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Abstract

Low energy ultrasound irradiation (20 kHz, 1.0 W-L") was applied to enhance bioethanol production from

whey ultrafiltration permeate by co-immobilized Saccharomyces cerevisiae cells and -galactosidese enzyme.

Sugar utilization and ethanol formation were investigated as a function of hydraulic retention time (HRT)
between 12 and 36 h. Maximum ethanol production under HRT of 36 h was 26.30 g-L" with ultrasound expo-
sure, and 23.60 g-L! without. Maximum ethanol yield was 0.532 g-g"' lactose in the fermentation process with

ultrasound irradiation, and 0.511 g-g" without. For the continuously operating bioreactors, the maximum rates

of sugar utilization were 98.9 and 92.4% for the yeast with and without ultrasound exposure, respectively.

These results highlight the positive effect of low-intensity ultrasounds in bioethanol fermentation from whey

permeates, raising new perspectives for its disposal.
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Introduction

Ultrafiltration (UF) whey permeates are the liquids
remaining after industrial separation/concentration of milk
fat and proteins using the membrane UF process. Due to the
low concentration of solid constituents (about 4% w/v), UF
permeates have commonly been considered waste prod-
ucts. The disposal of UF permeates is a major problem for
the dairy industry. Permeate streams have a high COD
(chemical oxygen demand) value (about 60,000 mg-L"),
which represents an important environmental problem [1].

*e-mail: jedrzejewska@uwm.edu.pl

Moreover, the chemical and biological instability of perme-
ates result in difficulties, plus high transportation and stor-
age costs. Because of this there is an increasing concern as
to how the whey and whey UF permeates can be efficient-
ly and cost-effectively treated without adversely affecting
the environment.

Lactose concentration in whey UF permeates is about
50,000 mg-L", so more than 90% of COD is due to lactose
[1]. Moreover, valuable compounds (protein, lactose, vita-
mins) can be found in their composition. Since whey and
whey permeates contain significant quantities of lactose,
the way to use these waste products could be as a substrate
for ethanol fermentation. In recent years, fermentative pro-
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duction of ethanol from renewable resources, such as
wastewater from dairy industries, has received attention
due to the increasing petroleum shortage [1-3]. Moreover,
biofuels derived from wastes and by-products show low
environmental effects (greenhouse emissions, use of soil
pollutants: pesticides, herbicides, land demand, etc.) [1].

Many reports show the potential applications of yeast
strains in ethanol production from permeate streams, but
most of them focus on Kluyveromyces sp. due to its ability
to directly ferment lactose [2-4]. These yeasts generally suf-
fer from low conversion yields (0.4 kg ethanol-kg"' lactose)
and are very sensitive to product (ethanol) inhibition at con-
centrations as low as 20 g-L" [1, 5]. An alternative is to use
indirect fermentation yeasts, such as Saccharomyces cere-
visiae, which show much higher alcohol tolerance (100-120
g'L") and considerably better ethanol fermentation perfor-
mance (0.520 kg ethanol'kg' glucose), but has the disad-
vantage that an enzymatic hydrolysis step is required prior
to lactose fermentation [1, 6]. The fact that the yeasts are
incapable of directly fermenting lactose can be solved by
genetic manipulation of yeasts or facilitate the process with
a simultaneous lactose hydrolysis, for example by co-
immobilization of yeast cells with the enzyme [6-9].

Higher ethanol production could be achieved by apply-
ing different stimulation processes to improve biological
activity of yeasts. Many researchers have found that ultra-
sonic stimulation has the function of promoting the activity
of enzyme, cell growth, and cell membrane permeability,
improving gas-liquid mass transfer [10-14]. However, the
application of ultrasonic irradiation at improper intensity or
period has a destructive impact on cells by disrupting the
cell membranes and deactivating biological molecules such
as enzymes or DNA [12].

The objective of this study was to evaluate the effects of
low intensity ultrasound (20 kHZ, 1 W-L") for ethanol pro-
duction from whey UF permeate by the yeast strain S. cere-
visiae B4 co-immobilized with -galactosidase enzyme.

Experimental Procedures
Microorganisms

The distillery industrial yeast Saccharomyces cerevisiae
B-4 obtained from the Institute of Agricultural and Food
Biotechnology in Warsaw, Poland, was used for assessing
the ultrasound exposure effect on ethanol production. The
yeast cultures were cultivated on YPG slants (2% glucose,
2% peptone, 1% yeast extract) supplemented with 2% agar
at pH 5.0 and 30°C for 24 h. The active cultures for inocula-
tion were prepared by growing the yeast in a 1 L baffled
shake-flask containing sterile water and 100 mL YPG medi-
um at 30°C for 24 h on orbital shaker table at 200 rpm to a
concentration of approximately 10° cells mL". The cultures
in baffled shaken flasks of 100 mL were used to prepare the
inocula. After 24 h of incubation at 30°C, the precultures
were centrifuged at 3,800 rpm for 10 min and the cells were
resuspended in sterile water to obtain 10° cells mL".
Enzyme B-D-galactosidase (optimum temperature 30°C,

optimum acidity pH 4.5-5.0, activity 8.7 AU mg' d.m. of
the preparation), from Aspergillus oryzae manufactured by
the SIGMA company (USA), was used for the co-immobi-
lization process. [-galactosidase activity was determined
by measuring the release of o-nitrophenol from ONPG (o-
nitrophenyl -D-galactopyranoside) at 420 nm. The reaction
was carried out in a total volume of 2.0 mL containing 1.7
mL of 0.1 M sodium acetate buffer, pH 4.5, 0.1 mL suitably
diluted enzyme, and 0.2 mL of 20 mM ONPG at 37°C for 15
min. The reaction was stopped by adding 2.0 mL 2.0 N sodi-
um carbonate solution. One unit of -galactosidase activity
is defined as the amount of enzyme that liberates 1.0 pmol
of o-nitrophenol per min in the conditions defined above.

The yeast culture was co-immobilized in the 2% (w/v)
sodium alginate by dropping aliquots of 3% free cell inocu-
lum and enzyme solution, each containing a final concen-
tration of 9 AU ml" into 150 cm’® 0.09 mol-L" solution of
CaCl, with 10% glucose. The alginate beads containing
yeast cells and f-galactosidase enzyme were washed with
sterile water and were stored as a fermentation medium in
physiological solution at 8°C, pH 4.7.

Fermentation Medium and Experimental System

Ultrafiltrated (UF) whey permeate (non-deproteinized,
non diluted and non-sterilized) with 50 g-L"' lactose con-
centration from the Dairy Plant in Nowy Dwor Gdanski
was used as a fermentation substrate.

Continuous fermentation was carried out in a laborato-
ry-scale plant consisting of two anaerobic reactors with a
working volume of 5 L each (Fig. 1). These two reactors
were used to enable parallel test series with and without
ultrasound irradiation. The fermentation medium was
pumped continuously to the bottom part of the reaction tank
by means of peristaltic pumps. The necessary mixing was
achieved through the upward wastewater flow and the mag-
netic stirrer operated at regular intervals. The reactors were
water-jacketed and operated at a constant temperature of
30+1°C.

The reactors were inoculated with 40% (v/v) of solid
beads containing the co-immobilized cells which corre-
sponded to 39.4 g cells DW-L" of working bioreactor vol-
ume. After adding the alginate bead inoculum in the biore-
actors, before starting continuous feeding, a batch fermen-

Ultrasound generator Timer

Transducer

a0t o 30T
Milk UF uent

— — Milk UF
permeate _®_’—-— S— ‘_@_pcrmcatc

)

Magnetic stirrer

Magnetic stirrer

Fig. 1. A scheme of the ultrasound assisted and non-assisted
continuous fermentation system.
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tation was conducted for 24 h under gentle agitation (100
rpm). Then the reactors were operated at different hydraulic
retention times (HRT) of 12, 24, and 36 h. At each HRT the
reactor was operated until it reached a steady state (constant
ethanol and lactose concentrations in the effluent), thus 30
days of each HRT (12, 24, and 36 h). The fresh inoculum
was added to the reactors before each HRT was initiated
and the aged one was removed.

Ultrasonic Equipment

Ultrasonic irradiation of the reactor with yeasts was
done using a special ring with transducer (Intersonic S.C.
Poland) that was attached at the bottom of the reactor. The
range of the frequency generator was adjustable between
20-25 kHz, with maximum power of 50 W. The experi-
ments were carried out using stable sonication power of 1
W-L" and frequency of 20 kHz.

Analytical Methods

Lactose and ethanol concentrations in distillate were
determined according to Standard Methods PN-EN [15].
The samples were analyzed in triplicates and results were
reproducible within 3% deviation. The ethanol yield was
determined as:

Ypss (g EtOH-g" lactose utilized) = P,— P,/ S, - S;

...where P;is the final ethanol concentration (g-L™"), P; is the
initial ethanol concentration (g-L"), S; is the initial lactose
concentration (g'L"), and S, is the final lactose concentra-
tion (g-L").

The percentage lactose consumption was determined as:

lactose consumption (%) = 100-[1 —(S;/ S))]
Statistical Analysis

All fermentation steps connected with different HRTs
were carried out in triplicate. Significant differences
between the effects obtained in the two reactors with and
without ultrasound exposure were analyzed using an
ANOVA F-test (Statistica 7.1 software, Statsoft Inc.). A 5%
probability level was applied for all the tests. If p<0.05
from an ANOVA F-test, the differences between the effects
were considered to be significantly different from one
another.

Results and Discussion
Sonication Parameters
In the experiment, the frequency of applied ultrasounds
was 20 kHz and the power input was 1.0 W-L". The initial

experiments were done to find the best irradiation period.
The experiments revealed that continuous low energy ultra-

sound irradiation during 12, 24, and 36 h did not enhance
ethanol productivity by co-immobilized S. cerevisiae.
Moreover, the ethanol yield coefficients were lower than
those obtained in experiments without ultrasound irradia-
tion. The subsequent experiments were carried out using
time intervals with and without ultrasonic irradiation in
order to obtain the positive influence of ultrasound on bio-
logical activity of S. cerevisiae. Sonication cycles of 4 min
sonication followed by a 6 h rest period, 3 min sonication
followed by a 6 h rest period, 2 min sonication followed by
a 6 h rest period, 1 min sonication followed by a 6 h rest
period were tested at HRT of 24 h. The adverse effects of
sonication on ethanol concentration and ethanol yield at 4
min, 3 min, and 2 min sonication cycles were noted. At the
cycles of 4 min sonication every 6 h, 3 min sonication every
6 h, and 2 min sonication every 6 h, the final ethanol con-
centrations were 9.8, 12.3, and 18.1 g'L", respectively, and
ethanol yields were as low as 0.306, 0.332, and 0.460 g-g”,
respectively. In the control fermentation, ethanol concentra-
tion was as high as 21.79 gL', while ethanol yield was
0.487 g-g'. During the shortest sonication step, the obtained
results were better than in the control fermentation. The
cycle of 1 min sonication every 6 h was chosen for further
investigation.

This was similar to results obtained by Marques et al.
[16]. They investigated the effect of ultrasound pulses on
enzymatic activity of S. cerevisiae. Their results showed that
the ultrasound pulse at low frequency (20-25 kHz) for a
short sonication period of 1 and 2 min increased cell perme-
ability, and the viability rate of yeasts was over 95%.
However, in the 4 min sonication, the rate decreased to 46%.

The use of ultrasounds to stimulate biological activity
and ethanol production by S. cerevisiae is reported by
Schléfer et al. [13]. After testing several different frequen-
cies and power levels, they carried out the experiments at
25 kHz, 0.3 and 12 W-L"'. At an ultrasound intensity of 12
W-L"! there was no recognizable difference in the biological
activity of yeasts with and without ultrasound. The authors
stated that some pauses are needed between ultrasound
exposures to obtain positive effects on biological activity of
yeast S. cerevisiae. Moreover, an increase in biological
activity appeared after irradiation and high activity of ultra-
sound-activated cultures stopped for some hours after irra-
diation. The authors stated that discontinuous ultrasonic
irradiation of S. cerevisiae was more beneficial for activat-
ing fermentation than continuous exposure, because only a
few steps in intracellular metabolisms are supported by
ultrasound and others are not or may even be inhibited.

Liu et al. [12] investigated the changes of biological
activity of aerobic activated sludge after ultrasonic irradia-
tion. The activity of microorganisms rose sharply after
ultrasonic exposure of 0.3 W cm? 35 kHz for 10 min, and
reached a peak level in 8 h after exposure (100% higher
than that of the initial level immediately after exposure).
Then it dropped rapidly in the next 8 h. In 24 h after ultra-
sonic irradiation, the enhancement effect induced by ultra-
sound almost disappeared, and cell activity returned to the
normal state as control cells without ultrasound stress. The
authors stated that enhancement might be due to defense
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response of microorganisms evoked by mechanical stress.
These reactions are usually observed when cells are chal-
lenged by biotic or abiotic stress.

Pitt and Ross [17] used ultrasonic irradiation to increase
the growth rate of bacterial cells attached to a polyethylene
surface. It was found that low frequency ultrasound (70
kHz) of low intensity (<2 W-cm?) increased the growth rate
of the cells compared to growth without ultrasonic waves.
They stated that ultrasounds can increase the rate of trans-
port of oxygen and nutrients to the cells and the rate of
transport of waste products away from the cells, thus
enhancing their growth.

Xie et al. [18] studied the enhancement effect of low-
intensity ultrasound (35 kHz) on anaerobic sludge activity.
The experiments showed that optimal ultrasonic intensity
and the irradiation period were 0.2 W-cm® and 10 min,
respectively.

To summarize optimal ultrasonic intensity and the irra-
diation period are varied in each biological process
enhanced by ultrasound, and should be found experimen-
tally.

Effect of HRT on Ethanol Fermentation

In order to estimate optimal fermentation time in this
study, parameters such as ethanol concentration, ethanol
volumetric productivity, ethanol yield, and lactose con-
sumption were investigated.

The maximum values of ethanol concentration and lac-
tose consumption were achieved when the HRT was 36 h.
Under the HRT of 36 h in ultrasound-assisted fermenta-
tion, the average ethanol concentration of 26.30 gL',
ethanol yield of 0.532 g-g' lactose, and lactose consump-
tion of 98.9% were obtained (Figs. 2-4). Using S. cerevisi-
ae without ultrasound exposure gave the results as 23.60
gL', 0511 g-g', and 92.4 %, respectively, and the differ-
ences were statistically significant (p<0.05). Shortening
the HRT to 24 h allowed remaining high ethanol yield of
0.520 g-g" with sonicated S. cerevisiae, but in the control
fermentation step it was as low as 0.487 g-g' (p<0.05).
When the HRT was 12 h the ethanol yields were in the
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Fig. 2. Effects of hydraulic retention time (HRT) and ultrasound

irradiation on the ethanol concentration in effluent distillate
with standard deviations.
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Fig. 3. Effects of hydraulic retention time (HRT) and ultrasound
irradiation on lactose consumption by co-immobilized
Saccharomyces cerevisiae cells and p-galactosidese enzyme
with the initial lactose concentration of 50 gL' and with stan-
dard deviations.
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Fig. 4. Effects of hydraulic retention time (HRT) and ultrasound
irradiation on ethanol yield with standard deviations.

range of -0.318-0.365 g-g", depending on using ultrasound
devices (Fig. 4). From the economic viewpoint, shortening
the fermentation time (HRT) could reduce costs of industri-
al ethanol production. The study showed that there is no
need to extend the HRT over 36 h or more, because most of
the lactose was converted into ethanol during 24 h (98.9 %
in the ultrasound-assisted fermentation). Nikoli¢ et al. [19]
stated that optimal fermentation time for free and immobi-
lized S. cerevisiae was 38 h. Ozmihci and Kargi [2] studied
ethanol production from cheese whey powder (CWP) solu-
tion containing 50 g sugar-L" at six different HRTs varying
between 17.6 and 64.4 h by Kluyveromyces marxianus
strains. Percent sugar utilization, effluent ethanol concen-
tration, and ethanol yield increased with increasing HRT
from 17.6 to 50 h. Further increasing HRT to 64.4 h result-
ed in a decrease of the analyzed parameters. Moreover, the
time for fermentation decreased at higher initial substrate
concentrations [2, 7, 19]. According to Guimaraes et al. [7]
the fermentations with 50-150 g lactose'L"' reached com-
pletion in about the same time of 27 h, but the maximum
ethanol concentration increased linearly with increasing
initial lactose concentration from 6.5 g ethanol-L" with 20
g lactose-L™! to 57 g-L" with 200 g-L". They also stated that
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Table 1. Effects of hydraulic retention time (HRT) on ethanol volumetric productivity.

HRT Ethanol volumetric prodyctivity in the ultrasound-assisted Ethanol volumetric productivity in the control fermentation
fermentation system, g-L"-h" system, g-L"-h"

12 (h) 1.060 (0.15) 0.822 (0.13)

24 (h) 1.035 (0.16) 0.908 (0.13)

36 (h) 0.730 (0.09) 0.655 (0.08)

sstandard deviations are presented in brackets

increasing lactose concentration led to incomplete fermen-
tation and impaired fermentation due to nutrient limitations.

Interestingly, the volumetric productivities of ethanol
decreased at longer HRT (Table 1). Maximum productivities
of ethanol were observed under HRT of 12 h: 1.060 g-L"-h",
when the culture has been sonicated and under HRT of 24 h:
0.908 g-L"-h" in the fermentation process without ultrasound
irradiation. The differences were significant. The volumetric
ethanol productivity obtained in this work was higher than
that reported for batch or fed-batch fermentations with recom-
binant S. cerevisiae strains: 0.3 g-L"-h"' [9], 0.46 g'L"h' [8],
0.14-0.6 g'L"-h' [20], and 1 g-L"-h* [21]. Ozmihci and Kargi
[22], using Kluyveromyces marxianus to ferment concentrat-
ed cheese whey powder solution, obtained higher volumetric
ethanol productivity over 2 g-L"-h", but after 120 h fermen-
tation.

Effect of Ultrasound on Ethanol Fermentation

In all HRTs, significantly higher ethanol production in
the ultrasound-assisted fermentation process than in the
control fermentation process was recorded (p<0.05). When
the HRT was 12 h, the ethanol concentration without ultra-
sonic treatment was 9.87 g-L" and it was significantly lower
by 2.85 g-L" than the production in the process stimulated
with low-intensity ultrasounds (p<0.05) (Fig. 2). Lactose
consumption was only 62.1%, but application of ultrasound
increased it to 69.7% (p<0.05) (Fig. 3). The best results
were obtained with the longest HRT of 36 h. Ethanol con-
centration increased to 26.30 g'L' when the culture was
sonicated, while in the fermentation process without ultra-
sound irradiation it was only 23.60 g-L"', and the differences
were statistically significant (p<0.05) (Fig. 2). Lactose con-
sumption was as high as 98.9% and was significant higher
by 6.5% than consumption in the reactor without ultrason-
ic irradiation (p<0.05) (Fig. 3.). High ethanol production
and lactose consumption were observed when shortening
the HRT to 24 h. S. cerevisiae stimulated with low intensity
ultrasound produced 24.85 g ethanol-L"', while lactose con-
sumption was 95.6% (Figs. 2-3). In the control fermentation
there was 21.79 g-L! and 89.5%, respectively. The differ-
ences between the data obtained in the assisted-fermenta-
tion process and in the control process were statistically sig-
nificant (p<0.05). Under the HRT of 36 h, in the fermenta-
tion process with ultrasound irradiation the maximum
ethanol yield of 0.532 g-g"' lactose was observed, whereas
using biocatalyst S. cerevisiae without ultrasound exposure
gave the result as 0.511 g-g" (Fig. 4) (p<0.05). Shortening

the HRT to 24 h allowed a remaining high ethanol yield of
0.520 g-g" with sonicated S. cerevisiae, but in the control
fermentation process it was as low as 0.487 g-g” (p<0.05).
When the HRT was 12 h the ethanol yield was only 0.365
and 0.318 g-g”, respectively (p<0.05).

Only a few experiments have investigated the enhance-
ment of ethanol production by ultrasonic stimulation of S.
cerevisiae. Schldfer et al. [13] improved biological activity
of S. cerevisiae by low-energy ultrasound assisted bioreac-
tors operated at a frequency of 25 kHz and a power input of
0.3 W-L". Ethanol production without ultrasonic treatment
varied between 3-12 gL', while ultrasonic stimulation
increased it to 30 g-'L". The highest ethanol concentrations
were obtained with a cycle regime of ultrasound exposure
and a pause, because during continuous ultrasound irradia-
tion no stimulation in the ethanol fermentation process was
recorded.

Lanchun et al. [23] investigated the influence of low
intensity ultrasound on physiological characteristic of S.
cerevisiae. The results of their study showed that ultra-
sounds in the frequency of 24 kHz and power efficiency of
2 W with 1 s irradiation time every 15 s and 30 min dura-
tion cycle stimulated material transport and improved the
cell’s metabolism by changing the membrane osmotic.
Consequently, transfer of substance was speeded up,
enzyme synthesis was driven up and enzyme activity was
enhanced.

Sulaiman et al. [14] operated a batch fermentation sys-
tem at low-intensity sonication (11.8 W-cm?, 20 kHz) using
10%, 20% (1 s sonication, 5 s rest period), and 40% (2 s
sonication, 5 s rest period) cycles. All sonication cycles test-
ed improved ethanol production by K. marxianus, but
increasing the duty cycle to 40% had an adverse impact on
yeast. The best sonication regime of a 20% cycle enhanced
the biomass yield on lactose by 33%, the final ethanol yield
by 3-fold greater, and the final ethanol concentration by
3.5-fold greater compared to control.

The positive results of the ultrasound treatment on the
ethanol production by co-immobilized S. cerevisiae cells
and B-galactosidase enzyme observed in this work seem to
be a combination of different processes, including activat-
ing the yeast by improving the mass transfer rate of nutri-
ents in the liquid, enhancing the uptake of foreign sub-
stances and the release of intracellular products in cells,
improving cell growth, and degassing CO, [12, 14, 23, 24].
According to Sulaiman et al. [14], elevated concentrations
of dissolved CO, are known to inhibit S. cerevisiae. The
authors explained that improving ethanol production by
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yeasts may have contributed to improved removal of the
highly soluble CO, from the broth in the ultrasound-assist-
ed fermentation system. Stimulating enzyme activity is
done by increasing the mass transfer rate of the reagents to
the active site [12]. Ultrasound irradiation can cause ther-
mal and mechanical stress to biological materials [24].
High-energy ultrasonic waves break the cells and denatu-
rate enzymes [12, 16]. Low-energy ultrasounds can pro-
duce a variety of effects on biological materials, including
the inhibition or stimulation of cellular metabolisms,
enzyme activity, alteration of cell membranes and other cel-
lular structures [11, 12]. According to Xie et al. [25], cavi-
tation is the primary basis of biological effects of low-inten-
sity ultrasound. Cavitation bubbles produced by low-inten-
sity ultrasound can cause acoustic microstreaming [25].
The microstreaming surrounding the cells will cause shear
stress and enhance mass transfer, which may stimulate
metabolic activities inside the cells [17, 24, 25]. When
ultrasonic intensity is sufficiently low, a stable cavitation
occurs and leads to the enhancement of mass transfer and
fluid mixing, which produces positive effects on the rate of
biological reactions in the exposure systems [12].

The growth activity of yeast cells is hardly changed
within the early period of sonication regardless of either
damage to cell wall, or complete inactivation of the yeast
located in the cavitation zone [26]. A short sonication time
up to 5 min of irradiation indicated bactericidal effects, but
the cells were able to repair the damage. According to
Guerrero et al. [27], yeasts, including S. cerevisiae, are
highly resistant to ultrasound damage. Moreover, at rela-
tively low intensity of ultrasounds, microorganisms can
adapt to irradiation exposure and their biological activity
increases [12, 14]. With a relatively short irradiation period,
cell damage and membrane permeability induced by ultra-
sounds appear to be temporary and reversible. Lanchun et
al. [23] also stated that sonication cannot influence the fer-
mentation strength of S. cerevisiae descendants.

Conclusions

The process of whey UF-permeate fermentation to
ethanol in continuous mode by co-immobilized S. cerevisi-
ae cells and B-galactosidase enzyme was improved by the
application of low-intensity ultrasounds. Optimal ultrason-
ic intensity and irradiation period vary for each biological
process and should be found experimentally. According to
this experiment, stimulation of yeast activity could be
achieved in the presence of low-intensity ultrasound (1
W-L", 20 kHz), and a 1 min every 6 h irradiation period is
favourable to increase ethanol production efficiency.
Moreover, the short exposure of yeast to ultrasound could
reduce operational costs compared with continuous irradia-
tion.

For the continuously operating bioreactors, the maxi-
mum rates of sugar utilization were 98.9 and 92.4% for the
yeast with and without ultrasound exposure (p<0.05),
respectively. Maximum ethanol yield was 0.532 g-g"' lac-
tose, while without ultrasound exposure 0.511 g-g"' was

attained. This study showed that there is no need to extend
the HRT over 36 h or more, because most of the lactose was
converted into ethanol during 24 h (95.6% in the ultra-
sound-assisted fermentation).

The results obtained here raise new perspectives for
whey permeate ultrasound-assisted fermentation, and hence
for whey UF permeate disposal.
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