope of this equation implies that 0.140 g 02/g cells is the
maximum oxygen required for growth for dilution rates up to 0.39

hrl

. The intercept givés the maintenance requirement of 0.0175
g 0,/g. celis/hr.

The oxygen requirement for aerobic growth can be
determined from the respiratofy'quotient (RQ) given in Table
. IIB-1 for each‘dilution rate. Note that RQ is defined here as
the ratio of the mass rate of carbon dioxide production to the-
mass réte of oxygen utilization. Defining F as the fraction of
glucose (C6H1206) fermentéd, RQ can be derived by multiplying
Harrison'saerobic growth equation by (1-F) and his fermentation

- equation by F and then adding these together to yield in terms of

glucose, oxygen, and carbon dioxide only:

1009"¢6H1206 + 46.63g (1-F) 05 +..+—[67.42g(1-F)+45.32gF] CO2 +..
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Table IIB-1
RQ, F, Fermentative Oxygen Usage, and ¥

-as Funetions of Dilution Rate

RQ (Mass F (Fraction Fermentative
Respiratory Glucose: : Oxygen Usage
Quotient) Fermented ) = (mg Op/g cells)
17.0 0,941 7643

18.2 0.945  80.7

16.2 0.938 73.1

16.8 0.940 75.3

19.7 0.949 85.0

7 (Specific
Ethanol
Productivity,

g Etoh/g cell/hr)

0.295
0.433
0.633
0.723
0.724
1.095
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RO = [67.42(1-F) +(45.32F)/46.63(1~F)]

Rearranging,

F =(67.42-46.63 RQ)/22.10-46.53 RQ)

RQ can'range from 1.446 to infinity corresponding

1 (completely .

to F=0 (completely aerobic growth) to F
fermentative growth). The values of F are also given in Table
IIB-1 and shows that 93.6% to 94.9% of the glucose was fermented
over the range of dilution rates. From Harrison's aerobic growth

equation, the ae;obic oxygen demand is then
(1-F) (46.63/43.23) g 0,/g cells

The oxygen usage for fermentation is then the

difference between the total usage and the aerobic usage:
0.140-1.079 (1-F) 902/g cells

These values are listed in Table IIB-1, ranging from 70.9 to 85.0
mg O,/g cells.

The relationship of specific ethanol
productivity, , to specific oxyen consumption is also given in
Table IIB-1l. From Figure IIB-10, v o, is a linear function of
the specific growth rate with both growth éssociatédvand'

non-growth associated‘reqUirements. Therefore, v, is also a
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linear functon of g5, max. |
. To understand where oxygen is needed for
fermentation and to obtain an order of.magnitudé'estimate 6f its
minimal requirement, the oxygen requirement for synthesizing
oleic acid, the predominant unsaturated fatty acid, and
ergosterol, the predominant sterol in yeast, can be calculated.
Andreasen and Stier (4) showed that 1 g/mlvoleic acid was the
minimum concentration to produce about 10 million cells/ml under
conditions of only oleic acid limiting growth. Andreasen and
- Stier (8) also showed that between 7 mg/l1l to 70 mg/l ergoéterol,
the same order of magnitude cells, 110-125 million cells/ml, were
obtained.
In the fermentation of oleic acid molecular
oxygen is required by oxidase as shown in the following reaction

by Stryer (9):
Stearoyl CoA + NADH + H' + 0,°X1935€ 51e0y1 Coa + NAD' + 2H,0

Therefore, assuming,Andreasen and Stier's oleic acid usage
requirement and assuming 10—_11 gram/cell, 1.1 mg oxygen/gram
cells are required for oleic acid:synthesis. | |

In the synthesis of ergosterol  (Figure IIB-11)
molecular oxygén is first required for the reaction of one
-molecule of squalene with one molecule of oxygen to form one
" molecule of squalene 2,3-epoxide, which this is cyclized to

lanosterol (Stryer (10)). Hunter and Rose (11)'reported two

‘possible mechanisms for adding the second: double bond (at 5-6)
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into ring B of lanosterol for conversion to ergosterol. One is a .

- hydroxyletion-eehydration mechanism, which requires reduced
nicotinamide nucleotide and one molecule of oxygen per molecule
of ergosterol. The second mechanism also requires oxygen for an
overall cis-elimination of two hydrogen atoms. Therefore,vat
least two molecules of oxygen are required for each molecule of
ergosterol. Using Andreasen and Stier's (8) 7 mg/L ergosterol
usage requirement for 110 million cells/ml, 1.0 mg oxygen/gram
cells are required for ergosterol synthesis.

The combined oxygen requirement for oleic acid
and ergosterol is 2.1 mg oxygen/gram cells. The fermentative
oxygen usages given in Table IIB-1 are in the 70.9-85.0 mg
oxygen/gram cells range. There are many possible explanations
for this discrepancy. One important factor is the variability-of
'cell lipid composition with respect to nutrition aeration and
other growth conditions. The above calculations assume 0.6%
ergosterol in yeasts. Shaw and Jeffries (12) reported total
sterol in yeast to be 0.1-1.0%. Dulaney, Stapley, and Simpf (13)
reported a strain of S. cerevisige attaining 7-10% of cell dry
weight as ergosterol under certain conditions. High carbohydrate
concentrations, sub-optimum nitrogen concentrations and phosphate

- deficiencies enhance lipid formationn (Hunter and Rose (14)).
The ergosterol usage reported‘by Andreasen and Stier (8) were for
yeast grown in a basal medium of Difco yeast nitrogen base,
sodium‘succinate buffer, and glucose. This synthetic medium

contains sufficient nitrogen and phosphate, but no carbohydrates.

In contrast, the medium used for the experimentally measured
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oxygen consumption reported in this paper contains carbohydrates
and other carbon sources in the yeast extract, about the same
amount of nitrogen and no phosphates. Therefore, it should
produce moﬁe lipid and require more oxygen.

| A second major differencé comes from comparing
the -maximum possible usage of oxygen derived from dgo Mmax values:
measured at oxygen saturation conditions against possible- less
than maximal ergosterol and oleic acid usages. Andreasen and
Stier (8) obtained only about one-third of the cell growth with
ergosterol and Tween 80 as with the unsaponifiable fraction of
wheat germ oil added‘to.a-crude medium ccntaining yeast extract.
There may have been oﬁher growth 1imiting factors.

A third source of discrepancy is the unaccounted
for use of oxygen either in ergosterol and unsaturated fatty acid
synthesis or other biosynthetic processes which utilize oxygen if
available but does not require it as an essential elément.

4. EFuture Research on Other Models of Yeast Growth and
Ethanol Production.

Future work will be directed at explaining the
unaccounted for use of oxygen during fermentation and
investigating the transport mechanism for oxygen into the cells.
Preliminary calculations indicate:passive diffusion is sufficient
to satisfy oxygen requirements for the fermentative conditions
used.

In addition to studying the effects of oxygen

uptake, the effects of; varying dissolved oxygen tension will.be

studied to determine if there is an optimum value for maximum
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ethanol'productivity and yield. The dissolyed oxygen range to be
studied will be from below the detectable limits of current
probes to the toxic levels much above atmospheric conditions. As
a method for determining dissolved ongen from measurements of
the gas phase oxygen cdncentfation, fermentor mass transfer
characteristics for oxygen will be studied. 1In particular the
effect of CO2 on the degree of mixing in the gas phase will be
examined. |

Other environment éffects to be further studied
are glucose.inhibiﬁibn, ethanol inhibition, and carbon dioxide
-~ inhibition. -Glucose“inhibition will be studied in batch'cuitdre
with initial‘condentrations from 100 g/L to 400 g/L. The.ethanol
inhibition study will first check de Bazua's model (15), then
dete;mine the inhibition effects with the biotin, pantothenic
‘acid, pyridoxine,'énd thiamine supplemented minimal medium
describe in Basié Studies on'Yeasf Nutrition above. The effect_
of carbon dioxide will be ‘examined from about 10% to about 90% by'

volume in the fermentor headspace.
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C. By-Product Inhibition in €ell Recycle and Vacuum

Inhibition by secondary fermentation products may
be limit the ultimate productivitf of new glucose to ethanol
fermentation processes. New processes are under development
whereby ethanol is selectively removed from the fermenting broth
to elimiﬁatevethanol inhibition effects. These'prOCesses:can
concentrate'minof secondary products to the point where they
become toxic to the yeast. Vacuum fermentation selectively
cbncentrates nonvolatile products in the fermentation broth.
Membrane fermentation systems may concentrate large molecules
which aré sterically blocked from'méhbraﬁe transport. Extractive
fermentation systems, employing nonpolar.solvents, may concenrate
small_organic acids. ‘By-product production rates and inhibition
levels in continuous fefméntation with ﬁagghglgmyggg_ggxgzigigg
héve been'detérmined for acetaldehyde; glycerol; formié, lactic
and acetic acids; l-propanol; 2-methyl—1-butanediol;'and’
2,3-butanediol; to assess the potential effects ofvthese
by-products on new fermentation processes. Mechanisms are.
proposed for the various inhibition effects observed.

. Enclosed, with this report is a copy of LB1-13343.
'whicﬁ was presented»at the American Chemical Society Meeting on

August, 27, 1981 at New York City.
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~D. Hollow Fiber Reactor

1. Introduction

High density fermentations can, in principle, lead to
.higher productivities per unit ferméntof volume, the extreme case
being a condition where the entire fermentor volume is occupied
by microorganisms. The specific-productivity of the cells must
be maintained at a maximum in order to reap any benefits from
this situation. Unfortunately, in conventional fermentors, the
kinetics of high density fermentations are usually mass transfer
controlled because the high viscosities encountered lead to
inefficient mixing. Removal_qf-inhibiting metabolic products is -
also subject to the samevpoor mass transfer conditions. A hollow
fiber reactor can distribute the nutrients in close proximity to
" the cells and simultaneously remove waste products by means of
semipermeable hollow fiber membrahes as shown in Figure IID-1l.
The microbes are too large to pass through the membrane and are
immobilized on the outside of the'fibers. The unit functions
analogously to the capillaries in the tissue of higher
multicellular organisms. By distributing the nutrient broth to
the cells, the mass transfer limitations of high viscosity
'systémS‘are'circumvented. Additional advantages.of this
fermentor over conventional equipment are‘that it provides an in
Situ separation of cells from the'produét stream, it imposes no
‘;shear.on the célls; ahd it is completely resistant to washout.
Furthermore, if a 'resting state' can be obtained where the cells

are actively produéing product yet not growing, then greater

product yields may be realized.
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2. Current Research

. It has been observed that 'channeling' of the flow
through a fraction of the available fibers can occur which would
have serious consequences on the distribution of nutrients te the
cells. To investigate channeling flow studies using dye tracers
were performed with Amicon, 100,000 MW cutoff, polysulfone.
fibers. These studies were hampered by cartridge leaks but
indicated that clogging of the fibers by particulates is
important at all flow rates. Gas bubbles in th fibers may block
the flow at low flow rates. Pre-filtering of the medium with a
10-15 UM'porebglass frit will be used in all subsequent runs. -

A yeast fermentatiqn was performed in a unit with two
sets of fibers. One set was used to deliver the nutrients to the
culture and the other set was used to remove the fermentation
products. The fermentation never proceeded very far because of
extreme foulinguof the product tubes. This fduling was assumed
to be caused by a layer of compacted yeast cells, and
macromolecules from the yeast extract. Compaction of the
membranes (Amicon 100,000 MW polysulfone) was also responsible
for part of the fouling. After'being exposed to a pressure
diffefential of 6.0 psi or greater the shell to lumen flux rate
decreased by about,SO% aSAfouling developed. Lumen to shell flun
rates were not affected. |
| Venting the fermentation gases, i.e., C02) from the
shell side poses nnmerous problems. The thicker the cell
suspension becomes; the harder it is to remove the gas. In the

‘éboVe experiment the rate of gas evolution was sufficient enough
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to entrain liquid from the shell side. The volume occupied by
the gas lowers the volumetric productivity of the device.

Attempts to circumvent the gas evolution problem by cyclic.
vacuum, increasing the shell side pressure and vibration were
unsuccessful. A literature search for non-gas evolving

biosystems_and/or slowly gfbwiﬁévsystems was magé. The results
of this search showed that there are three- kinds of‘ fermentations*
suitable fof this. device. 1In the first type of fermentation the
cells are growing to produce some particular enzymes and then
1ysed. The systeﬁ is theh used as a whole cell immobilized

enzyme reactor. In the second kind of fermentation no gas is
evolved. In the third type of fermentation, gas may be evolved

but at a rate slow enough that it is absorbed by the liquid.

Some specific systems that appear tovbe applicable to this

fermentor are lactic acid fermentations, and plant and animal
tissue culture.

For further studies of the fermentor, Lactobacillus
delbreuckii NRRL B-445 was chosen. Batch runs indicated the
organism obtained behaves in agreement with the data already in
the literature (1,2). The organism does ébsorb.oxygen from the
.mediuﬁ} although its growth yield and lactic acid yield remain
the same. Lactic acid is measured by an enzymatic method. The
organisms appear to produce mostly L(+) lactic acid and about 2%-
D(-) lactic acid.

A hollow fiber ferﬁentation was performed. Sixty 150 uM

0.d. Celanese Celard lfibe:s were used in an Amicon Vitafiber

unit. Many particles were caught by the 10-15 UM~ prefilter. even
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though the medium was filter~s£erilized. The production rate of
the unit achieved was only lO% of maximum. A pH drop of one ﬁnit
was observed over the cartridge. The growth optimum of the
organism is only from pH 5.6 to 6.0, so this could be a major
reason for the low production rate. The cells grew very densely
around the fibers. The fibers did not plug or collapse
throughout 4 days of operation.

Work with the Celahese fibers was delayed because of
difficulties in potting these fibers. They can now be
succeséfully handled. The fibers performed well in the first
fermentation. Despite their small diameter they did not plug.-
Cells did not penetrate the fibers and no collapse of the fibere
was noticed.

3. Euture Research

Several more hollow fiber fermentations will be
performed. Stronger buffering and/or higher flow rates throﬁgh
the fibers will reduce the pH drop over the cartridge. The
experiments will also examine the major design variables of such
'fefmentOrs including fiber types, fiber size, spacing-between
fibers, cartridge length, and fiber lumen flow rates. Further
studiee of the organisms behavior in a 'resting state' is
pertinent to the success of this fermentor. Such resting states
may be achieved by limiting the nitrogen source in the feed
and/or adding toxins to the medium. |

.To characterize the flow and mass transfer in the unit,
some further flow sﬁudies will be done and the tortuosity of the

Celanese fiber«wails‘will be measured. These tortuosity



62 -

measurements are presently under Way, and the diffusion of
several types of molecules through these hydrophobic microporous

fibers will be examined.
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Accurate property data are essential for the design

and evaluation of new ethanol/water separation processes. This
section provides a compilation of important physical, chemical,
and thermddynamic properties of ethanol, water, and their
mixtures. Property data are also included for’major fermentation
by-products which can effect the ethanol/water separation design.
Data for selécted sepérating agents is also included.

Preparation of data for this compilation involved four
steps;» 1) Where available, data were collected ffom Ehé‘
chemical literature; 2) All data were critically reviewed (as in
the case for ethanol/water-vapor/liquid equilibrium data, where
thermodynamic consistency testing was used to eliminate faulty
data sets); 3)4 Data were correlated and computer routines
'developed to allow ready application in process screening and
design; and 4) Where impprtant data were not available in the
literature (as in the effect of biological components and whole
yeast cells on ethanol/water equilibrium properties), new
experiments were conducted to collect the required data.

. For vapor/liquid equilibria the model to be used will

be the general thermodynamic relationship:

v, ¢, pEOtAL = gy, £, 0rlideyprptotalylid/ rr (1-1)
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where: _Yi =-mole fraction component i in vapor
i = mole fraction component i in liquid

PtOtal = system total pressure

-Yi ='1iquid phase activity coefficient for
component i

fio’li =" Zero pressure reférence‘fugacity for
component i in the liquid.

V;iq = partial molar volume of component i

1
in the 1iquid

Many of the correlations given in the following
sections are chosen to lead to this overall model.

To be of the greatest use in process screening and
design, property data must be in'computer usable form. The
integrated computétional package of PrauSnitz, et-al, (1) is a
versatile system for thermodynamic property evaluation and is
used widely'in industry. Whenever possible, coffelatioﬁs and new
cdmputer subroutines have»been chosen to be compatible with this
package. Where correlations used in this packagé were found
inferior to others,available (such as for liquid densities) boﬁh
correlations are: included.

2. Basic Property Data

This section presents basic physical property
constants for ethanol and water. Values of these basic
properties are well agréed upon. Several of these basic property
values will be used in the development of correlations for the

further properties discussed in subsequent sections.
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a._Ethanol/Water Basic Property Data

" IIIA-1. Water basic proprty data are summarized in Table IIIA-2.

a. Fundamental Equation -

The fundamental thermddynémic equation of vapor liquid
equilibrium is: _
vap _  liqg ' -1
fi | £; (3-1)
where fi = fugacity of component i in the specified phase

For an ideal system, Raoult's law expresses the

‘vapor/liquid equilibrium relationship as:

o pure - N -2
YiProta1™ XiPi | (3-2)
where Yi£ mole fraction of component i in the vapor -
phase
X; = mole fraction of component i in the liquid
phase.

Ptotal= sYstem total pressure
, Pipure = Vapor pressure of pure component i at the.
system temperature. | |
For the vapor phase, thisvis equivalent to assuming the'idéal gas
law. |
Raoult's law fails for all but the simplest systems.
At low to moderate bressures (less than 5 bar) the activity

coefficient is generally added to account for liquid phase

Ethangl_EEEEEWEFQPQ;ty.datawaie-summarizeﬂ*iﬁ*TEBIET”—-_,
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TABLE IIIA-1

Ethanol Basic Property Data

Property‘ v - Value References
General Properties:
Formula CZHSOH
Molecular Weight 46.069 1,2,3,4,5
Normal Boiling Point 351.47°K 1,2,3,4,5
~ Melting Point 159.05°K 1,2,3,4,5
Densityzo 0.7893 2,3,4
Flash Point 282-284°K 2,3,4.
Surface Tension (298°K) 23.1 dyn/cm 2,4
AssociationvParameter 1.40 1
Critical Properties: ,
Critical Temperature 516.26°K 1,4,5
Critical Pressure 63.835 bar - 1,4,5
Critical Volume 167. 1l/kgmole 1,4,5
Critical Compressibility 0.248 1,4,5
Molecular Properties:
Dipole Moment 1.69 debye 1,5
Radius of Gyration 2.2495A 1,5
Pitzer Acentric Factor 0;635 5
Thermodynamic Properties: _ v
‘Heét of Combustion (298°K) " 326.8 Kcal/gmole 2,4
Heat of Fusion’ 1.152 Kcal/gmole - 2,4
Heat of Formation (298°K) -56.12 Kcal/gmole 2,5.
Gibbs Energy of Formation -40.22 Kcal/gmole 2.

(298°K)
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Table IITA-2.

Water Basic Property Data

Property Value
General Properties: '
Formula HZO
Molecular Weight 18.016
Normal Boiling Point - 373.15°K
Melting Point 273.15°K
Densityzg 1.000
Surface Tension (298°K) 73. dyn/cm
Association Parameter 1.70
Critical Properties: -
“Critical Temperatﬁre 647.37°K
Critical Pressure 221.20 bar

Critical Volume

Critical Compressibility

Molecular Properties:'

56.0 1/kgmole
0.229

Dipole Moment 1.83 Debye
o .
" Radius of Gyration- 0.6150A
Pitzer Acentric Factor 0.344

Thermodynamic Properties:

’

1.435 Kcal/gmole
~57.80 Kcal/gmole
-57.64 Kcal/gmole

Héat'of Fusion
Heat -of Formation (298°K)
Gibbs Energy of Formation. (298°K)

Reference

1,2,5

'1,3,5

1,5
2,3

1,5
1,5
1,5
1,5

1,5

1,5

2,3
2,5

2,5
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nonideality, but no correction is made for the vapor phase. For
the system ethanol/water, however, polar interactions increase

the vapor phase nonidealities and even at 1 bar pressure, a

fugacity correction is necessary.

0; Yi Pyopay = Vi X; £;7°F0 1 (3-3)
where. ¢, = component i. gas phase fucacity
coefficient-
Yy = l component i, liquid phase activity
coefficient
firef,liq = reference fugacify for component i in

the liquid'at standard state conditions
for v

In this section, the Hayden-0O'Connell virial equation
correlation for fugacity coefficients is outlined and evaluated
for the system ethanol/water. A later section considers the
liquid phase nonidealities. |

b. T} £ { 4 ffici t f ' tion of
State.

The fugacity coefficient is-a function of temperature,
compoeition, and pressure. It relates nonidealities in the vapor
phase pressure/voiune/temperature relationship and hence, a model
for the fugacity coefficient can be developed from any gas phase
eouation of state which adequately models the vapor P/V/T
behavior. In this way, the well developed vapor equation of
state correlations may be applied rather than developing an

entirely new fugacity correlation.
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The relationship between fugacity coefficient and

vapor phase-P/V/gﬁgglg;iggﬁ_g@gJbeidevelopedadifeétly-from‘the

definitions of fugacity coefficient and fugacity:

¢ = £;/(Y; Pyopal’ (3-4)
- [(alnfi/(ap)]T = V;/RT (3-5)
and with suitable thermodynamic manipulations (7), we find
RT ln(fi/(PYi)) = RT 1n ¢i =
v . ‘3'6) o o
;4/}(3P/3"1)T,v,nj,' (RT/V)1dV - RT 1ln 2 | | !J

Any suitable equation of state may now be substituted
and fugacity coeffiéient correlations have been developed based
on the Redlich-Kwong, Sugie Lu, Leé-Erbar-Edﬁunster,
Benedict-Webb-Rubin, Pitzer and virial equations of state (5).
Only for the virial equation are rigorous thermodynamic
relations known for relating mixed component vapor properties to
the pufe component properties, therefore this equation has been
chosen as the starting point in most recent correlations for the
fugacity coefficient. | |

'The virial eqoation is given as

Z = PV/(RT) = 1 + B'(T/V) + C'(T/V?) +... (3-7)
Expressed in pressure explicit form and truncated after one term,
the virial equation reduces to

2 =1 + BI[P/(RT)] © (3-8)
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where P = sYéEeﬁ;bressure
T-= system temperature
R = ideal gas constant
Z = compressibility
and the second virial cogfficient for a mixture is given by the
rule:
55

: ' 3-9
1 421 Y Yj Bij (T) ( )

n
B-= /2
derived from statistical mechancis arguments.

This truncated virial'equation accurately models the
P/V/T behavior of ethanol and water systems.(and others) up to
about one half their critical‘density'(at which point further
terms must be retained). This is well beyond the pressure range
of likely distillation .and extraction processes. Substituting:
the virial equation into equation 3-6 (with the appropriate
differentiations) yields the desired relation:

. ,

| U D RO 3-10
In 4; = [2{2(Y) (B;,)-B(P/RT) . ( )

Now, all that is required is an' expression for the-
virial coefficients.
c. Virial coefficient correlationz The
Hayden=-0O'Connel-Correlation
The second virial coefficient is a correction to the
ideal gas law to consider vapor phase pair interactions. As

such, the virial coefficient can be directly related to the
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interaction energy between molecular pairs as expressed by a pair

potential:
o
B =2TN /(l—e_(q)/kT)rzdr (3-11)
o
where: I = the molecular pair potential function

=
1

molecular separation distance
k = Boltzman constant
No = Avogadro's number

For a simple system with oniy the classical electrostatic forces
(no polar or association contributions) the molecular
interactions will be made up of bound, metastable bbuﬁa.ané free
types (Fig. IIIA-1), and corresponding»contributidns to the
virial coefficient'can bevconsidered (7). With no aésociation,
the metastable and bound contributions have been correlated with
the critical properties, dipole moment (u), and a molecular size
parameter (8). |

The free (repulsive, molecular volume) contribution
to the virial coefficient has also been correlated for nonpolar
nonassociating molecules using only critical properties and the
Pitzer acentric factor (to correct for molecular nonspherocity)
(9,10). None of these‘corre;ations are adequate for the
evaluation of virial coefficient for the polar ethanol/water
system.

The limitations of previous correlations are
overcome by the modification of Hayden and O'Connell (11). In

the model, pair interactions are represented in two parts, a
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classical electrostatic contribution and the nonclassical

contribution arising from polar_ and associatioen—effects: ~In this

way, equations of the forms aiready developed can be used to

~correlate most effects. To apply these equations in finding the

classical contributions for polar molecules, pseudo-polar reduced
properties were developed. For the nonspherocity correction to
the free contribution, the Pitzer acentric factor is replaced
with the mean radius of gyration (which is not altered by
molecular polarity as is the Pitzer factor) and nonpolar changes
to the critical temperature and pressure are cancelled by using a
molecular dipole moment angle averaging correction to the
interaction energy and molcular size correlations. o

To complete the correlation for polar and associating
components, correlafions were developed to account for these
additional effects. The polar (attractive) contribution to the
free contribution was correlaﬁed by empirically fitting data for
polar, nonassociating compounds. The association contribution to
the bound contribution was then correlated as an equilibrium
constant for the‘association reaction in terms of an association
(or solvation for unlike molecules) parameter. For unlike pair
interactions, suitable mixing rules were developed.

Only six readily available properties are required to use
the Hayden-0'Connell correlation. Extensive tables of these
‘properties are provided in the Appendices of both "The Properties
of Gases and Liquids" (5) and "Computer Calculation for
Multicomponent Vapor-Liquid and Liquid-Liquid Equilibrium" (1) as

well as in other sources. Where measured properties are not

i
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available, predictive methods can}be used (5). Required property
data for ethanol and Water are summarized in Table IIIA-3.
d. Alternative correlations

Alternative relations have been deveioped to
correlate the second virial coefficient for polar systems
(12-19).  Hayden compares his correlation with those of
Nothnagel, Tsonopoulos, Black and Kreglenski. For water and
alcohol the Hayden-O'Connell correlation is superior to all but
the equation of Tsonopoulos which requires fitting coefficients.
The Hayden-0O'Connell correlation is very general. It is the
correlation employed in the Prausnitz computer equilibrium
calculation package. As shown in the following evaluative
section, the correlation is excellent.

In ETOH (the ethanol/water equilibrium)package,
the Hayden—O'Conneil correlation is used in determining fugacity
coefficiénts. The virial coéfficientS'are calculated in
subroutine TDEP (modeled after subroutine BIS2 in the more
general Prausnitz package), and the fugacity coefficients are
calcu{ated in PDEP (modeled after subroutine PHIS2 of Prausnitz).
For a printout of the virial and fugacity coefficients, MODE-24
'should be set equal to 1 when the EtOH package is called.

£. Eu

Second virial coefficient for ethanol and water
(but not their mixtures) are available in the literature

(20-25) . Subroutine TDEP of the ETOH package was used to predict
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Table IIIA-3

Property Data for Hayden-0'Connel Correlation

Property EEEEEQL
Tcritical CK) >16.26
Pcritical (b?r) _ ; 63f835,v
Radius of Gyration (A) 2.250
Association Parameter 1.40 -
Solvation Parameter -

Dipole Moment (Debye) .'1.69

Cross _ -Water

647.37
221.20

0.615
1.70

1.55 -

- 1.83

With these units, Bij will be given in Cm3/g—mol.
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virial coefficients for the ethanol/water system and the results
are plotted against measured values in Figure IIIA-2. The

‘various contributions to the virial coefficients are presented in

Table IIIA-4.
Vapor phase P/V/T measurements become very
difficult at low pressure (less than 500 mmHg) corresponding to

low temperature. For the data of Kretschmer and Wiebe, the

authors indicate an expected uncertainty in B of only 5-

cms/gmol'atv373°K*and above, but an uncertainty of greater than
100 cm3/gmol at 313°K and below. As can be seen in the figqure,

the correlation agrees well with the data at moderate

temperature, deviating most at low temperatures where the

uncertainty in the data is greatest. Fortunately, the fugacity

coefficient varies as exponential (P) and larger errors can be

tolerated in the virial coefficients at lower pressure, and hence:

lower temperature.
At 373%k (the temperature at the base of an
atmospheric pressure ethanol/Weter distillation column) the

discrepancies between co;relatlon for Bethanol and Bwater are

-3.10 and -19.50 cm3/gmols. At the respective vapor pressures of

the components at these temperatures, these deviations would-

result in deviations in the fugacity coefficients for the pure
components.of.only 0.0002 in 0.9487 and 0.0006 in 0.9850,
respectively. Even at 313.15°K where the deviation ie the
greatest between experimental and correlation, a difference of
only 0.0029 in 0.9854 results.

Figure IIIA-3 shows the plot of ethanol and water
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Table II1IA-4

Second Virial Coefficient Contributions

Contributions Ethanol . Cross : Water
303.15 °K 333.15 °K  363.15°K 303.15°K 333.15°K 363.15°K 303.15°K  333.15°K 363.15°K

pfree -121.8 -88.6 -62.2 -90.5  -57.2 -33.7 - 63.6 -36.6 ~18.3

BD,metastable+bound'-450.9 -365.2 -306.4 ~243.1 ~-202.0 -173.1 -245.4  -198.9 -166.9

D, Associative

B -1400.3 -749.8 -444.9 -1427.3 -715.1 -401.5 -1486.9 -697.0 -370.2

B -1973.0 -1203.6 -813.5 : -1760.9 -974.3 -608.3 -1795.9 -932.5 ~555.8

8L
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. fugacity coefficients versus mole fraction in ethanol the vapor
phase at various pressures and saturation conditions as

calculated with subroutine PDEP of ETOH. The temperatures 303

through 383°K cover the likely range for ethanol water separation
systems, and it is clear from the substantial deviations from
ideality (¢él) that vapor phase nonidealities cannot be
neglected. The vapor fugacity coefficient must be considered in
any ethanol/water-vapor/liquids equilibrium- evaluation.

4.

Ethanol and water densities are necessary for
design. The specific volume is also required for the Poynting
correction_to the vapor/liquid equilibrium relation. Use of a
general cbrrelation form which can be applied to other components
(preferably without fitting new data) is desirable. Numerous
corresponding states formulations have been developed including
the Tyn and Calus (26), Chueh and Prausnitz (27) Yamada and Gunn
'(28), and Rackett (29) equafions.' Spencer and Danner (30)
evaluatedvthe various liquid density equations. For.nonpolar
liquids these equations could'predict liquid densities to within
from 5 to 1% accuracy. Substantially larger. errors were found
for polar liquids. |

To predict accurately polar liquid densities,
Spencer- and Danner (30) proposed a modification to the Racketﬁ
(31) cotresponding states fofmulation, employing a single fitting
parameter. This modified Rackett parameter is now tabulated for

a large number of fluids (1,31), and it can be estimated knowing
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- only the fluid normal boiling point. The modified Rackett

flu1ds) and is the form used in the PraUSnitz equilibrium

computation package.

b. The Modified Rackett Equation

The modified Rackett formulation is given by:

L = » (4—1
. Vi RT ci Rl/(P i) : )
with
= - 0.286
or
= 1.6 +0.00693/[(T/Tci) - 0.655] for T/(Tci) 0.75
and
P, = (v, b - | (4-2
1= (MW /7 (V) | )
where
ViL_ = molar volume of pure liquid i
ci = critical temperature of i
o Pei. = critical pressure of' i
R = ideal gas constant- -
Zgi =modified Rackett parameters for i
Py = mass density of pure liquid i

(MW)i = component i, molecular weight.
For ethanol and water, the modified Rackett

parameters given by Spencer and Danner are 0.2520 and 0.2380,
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respectively.

.c. Liguid
In ETOH, the modified Rackett formula is used in
determining liquid desities in subroutine TDEP(modeled after
subroutine MVOL in the Prausnitz package). For a printout of the
molar specific volumes MODE-24 (§hould be set equal to 1 when thé
EtOH- package is”called.’
d. Density Correlation-=Critical Evaluation
Rackett correlation liquid density predictions
are plotted along with measured densities for ethanol (4) and
water (32) for temperatures up to near the fluid normal boiling
pointé in’Figure IIIA-4. The average errors fOr'ethanql and
water respectively are 0.0188 g/cm3and 0.0336 g/cm3. For
computation of the Poynting corrections to the vapor/liquid
equilibrium equation, these accuracies are adequate. Further,
the modified Rackett relations retain accuracy at elevated
temperature (for up to T/Tci = 0.85) and can be used in the
design of supra-atmospheric pressure distillation-systems.
] For design at ordinary pressure, greater accuracy
in the density specification may be necessary. For the

temperature range of Figure IIIA-4, the simple numerical fits for

ethanol (1) and water. (33) may be used:

_ | ~8 12 0 10=9(m3 )
Pethanol = 0-80632-0.00085365 (T)-(10 87)2-2x10"2(T3)  (4-3)



1.2

0
£
L 1.0
o
>
B
i =
[+ 3]
s _
©
=
P
5 0.8 -
o0el1 B B N L B 1 L
260 280 300 . 320 340 360 380 400
Temperature (K) |
" XBL 822-5262

Figure IIIA-4. Measured liquid density versus temperature at ordinary

pressure compared to calculated values from EQ. 4-3 and 4-4.

i

€38



£

84

6

0 1.0000326 + 2.3459x10 °(T)-6.1070x10"%x(m) 2  (4-4)

water% _
+1.7334x10°8 ()3

3 T = °C

P= gm/cm
" The ethanol density correlation reproduces the

data with an average deviation of 000014. The maximum deviation

‘for the water correlation is  0.00015.

5.

Pure component vapor pressures are needed for

.design and also in establishing the liquid phase reference

fugacities for vapor/liquid equilibrium determinations. The
variation in pure component vapor pressure with temperature is

given by the thermodynamically rigorous Clapeyron equation:

)/d(l/T)=ﬂﬂvap/R(Z ) (5-1)

(d 1nP

sat vaﬁzliq

where P

sat = pure component vapor pressure

T = temperature

R = ideal gas constant

AHvap = heat of vaporization

A = compressibility (PV/(RT))
Numerous vapor pressure correlations have been

developed based on differing assumptions for the terms Hvap and
(Zvap_zliq) (not generally known appriori as functions of

temperature (34-36). A detailed review is provided by Miller
(37) . | |

A.particularly simple solution: to the Clapeyron.
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equation (good over relatively small range of T) is the Antoine

equation (38).

In P

sat A - [B/‘C+T)]’ (5-2)

Predictive methods have been devised for the Antoine‘constants
(A,B,C), but these are best fit directly to éxperiméntal data
(39). | _» |
b. me
Antoine constants for ethanol and wafer at normal
temperatures afevgiven in Table IIIA-S.» Figure ITIIA-5 compares
.the correlation with.the experimentally measured vapoi-
pressure of Ambrose and Sprgke (ethanol) (41) and the steam
tables (water) (42). 1In both casesvthe fit is excellent aﬁd
further refinements of the equations are not necessary. ~Antoine_.
constants are also tabulated for most other typical solvents (5).
The genéralvrelation for vapor/liquid equilibrium
méy be expressed as: :
'-§i¢iptota1 _ [kiyi(T,? ref) in,liquid; P ref
v (5-3)
expl (ptotal_prefyy 1idq, gy
where |
| YiT'P ref liquid phase activity coefficient of
component i at system temperature
evaluated at reference pressure.

,in,llq, P ref _ reference fugacity for component i in  the
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Table IITIA-5

Water (4, 5, 40)

Compound ,.._‘Temp,,Rapge;,,ﬁ4-A B. = C
Ethanol 0-100°C 18.91198  3803.99  231.48
Water .~ 0-60°C 18,66855  4030.182 235.0
60-150°C 18.34426  3841.20  228.0
Fo# 1n PSat = A —(E%f)
P/ Z=mm Hg T=°C
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liquid at the standard state conditions

ref

(T,P ) of the activity coefficient.

A particularly convenient choice of reference

p ref

pressure is = 0. This simplifies the Poynting correction

term to
Poynting correction =*exp[(Pt°talV§iq0/(RT)
(for P ref = 0) (5-4)

For this choice of reference pressure, it then

follows (settingxi =Y., =Y, = 1) that:

i i
£,0r11quid, psaty sat oypr- (p 53t v, 119/ (rm ] (5-5)
where
fio’lquld = zero pressure reference fugacity for
component i in the liquid
¢isat = fugacity coefficient of component i,
evaluated at system temperature and
_ sat
P=Py
d. Zero pressure reference fugacity correlation.
) Having developed expressions for Pisat; ¢isat and
Vi1quld for ethanol and water, we can evaluate the zero pressure

reference fugacity. For computational efficiency, Prausnitz has

fit the reference fugacity directly to the form:

0,lig _
' 2
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In the normal temperature—range—this—numerical fit is equivalent
to evaluation of fio'llq according to equation 5-5. Further, at

high pressures, the Lyckman correlation (43) was used to predict
values of Pisat to insure reasonable values for in,liq up to
T/(Tci) = 1.8. Extensive tables of constants for equation 5-6
have been compiled (6) and values for ethanol and water are
presented in Table IIIA-6.
‘e. R e ity~
In ETOH, the reference fugacities are computed in
subroutine TDEP(modeled after subroutine PURF in the Prausnitz
package) . Pure component vapor pressures can be generated usiné
ETOH by calling BDPT with Xl = 1 (ethanol) or X = 0 (water).
Pure component vapor pressures generated by the
EtOH package are presented in Table IIIA-7. Thefagreement with
measured value (see Fig.'IIIA—S)is excellent. |
6. Future Accomplishments

Work has also been completed in evaluatiné and

correlating:
1) AH mix for ethanol and_water
2) AH vap for ethanol and water
3) Cp llq, vaap for ethanol and water

4) Solubility of C02, 02, N,
. 5) Heat of solution of CO,, 0,, N,
6) Activity coefficients for ethanol/water

7) Vapor/liquid equilibrium effects of
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Table IITA-6

Zero Pressure Reference Fugacity

Equation Constants

c

g e e Bdecy rec,  larec 1
_Ethamol . . Water -
c, " -90.909919 57.041585
c, -3465.8735 -7004.8416
c, -0.062301392 0.003588444
c, 20.486493 | -6.66893878
C 2.0664221 x 107> -8.5054287 x 107/
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Table IITA-7

Computer Generated Pure Component Vapor Pressure

ETHANOL

Pressure
(mm Hg)

19.0758
26,4653
36.2567
49.0775
65.6764
86.9375
113.8932
147 .738%
189.8427
241.7622
305.2504
382.2682
474.9915
585.8183
717.3739%
872.5144
1054.330
1266.145

Temperature'

(°K)

280.0000
285.0000
290.0000
295.0000

'300.0000

305..0000
310.0000
315.0000
320.0000

25.0000
330.0000
335.0000
340.0000
345.0000
350.0000

95.0000

. 360.0000

365.0000

Pressure

(mm Hg)

7.4337
10.4093

. 14,3845
19,6386
26.4955
'35.3514
46.6726
61.00355

78.9853.

101.3439
128.9179

162.6573

203.6327
253.0425
312.2207
382.6424
465.9301
563.8590

Temperature

(°K)

280.0000
285.0000
290.0000
295.0000
300.0000

'303.0000

310.0000
315.0000
320.0000
325.0000
330.0000
335.0000
340,0000
345.0000
350.0000
355.0000
360.0000
365.0000
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fermentation by-product -
8) Vapor/Liquid equilibrium effects of salts in
fermenter beer | »
9) Vapor/Liquid equilibrium effects of yeast
cells
10) Vapor/Liquid equilibrium correlations
with various separating agents .

This work will be summarized in a future report. -
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As discussed in last year's repbrt (5) on this
subject, solvent extraction is being investigated as an
alternative to distillation for ethanol recovery because there is
a potential for significant energy savings. Howevef, low
distribution coefficients (the ratio of ethanol concentratian'in
the solvent to that in the aqueous phase at equilibrium) or low
separation factors (the ratio of ethanol distribution coefficient
to water distribution coefficient) characterize most solvents
that havevbeen'studied._ Methods proposed to improve this
situation include taking advantage of temperature effects in the
ethanol?water salvent equilibria, the use of salts in the aqueous
phase, and the use of complexing extractanfs and solvent
‘mixtures.

2. Current Research

a) ZIemperature effects

As mentioned in last year's report (5), increasing
extraction temperature increases the distribution coefficient of
ethanol in the case of many solvents. This is reasonable since
the agtivities of ethanol and water increase as their directional
hydrogen bonds are weakened by random movement with the
temperaure increase. Modelling of this behavior will be
discussed in the Future Research section.

b) Salt effects in the agueous phase

The salting out of solutes such as ethanol from

aqueous solutions containing inorganic salts is well known. The
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possibility of using this effect to enhance extraction-recovery —

of ethanol was investigated. The effect is dependent on the
specific salt used and on the concentration of the salt in the
aqueous mixture. At the goncentrations required for appreciable
saiting out, no salt could be used without.recqyery or recycle
due to the cost of the salt itself. Direct recycle of the salt
wQuld-be attréctive-if the fermentation could tolerate high salt
concentrations. Experiments were performed using Saccharomyvces
cerevisae to test this idea.

Preliminary batch screening tests showed that the
yeast could grow and ferment glucose in the presence of several
salts at concentrations up to 1.0 molar. Of these, potassium
chloride was selected for further study. The reason for choosing
KCl was that the intracellular concentration of potassium ion is
normally high (approximately 0.3 molar), and it was hoped that a
high external concentration would have less effect on cell
metabolism than_other'salts. The salting out of ethanol from
fermentation broth by KCl was confirmed in batch equilibrium
tests with seiected solvents. In 1.0 molar KCl, the distribution
coeff;cient.of ethanol of approximately 5 wt% was increased by a

factor of 1.5. The salting coefficient, k.

gr as defined by

Johnson and Furter (1) is 8.2 for this case, higher than the
value of 4.2 reported by them for KCl_at_higher ethanol
concentrations.

The results of continuous fermentation studies with
1.0 molar KC1 in the feéd, however, were not encouraging for this

system. With a low feed concentration (20 g/L glucose) and low
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dilution rate (0.06 hr_l),'the salt-containing fermentation

showed a slightly lower ethanol yieldvthan a control
fermentation, 0.38 g. EtOH/g.glucose versus 0.42
g.EtOH/g.glucose, However, when efhanol was added to the
feed so that the fermentor alcohol'concentration was 30 g/L, the
ethanol yield of the salt-containing fermentation dropped to 0.18
g.EtOH/g.glucose consumed. The control fermentation with 30 g/L
- of ethanol in thé»fefmentor showed less of a yield decrease, to
0.34 g EtOH/g.glucose consumed. Apparently, as the salt
increases the activity of the ethanol, the combination of salt
~and ethanol in the mixture has more profound metabolic effects
than either alone. If confirmed by future work, these results
clearly show that a potassium chloride-containing fermentation
for ethanol production will not work well for this organism.

c) Complexing extractive agents

Experiments were done to test the hypothesis.
discussed in last year's report that electrophilic, Lewis acid,
or H-donor compounds should show'good ethanol-selective
extractant properties. 1In one experiment, three compounds
representing three types of extractive agents were tested under
similar conditions. The compounds were trioctylphosphine oxide
(TOPO), which is capable of forming hydrogen bonds onlylwith
hydrogen atoms of the -OH groups of ethanol or water,
pentachloroethane which can form hydrogen bonds only with the
oxygen atom of the -OH groups of ethanol or water and l-dodecanol
which can form either kind of hydroéen bonds. Ali three were

dissolved in tetradecane to a concentration of 0.22 M. This was.
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necessary for TOPO, which is a solid at ambient -temperature, and

was done for the others to afford direct comparison. Each

solution was equilibrated with dilute aqueous ethanol
(approximately 5 wt%), and distribution coefficients were

measured. The results are given below: L

EXTRACTANT | Kk = Wt% EtOH Organic

wt% EtOH Aqueous
TOPO in tetradecane 0.13
l-dodecanol in tetradecane 0.02
pentachloraethane in tetradecane 0.008
pure tetradecane 0.005

- Evidently, the type of hydrogen bond formed is not as important
for ethanol extraction as the strength of the bond. The latter
is presumably determined by the dipole momént of the extractive
agent_in this case. A posSible‘complicétion exists in that the
extracti?e agents are of differeht sizes, with different moments
of inertia. Because ofvthis, they may bé rotating.in solution at
differéht rates.which affect their ébility to hydrogen bond with
ethanol or water. Further work in this area will involve using a
greater size range of compounds and determining separation
factors aé welllas distribution coefficients.

d) Solvent mixtures

There are a number of solvent mixtures which are of
‘intereét as extractive agents becéuse varying the proportions of
their compoﬁents controls.distribution'and selectivity for
“ethanol. An example, which has been investigated experimentally,
is the l-dodecanol-tetradecane system. In this system, at 25°c,

the ethanol distribution coefficient varies nearly linearly with
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weight fraction of dodecanol, from 0.005 for pure tetradecane to
0.30 for pure dodecanol. The separation factor varies such that
the weight fraction of ethanol on a solvent free basis in the
organic phase [EtOH org./ (EtOH + H,0) org.l in equilibrium with
approximately 6 wt$ aqueous'ethanol also varies linearly. It
drops from 0.87 for pure tetradecane to 0.45 for pure dodecanol.
An optimal extraction solvent for this system could be- obtained
by using these data in appropriate process models with economié

anaysis.

3. Euture Work

It would be of considerable practical advantage to be.
able to model the phase equilibrium behavior of
ethanol-water-extractants and to predict the behavior for
untested extractants. This is the goal of the next phase of this
work. To begin, the UNIQUAC equaton will be used because it has
prbven quite successful in the prediction of many liquid-liquid
equilibria. The procedure.used is that given by-Praﬁsnitz, et
al. (2), and the computer programs used are essentially the same
as thqse published in that work. ’

The details of the UNIQUAC equation were given in last
year's report (5) as it is being used by Maiorella to model the
vapor-liquid equilibria of- ethanol-water. The key parameters in

and A.. which

| 3 ji
‘must be known for every pair of components in the system. As a

the model are binary interaction parameters A,

result of Maiorella's work, the binary interaction paramefers_for

ethanol-water are known as'a function of “temperature. This gives
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the potential for more aCCuraEe prediction- of liquid*liquid
equilibria as a function of temperaturé. The binary interaction
parameters for water-extraction solvent pairs have been fitted
(for many pairs of interest) by Sorensen and Arlt (3) frdm,ﬁutusl
solubility data. This leaves the binary interaction parameters
of the ethanol-solvent pairs to be determined. It is these
parameters which will be fit using the equilibrium data obtained
from experiments. The fitted parameters will be compared with
the predictions of UNIFAC, a group contribution method, which has
fecently been updated for liquid-liquid equilibria by Magnussen,
et al, (4). An interestihg aspect of this work will be the use
of parameters for ethanol-water-pure solvent systems to predibt
the equilibrium behavior in ethanol-water-mixed solvent systems
such as the dodecanol-tetradecane extractant system, which was
discussed previously,
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