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Abstract

Ethanol and glycerol are both metabolic products of yeasts. There are
occasions when coproduction of both is considered desirable in industrial
operations. In this article, we describe the potential of integrating the two
processes. A LORRE Y8 yeast culture isolated from molasses is capable of
efficient glycerol production from glucose, and a yeast Culture 1400 is an
excellent producer of ethanol. By controlling the process conditions, the ratio
of ethanol and glycerol production can be varied.

Index Entries: Glycerol; ethanol; coproduction; yeast fermentation.

Introduction

Normally, glycerol has been considered an undesirable byproduct of
ethanol fermentation. In the early 1990s, the price of grain corn was high
and more than $3.00 per bushel, many of the producers stopped their etha-
nol operation because of reduced profit margins. Meanwhile, according to
a report by the US Department of Agriculture (USDA), the demand for
glycerol has been growing by 30 millionlb/yr (1). For many years, glycerol
was sold at $0.80 to $0.85/1b. In 1995-1996, because of the increased impor-
tation of glycerol into developing countries such as China and India, the
price of glycerol went up to as high as $1.20/Ib. There were intensified
interests in increasing the yield of glycerol in an ethanol operation to obtain
better byproduct credits when the profit margin for ethanol was low.

Currently, the price of glycerol has been reduced to $0.55 to $0.60/1b
(2), aresult of pressure by the currency crisis in Asian countries. The same
currency crisis has also reduced the export of corn from the United States.
Together with worldwide good farm harvests, the price of grain corn has
alsobeen depressed toaslow as $1.80 per bushel. Although the price swings
are beyond the control of technical persons, developing the necessary
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processes to coproduce glycerol and ethanol could and should be investi-
gated to prepare for future economical fluctuations.

Glycerol has more than 1000 uses (3). Currently, there are only two
methods of industrial production for glycerol: by chemical synthesis; and
by isolation as a byproduct from the soap and fatty acid industry, which is
dominated by the Asian countries because of the large local supply of palm
kernel oil. In this article, we describe a yeast fermentation using cornstarch
as the raw material, which has the potential to become the new and third
industrial production process for glycerol. Once successfully developed,
this will be an important new process of manufacture of a large volume,
value-added product from agricultural crops. Glycerol is also the raw
material for producing 1,3-propanediol (4), of which there are strong
industrial interests for its use in the synthesis of new polyester materials.
The fermented beer-containing glycerol canbe directly used as a feed stream
to a bacterial fermentation batch producing 1,3-propanediol.

An excellent glycerol-producing Saccharomyces yeast culture has been
isolated from sugar molasses. Saccharomyces yeast cells generally are con-
sidered safe, and the cells harvested as a byproduct of glycerol fermenta-
tion canbe marketed asa feed or food additive for better economical returns.
This yeast has been temporarily named LORRE Y8. In batch processes, our
results show that this yeast can produce 1 Ib of glycerol from 2.0 Ib of
cornstarch leaving no glucose residue. The culture does not require any
special expensive nutrient additives. Ina batch process, Y8 can consistently
provide a productivity of 3.6 g of glycerol /(L of fermenter volume-h) with
a high productivity of 4.7 g/(L-h) occasionally observed. Based on
experimental results, Y8 can produce a final fermentation broth contain-
ing >250 g/L of glycerol.

For increasing the production efficiency of ethanol from glucose, a
novel fermenter system called ALSA (airlift with a side arm) hasbeen tested
with simultaneous ethanol removal by gas stripping. Recycled CO, from
ethanol fermentation is compressed and sparged into ALSA to vaporize
ethanol from the liquid beer. The CO, flow carries ethanol vapor exiting the
fermenter. After compression and cooling, liquid ethanol at about 23% is
recovered as the condensate and the gaseous CO, can be further recycled.
An ALSA system is also well suited for glycerol fermentation in which air
is sparged into the fermentor to provide dissolved oxygen to support con-
version of glucose into glycerol. Here, an airflow replaces the CO, flow
used in the ethanol batches. Fermentation of ethanol and fermentation of
glycerol can be integrated into one overall processing system through the
use of a common ALSA reactor.

Two Current Methods of Glycerol Production

Two current methods of glycerol production are chemical synthesis,
and hydrolysis of fats and oils. Figure 1 shows a variety of processes for
synthesizing glycerol taken directly from the Kirk-Othmer Encyclopedia of
Chemical Technology (3). Allyl alcohol is an intermediate in the synthetic
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Fig.1.Chemical synthetic routes for the manufacture of glycerol. (Reproduced from
ref. 3).

network. Currently, allyl alcohol is cited in Chemical Market Reporter (2) at
$1.00/1b, whereas glycerol is only $0.50 to $0.60/1b. For plants already fully
depreciated, glycerol production by chemical synthesis might still be in
operation. It is hard to justify new production capacity of glycerol by chemi-
cal synthesis involving an intermediate valued higher than the final product.

The best-known industrial process involving the hydrolysis of fats
and oils is that for manufacturing soap. On hydrolysis, each molecule of a
fat or an oil will yield 1 mol of glycerol with a mol wt of 92 and 3 mol of fatty
acids with an average mol wt of 266. In other words, for every pound of
glycerol from the hydrolysis, there is coproduction of about (266 x 3) /92 =
8.67 Ib of fatty acids. Glycerolis recovered from the hydrolysates of fats and
oils as a byproduct. First, the dilute hydrolysate is evaporated to remove
water. Glycerol is then purified and recovered by vacuum distillation.
As a byproduct, it is difficult to increase its production capacity without
disturbing the balance between the supply and demand of the main
products: soap and fatty acids. If the increased annual demand of about
30 million1b (1) of glycerol worldwide is to be met by this hydrolysis route,
there mustbe an increased demand of soap and fatty acids of more than 200
million Ib/yr.
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Fig. 2. World production sources of glycerine by primary product or process.
In 1992, world production of glycerine was estimated at 1.2 billion Ib. Source: Institute
for Local Self-Reliance, Washington, DC (1).

In view of the limitations of the two current methods of production, a
new fermentation method for glycerol should be considered highly desir-
able for the future development of the bioprocessing industry.

Supply and Demand of Glycerol and Its Economics

The Kirk-Othmer Encyclopedia of Chemical Technology (3) states that
“glycerol is used in nearly every industry.” The largest use is in drugs and
oral care products including toothpaste, mouthwash, and oral rinses. Other
major users include tobacco, cosmetics, food, urethane polymer, wrapping
and packaging material, lubricant, leather, adhesive, and soap and deter-
gentindustries. A potentially large volume of use is the conversion of glyc-
erol into 1,3-propanediol, which is the feedstock for synthesis of new
polyesters (4).

According to a USDA report (1), the annual production for glycerol
worldwide in 1992 was about 1.2 billion 1b, as shown in Fig. 2. The annual
consumption in the United States was estimated to be 300 million Ib, as
shown in Fig. 3. Table 1, taken from the same USDA report, provides addi-
tional information on various glycerol uses. The report states that “a 2- to
3-percent annual growth is expected through 1997. If glycerol prices fall to
1991 levels, annual demand could grow 5 to 6 percent.”

Because of recent economical growth, the living standards in China
and India have been improving. The demand of glycerol for the manufac-
ture of cosmetics, toothpaste, and tobacco in those countries hasbeen grow-
ing rapidly. Consequently, in 1995-1996, the glycerol price jumped from its
usual price of $0.80 to 0.85/1b to $1.10 to 1.20/1b. Because the fermentation
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Fig. 3. Estimated end uses of glycerine in the United States. Annual consumption
was estimated at 300 million 1b/yr. Source: Institute for Local Self-Reliance, Wash-
ington, DC (1).

glycerol industry does not yet exist and the chemical synthetic glycerol
industry cannot grow easily as described above, the supply of glycerol has
been met mostly by the industrial processors in Malaysia and Indonesia,
where the abundant supply of palm kernel oil provides glycerol through
the hydrolysis route. A recent economical crisis in Asia has drastically
devalued the currencies in those countries. Consequently, the price of glyc-
erol, traded in US dollars, has dropped to $0.55 to $0.60/1b. In a way, this
is a blessing in disguise, because the current low price forces the proces-
sors to look for much improved efficiency to cut costs. Once the Asian crisis
is over in 2 to 3 yr, as estimated, and the price of glycerol returns to its
normal level of $0.85/1b, the fermentation process will likely become the
single dominating supply source of glycerol.

ALSA Fermentor System

The use of anovel reactor called ALSA will allow anincreased fermen-
tationrate. An ALSA fermenter can be easily designed to operate ina batch,
fed-batch, or continuous mode. Figure 4 is a photograph of such a unit used
in ethanol-yeast fermentation. The construction is very simple: one or two
side arms attached to an air-lift unit. In the main body, there is a high level
of turbulence. A side arm, away from the vertical motions, provides a rela-
tively calm zone where yeast cells can settle. In Fig. 4, there is a clear liquid
layer above the cell-heavy broth. The clear liquid will exit and leave cells
behind to build up a high cell population. The length and the location of the
side arm can be adjusted to create sedimentation of cells to achieve good
cell retention. Not shown in Fig. 4 is another side arm that can also be
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Fig. 4. Photograph of an ALSA (clear liquid in the side arm to exit).

attached to achieve another useful function. In this case, the opening of the
side armis attached to the main air lift at a higher position so that the liquid
together with the foam layer on top can be circulated into the side arm, as
shown in Fig. 5. When the fluid is flowing downward in the annular space
(see the arrows in Fig. 5), its velocity is relatively fast. According to the
Bernoulli theory (5), the pressure should be low in the annular space in
the main body. This creates a draft and enhances the downward motion of
the fluid from the side arm to be back-mixed into the main body. This
simple setup helps circulation, and, more important, it acts effectively as a
foam breaker, reducing or eliminating the need of adding an antifoaming
agent. Antifoaming agents are surface active, and they usually coat the
gas-liquid interface and perhaps even the microbial cell surface, hindering
material transport. Without the surface-active antifoaming agents, interracial
mass transfer between the liquid and the gas bubbles is usually enhanced.

Applied Biochemistry and Biotechnology Vol. 84-86, 2000
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Fig. 5. Diagram of an ALSA showing liquid circulation pattern.

Side arms are inexpensive to install but they can serve rather useful
purposes in fermenter designs. A well-designed ALSA has one side arm for
cell sedimentation and liquid exit and another side arm for foam breaking.
ALSA is much less expensive than an agitated-sparged fermenter in the
initial investment and in the consumption of electricity because no
mechanical agitator is used.

If the exit liquid from an ALSA system still contains residual glucose,
a multiple-stage continuous system can be installed to, complete the sugar
consumption. For glycerol production, it is important to leave no glucose
in the final fermented broth. We presently have plans to carry out a two-
stage fermentation in a multiple ALSA system with the first stage being the
glycerol producer and the second stage for the conversion of glycerol in
beer into 1,3-propanediol.

Applied Biochemistry and Biotechnology Vol. 84-86, 2000
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Materials and Methods

Saccharomyces LORRE Y8 was used for glycerol production and the
yeast culture no. 1400 was used in the ethanol fermentation. The 1400 yeast
cultureisa fusion productof S. diastaticusand S. uvarum (6). Both the Y8 and
1400 cultures are normally kept on slants until enlargement for experimen-
tal work. To prepare inoculum for glycerol fermentation, slant cultures
were transferred into seed medium consisting of YMP medium enriched
with 2 g/L of KH, PO, and 20 g/L of glucose. For ethanol by the culture
1400, YEP medium enriched with 20 g/L of glucose is used for preparing
inoculum. For fermentation runs, a variety of media were used and are
subsequently described for the given individual experiments. The seed
cultures are usually incubated at 30°C on shakers for 24 h before use.

An experimental ALSA fermenter, together with the gas flow and
other accessories shown in Fig. 6, was used in our experimental studies.
It had a working liquid capacity of 350 mL and consisted of a column
having a diameter of 3.8 cm and a height of 40 cm with an inner draft tube
of 2.5 cm diameter and 22 cm height. A side arm of a diameter of 3.8 cm and
a height of 16.5 cm was attached to the column. This side arm was used
mainly as a downdraft to break foam as described previously, similar to the
onein Fig. 5. An air line was also connected to the gas inlet. In some experi-
ments, a mixture of air and CO, was used as the gas inlet. A 20-L ALSA was
also constructed for use in this study. The diameter and height of its outer
column were 10.2 and 198 cm, respectively. The diameter and height of its
inner tube were 10.2 and 150 cm, respectively. The diameter and height of
the side arm were 10.3 and 47.5 cm, respectively. The top of the side arm
was at the same level of the top of the main column. Inaddition to the ALSA,
2-L agitated and sparged glass jar fermenters (New Brunswick) of typical
designs were used in many experimental runs.

Samples taken from the experimental runs were analyzed mostly with
high-performanceliquid chromatography (Hitachi with a Bio-Rad HPX-87H
ion exclusion column) for ethanol, glycerol, glucose, and other minor
byproducts. Insome cases, glucose was also analyzed with a YSI 2700 Select
Biochemistry Analyzer (YSI, Yellow Springs, OH).

In the experiments in which CO, was used to strip off ethanol from
the fermenting broth, the gas flow rate varied from 0.5 to 1.0 vvm. CO,
from a gas cylinder was first heated through a tube submerged in a water
bath at 50°C.

Results and Discussion

Production of Glycerol by Saccharomyces Yeast

The culture Saccharomyces LORRE Y8 can withstand very high osmotic
pressure. From a series of preliminary experiments, we decided that an
initial glucose concentration of about 30% was desirable. In a fed-batch
operation with two discrete glucose additions, shown in Fig. 7, the rate of

Applied Biochemistry and Biotechnology Vol. 84-86, 2000



=
Wo ‘1920031 [ouee 103 Surddins sed yjm wosAs uonejuswiay YS1v 9 S
<
Q ES)
3 pa3d
ET | I -t L]
-
g
N |
131E 0 Butjoo))
> 1212 seD)
10¥331{0)) 1PNpolg
1@PpnY
K13a003y jouepg H
LTI
( IM
00 o)
B Pt
nQ seY 3P A9y sen

552

Vol. 84-86, 2000

Applied Biochemistry and Biotechnology



Coproduction of Ethanol and Glycerol 553

350 300
Glucose Glycerol

300 - G- - 250
o | 3
2 250 3
.5 i -1 200 g
£ 200 g
g =
§ i 1150 8
5] - =
S 150 8
(] f—
4 1100 ¢©
S 100 + 5
5 S
© | &)

50 - 730

o ! . 1 N ] : ] O

0 50 100 150 200
Time (h)

Fig. 7. Glycerol fermentation in stirred tank.

glycerol production by Y8 can be maintained at a steady rate showing little
product feedback inhibition at a glycerol concentration of >250 g /L. This is
not surprising, because syntheses of glycerol and other polyols by living
microbial cells are often considered a protective mechanism against exter-
nal osmotic pressures (7). One of the early reported methods of glycerol
production involves the addition of large amounts of salt into the ferment-
ingbrothasaway toinduce cells to synthesize glycerol. The fact that LORRE
Y8 showed little sufferance from product feedback inhibition even ata high
glycerol concentration of >250 g/Lis very desirable because it suggests that
an even higher final glycerol concentration in the fermented broth might
still be possible. Figure 8 presents a simple flow diagram for glycerol pro-
duction showing that the final recovery and purification of glycerol from
the fermented broth is by vacuum distillation. Glycerol has a high boiling
point under atmospheric pressure. All the water from the filtered broth
must be evaporated before vacuum can be applied to recover glycerol. The
higher the glycerol concentration in the fermented broth, the less water will
be there in the final broth to evaporate. The results in Fig. 7 give an average
productivity of glycerol of about (260 g/L)/(210 h) = 1.24 g/(L-h). In this
experiment, the liquid medium contained 1 g/L of yeast extractand 2 g /L of
KH,PO,. The level of seed culture was 10% of the initial fermenter content.

Figure 9 shows another set of batch curves of glycerol fermentation.
In this case, a solution of oligosaccharides derived from starch was used as
the substrate This substrate is known in the corn-processing industry as the
low dextrose equivalent (DE) liquefied starch. It is prepared by treating
starch slurries with a-amylase usually through a continuous heat exchanger
to gelatinize and also partially hydrolyze the starch to reach a DE value of
from 12 to 20%. Glucoamylase (sample provided by Grain Processing,

Applied Biochemistry and Biotechnology Vol. 84-86, 2000
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Fig. 8. Simple flow diagram for glycerol production by yeast fermentation.

Muscatine, IA) was added to the solution to carry out the simultaneous
saccharification and fermentation process. The final glycerol concentration
from this run was 144 g /L in 110 h, with an overall average productivity of
1.3 g/(L-h).In this case, 4 mL/L of corn steep liquor (with 50% solids; from
A.E.Staley Manufacturing, Lafayette, IN) and 2 g /L of KH, PO, were added
to enrich the liquid medium.

Figure 10 shows another set of batch curves. In this case, a fivefold pre-
prepared inoculant was used to start the batch. The fermentation was com-
pleted in 37 h, yielding a final glycerol concentration of 137 g/L, with an
overall productivity of 3.7 g/(L-h). In this batch, there was a short lag
phase of about 5 h during which more cell growth and less glycerol accu-
mulation occurred. During a period of about 21 h (from h 16 to the final h 37),
the productivity was maintained at about 4.43 g/(L-h). A higher cell popu-
lation density apparently gives higher productivity.

Applied Biochemistry and Biotechnology Vol. 84-86, 2000
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Fig. 9. Glycerol fermentation in stirred tank (working volume: 1.5 L).

160
300 Glucose Glycerol
= = 140
%u 250 | - 120 ’\_3
= G
£ 00 b g
Z 7100 2
g
8 n o
£ 150 | 80 2
3 O
2 19 %
3 100 | §
o 440 5
50 |
20
0 1 ] 1 ] ! ] ! 0
0 5 10 15 20 25 30 35 40
Time (h)

Fig. 10. Glycerol fermentation in stirred tank (effect of fivefold inoculant).

Production of Ethanol by Culture 1400

The results in Fig. 11 are from a typical batch fermentation by Saccha-
romyces culture 1400 at 32°C in an ALSA with 162 g/L of initial glucose in
aliquid medium also containing 7 g /L of Bactopeptone (Difco, Detroit, MI)
and 6 g/L of yeast extract (Difco). The product ethanol existed in both the
liquid broth and the condensate collected from the stripping CO, gas stream
(see Fig. 6 for the equipment setup). In Fig. 11, the solid product line shows
the ethanol in the fermenting broth, whereas the dotted line shows the sum
of ethanolin thebroth and also in the condensate. In this case, the final yeast

Applied Biochemistry and Biotechnology Vol. 84-86, 2000
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Fig. 11. Ethanol fermentation by yeast 1400 in ALSA with CO, stripping. (—O—), Glu-
cose; (—®—), cell density; (—l—), ethanol in broth; (- — - -), total ethanol.

cell mass concentration was almost 14 g/L, which is higher than usual.
The cell growth was probably enhanced owing to ethanol removal by CO,
stripping, resulting in less feedback inhibition on both ethanol synthesis
and cell growth. In this run, all glucose was exhausted in <12 h. Afterward,
the gas stripping was continued for several more hours for the purpose of
recovering more ethanol. The overall calculated ethanol yield was 86%
based on glucose consumed.

Inanother experiment, cells were prepared and harvested from shaker
cultures, centrifuged, and resuspended in an ALSA to a relative high cell
density of 16.1 g/L in an initial medium containing 3 g/L of yeast extract,
3 g/L of malt extract (Difco), 5 g/L of Bactopeptone, and 135.7 g/L of
glucose. The batch was run at 35°C with CO, stripping. All glucose was
exhausted in 7.5 h, giving a yield of 92%. In Fig. 12, the dotted line repre-
sents the total ethanol produced, whereas the solid line represents ethanol
concentration in the liquid broth. The batch was terminated immediately
after the glucose exhaustion. The motivation of this run was to ferment with
a high cell density, similar in concept to the “rapid fermentation” tested by
Nagodawithana and Steinkraus (8), but under the condition of relatively
low ethanol inhibition by gas stripping.

The high cell density process was further tested in a fed-batch opera-
tionwitha 500 g/ L sterilized glucose solution added in three discrete pulses
into the fermentation broth at h 5, 9, and 13 after the start. The results in
Fig. 13 show a total production of 129 g/L (fermenter volume) of ethanol
in 24 h (the dotted line), while the ethanol concentration in the broth was
keptbelow 50 g/L throughout the fed-batch to reduce inhibition. The etha-
nol yield based on glucose consumed was 90%. The fermenter productivity
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cose; (—®—), glycerol; (—M—), ethanol in broth; (- — — -), total ethanol.

140 140

g 1204 + 120
% .
s -’.-
2 100t T 100 3
E 3
§ =
= 80t L 80 -2
S £
—_— =
g N 3
S 60T A +60 2
Q . (o}
i : o
QO . —_
~ L. )
g 407 140 §
31 . =
3 m
Q
20 | g 1 20
0 X . . 0
0 5 10 15 20 25
Time (h)

Fig. 13. Fed-batch ethanol fermentation in ALSA with CO, stripping. (—O—), Glu-
cose; (—®—), glycerol; (—M—), ethanol in broth; (- - —-), total ethanol.

was calculated to be 5.3 g/(L-h). One encouraging observation is that the
total ethanol formation (the dotted line in Fig. 13) was maintained more or
less linearly up, indicating no serious ethanol feedback inhibition to slow
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down ethanol synthesis. Control runs without gas stripping were done
with different initial glucose concentrations in typical batch operations
without further addition of glucose after the start. Theresultsindicate that the
ethanol concentrations were unable to reach beyond 105 g/L in about
40 h, without CO, stripping. The culture was able to tolerate ethanol con-
centration in the batch up to about 90 g/L reasonably well, but not higher
than that. With CO, stripping, the net effect was that the relatively high rate
of ethanol synthesis was maintained until the glucose was exhausted, as
shown in Fig. 13.

Preliminary Cost Analysis for Glycerol Production

The current industry knows the economy of ethanol production far
better than what we can do. We therefore will restrict our cost analysis to
only the new glycerol production method. The recovery of glycerol from
vacuum distillation is essentially 100% with very little loss. The following
list gives the important but conservatively assumed process parameters:

1. Raw material requirements: 2.2 Ib of glucose equivalent/1b of glycerol
product

Aeration rate: 0.1 L of air/(L of liquid broth-min) (0.1 vvm)

Initial substrate concentration: 300 g/L

Yield: 0.48 Ib of glycerol/Ib of glucose equivalent

Final glycerol concentration: 144 g/L

Final glucose concentration: none

Fermentation duration: 36 h (with a productivity of 4.0 g/(L-h)
Byproduct: yeast in the final fermented broth at 12 g of dry cell mass/L.

PN LN

According to trade information, crude glucose equivalent in the form
of starch hydrolysate can be obtained at $0.07/1b. Based on this informa-
tion, one can calculate the following cost per pound of glycerol:

1. Substrate cost: 2.2 x 0.07 = $0.154

2. Utilities
a. Electricity: 0.6 kW-h
b. Steam for sterilization, evaporation, and vacuum distillation: 11.3 Ib
c. Cooling water: 192.2 1b

The total raw material and utility cost is about $0.22/1b of glycerol.
Assuming the total raw material and utility cost to be 70% of the total
production cost, the total production cost can be estimated as $0.31/1b.
Currently, glycerol is priced (2) at $0.50/1b. A new glycerol plant produc-
ing 40 million Ib/yr of glycerol can generate a return of about 40,000,000 x
(0.50-0.314) = $7,480,000/ yr. In the case of fermentation of glycerol, there
are no other volatile byproducts. Therefore, the final distilled glycerol prod-
uct is of high quality, which is unlike the glycerol recovered from hydrolysis
of fatsand oils. Some fatty acids in the hydrolysates in their free-acid form can
be carried over into the final glycerol product by vacuum distillation.
High-quality polymer-feedstock grade glycerol can get $0.60 to 0.65/1b (2).
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Conclusion

We described a potentially useful method of coproduction of glycerol

and ethanol. When the price of corn grains is high and the profit margin of
ethanol producers is reduced, coproduction of glycerol and ethanol can be
considered as an alternative to ethanol production alone for better process
economy.
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