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Abstract Flavor compounds’ formation and fermentative
parameters of continuous high gravity brewing with yeasts
immobilized on spent grains were evaluated at three dif-
ferent temperatures (7, 10 and 15 °C). The assays were
performed in a bubble column reactor at constant dilution
rate (0.05 h_l) and total gas flow rate (240 ml/min of CO,
and 10 ml/min of air), with high-gravity all-malt wort
(15°Plato). The results revealed that as the fermentation
temperature was increased from 7 to 15 °C, the apparent
and real degrees of fermentation, rate of extract
consumption, ethanol volumetric productivity and con-
sumption of free amino nitrogen (FAN) increased. In
addition, beer produced at 15 °C presented a higher alco-
hols to esters ratio (2.2-2.4:1) similar to the optimum
values described in the literature. It was thus concluded
that primary high-gravity (15°Plato) all-malt wort fer-
mentation by continuous process with yeasts immobilized
on spent grains, can be carried out with a good perfor-
mance at 15 °C.
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Introduction

Actually, industries must be more and more efficient to
survive in a competitive and global world. As a conse-
quence, a great interest in finding innovative processes able
to be performed with lower cost without affecting the
quality of the product has been generated. During the past
35 years, brewing research has been focused on less
expensive procedures for the production of high-quality
beers. As a result, high gravity brewing, a process which
employs worts of higher than normal extract concentration
(12°Plato), has been proposed [1-3]. One of the advantages
of this process is the reduction in the volume of water used
for wort production, which enables increasing beer output
without necessity of expanding the equipments capacity for
wort preparation, fermentation and storage of the product
[4]. In economic terms, the increase of the wort concen-
tration from 12 to 15°Plato reduces energy consumption
in 14% and improves the process productivity in up to 35%
[5, 6].

Continuous fermentation system is another innovative
process that provides several advantages compared with
the traditional discontinuous fermentation procedure,
including a reduction in the equipment and plant sizes,
obtainment of a product with uniform quality and mainly, a
faster beer production [7]. Continuous fermentation system
with immobilized cells reduces even more the time of
primary fermentation, which could be performed in only
1 day [8-11]. However, as the cost of the immobilization
carrier is the major economic limitation for implementation
of this system on industrial scale [12], the use of low-cost
materials for cell immobilization is required. Brewer’s
spent grain, the main brewery by-product, is a low-cost
material that has demonstrated high capacity of yeast cells
retention. Besides its good performance as support for cell
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immobilization, this material presented a good stability and
could be easily prepared, sterilized and regenerated. Due to
these characteristics, brewer’s spent grain has been con-
sidered a promising alternative as cell immobilization
carrier [11, 13-15].

It is known that beer fermentation performance is
affected by operational conditions such as temperature,
concentration of wort, inoculum and dissolved oxygen,
among others. A suitable control of these variables is thus
of great interest for a good process performance and
obtainment of high-quality products [16]. Among these
variables, temperature is one of the most important,
affecting not only the fermentation rate but also the beer
flavor [17]. Several volatile compounds contribute to the
beer flavor and the importance of them is not only deter-
mined by their individual concentration, but also by the
simultaneous presence of other constituents (volatile and
non-volatile) and their flavor threshold [18]. Around 600
volatile compounds have already been identified in beers;
the most important include higher alcohols, esters and
vicinal diketones [19]. Therefore, the present work evalu-
ated the influence of temperature on fermentative
parameters and formation of volatile compounds (higher
alcohols, esters and vicinal diketones) during continuous
high gravity brewing with yeasts immobilized on brewer’s
spent grains.

Materials and methods
Microorganism and inoculum preparation

The yeast employed in this study was a commercial lager
brewing strain of Saccharomyces cerevisiae supplied by
the IITA (Instituto de Investigaciones para la Industria
Alimenticia, Habana/Cuba). The stock culture was main-
tained on malt-extract agar slants at 4 °C. For inoculum
preparation, the cells were transferred to 500 ml Erlen-
meyer flasks containing 250 ml all-malt diluted (10°Plato)
wort and maintained under aerobic conditions on a rotary
shaker (Cientec CT 713, Piracicaba/SP, Brazil) at 200 rpm,
30 °C for 30 h. Then, the cells were separated by centri-
fugation at 3,500 rpm for 20 min, washed with sterilized
distilled water and added to the fermentation medium.

Wort production

High-gravity (15°Plato) all-malt wort was produced in the
EEL/USP pilot plant following standard brewing proce-
dures. After hot trub removal in a whirlpool, the wort was
autoclaved at 112 °C for 15 min and subsequently kept at
5 °C during 1 week for the cold trub formation. In order to
remove the precipitated material, the wort was filtered
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using a plate and frame filter with filter sheets made of
cellulose (Leitz KS80). This procedure allowed yeast cell
mass assessment without trub interference. All-malt wort
with original gravity of 10°Plato was prepared by diluting
the high-gravity wort with sterile brewery water. During
continuous fermentation, the wort was maintained at 4 °C
under a sterile N, counter pressure (at ca. 0.2-0.4 psig).

Carrier preparation

To be used as cells’ immobilization carrier, dried spent
grains (10% moisture content) were initially mixed with a
3% (v/v) HCI solution in a solid:liquid ratio of 1:15 g:ml,
at 32 rpm, 60 °C for 2.5 h. The remaining solids were
separated by filtration using 100% polyester cloth, washed
with water until neutral pH and dried at 50 °C up to 10%
moisture content. Subsequently, that material was treated
with a 2% (w/v) NaOH solution in a solid:liquid ratio of
3:50 giml, at 120 rpm, 30 °C for 24 h. Finally, the solid
residue was separated from the liquor by filtration, washed
with water until neutral pH and dried at 50 °C up to 10%
moisture content. The treated material was ground and
sieved and only the particles that passed through a 16 mesh
sieve (1.0 mm opening) and were retained in a 28 mesh
sieve (0.6 mm opening) were selected to be used as
immobilization carrier during continuous fermentation.

Bubble column reactor (BCR)

A stainless steel BCR with an enlarged top section for
degassing and a working volume of 5.2 1 (total volume of
9.7 1) was used. More details about the characteristics of
this reactor were previously published [11]. Gas was
injected at the bottom of the reactor through a stainless
steel mesh (0.26 mm opening). The sterile gas (0.2 pm,
Midisart 2000-Sartorius) flow rate was adjusted using a
calibrated mass flow meter (Aalborg GFM 17). The tem-
perature inside the reactor was maintained by means of a
cooling jacket connected to a refrigeration bath. The con-
tinuous wort feed was carried out by means of a peristaltic
pump (Masterflex C/L, Cole-Parmer). Prior to be used in
the fermentation runs, the BCR reactor was sterilized by
saturated steam at 121 °C for 30 min. Afterward, it was
loaded with 100 g of spent grains, sterilized again at
121 °C for 30 min and washed with 50 1 of sterile water.

Starting and operating of BCR

The reactor containing sterilized carrier was charged with
high-gravity wort and inoculated with 500 ml of inoculum.
The initial 18 h of fermentation was performed batchwise
aiming to reach a sufficiently high immobilized cell con-
centration (>0.3 g cell/g carr) inside the reactor. During
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this stage, carried out at 30 °C with a constant air flow rate
of 250 ml/min, the reactor was continually fed with diluted
all-malt wort (10°Plato). After this immobilization period,
the diluted wort was replaced by the 15°Plato wort. Fer-
mentation was performed at three temperatures: 7, 10 and
15 °C, keeping constant the dilution rate (D = 0.05 h™")
and total gas flow rate (240 ml/min of CO, and 10 ml/min
of air).

Analytical methods

Characterization of wort and green beer (apparent and real
extract, apparent and real degrees of fermentation and
ethanol) was performed by an automatic beer analyzer
(Beer Analyser DSA 5000, Anton Paar, Austria). Total
diacetyl was determined by gas chromatographic analysis
of the static headspace. Higher alcohols (n-propanol, iso-
butanol and amyl + isoamyl alcohol) and esters (ethyl
acetate, isoamyl acetate and ethyl hexanoate) were ana-
lyzed by a headspace gas chromatograph with a flame
ionized detector (FID) according to the current European
Brewery Convention recommended methods [20]. The
concentration of free amino nitrogen (FAN) was deter-
mined by standard procedures [21], using the ninhydrin
method with samples absorption reading at 570 nm.

Free yeast analyses

Viability was determined from the propagated yeast and
from the free yeast in green beer by methylene blue
staining [21]. Free yeast was counted in a Neubauer
counting chamber. Cells that stained blue were counted as
dead and unstained cells were considered to be viable.

Immobilized biomass determination

A sample of the fermentation medium containing about 1 g
of immobilized biocatalyst (yeast + carrier) was placed in
a 250-ml glass cylinder. The supernatant liquid (green
beer) was removed and the carrier was washed with 200 ml
of distilled water. Afterward, the carrier was filtered on a
stainless steel mesh (0.26 mm opening), washed with
400 ml of distilled water and dried at 105 °C for 12 h.
Aiming to remove the attached biomass from the carrier,
approximately 0.5 g of dry biocatalyst was mixed with
100 ml of 3% (w/v) NaOH solution and maintained at
120 rpm, 30 °C for 24 h. The carrier free of cells was fil-
tered on a stainless steel mesh (0.15 mm opening), washed
with 400 ml of distilled water and then dried at 105 °C for
5 h. The total immobilized cell biomass was determined by
the weight difference before and after the carrier treatment
with NaOH. The carrier mass loss due to the alkaline
treatment was quantified by blank experiments with clean

carrier samples (without immobilized yeasts) and was
discounted from the total immobilized cells biomass value.

Fermentative parameters

To evaluate the continuous fermentation performance, the
following fermentative parameters were considered: rate
of extract consumption (g/1 h): Rs = (Eo — Ea) x D;
rate of ethanol production (g/l h): Rp = P x D; maxi-
mum specific rate of extract consumption (Zex/gce1 h):
s, = (dE/X x dt), «; maximum specific rate of ethanol
production (Zem/gee1 h): pp = (dP/X x dr) 4.
mum specific rate of cell growth (h™"): By, =
(dX/X x dt), 4 ; where: dilution rate (h™"): D = F/V; res-
idence time (h): tg = 1/D; F = feed rate of wort (1/h);
V = volume of wort in the reactor (1); Eo = wort original
gravity (g/l1); Ea = beer apparent extract at the reactor
overflow (g/l); P = ethanol concentration at the reactor
overflow (g/l); X = free cell concentration at the reac-
tor overflow (g/1); dX (g/l) = free cell concentration at the
reactor overflow in the instant df (g/l); dE = concentration
of extract consumed in the instant dt (g/l); dP = concen-
tration of ethanol produced in the instant df (g/l). The
maximum specific rates (,uxm, I ,upméx) were calculated
through the method proposed by Le Duy and Zajic [22].

maxi-

Results and discussion
Fermentative parameters of continuous fermentation

Primary high-gravity beer fermentation by continuous
process was evaluated through an experiment performed at
three different temperatures: 15, 10 and 7 °C. During fer-
mentation, the system was considered to be in stationary
state for each temperature, after a minimum period of ten
residence times (200 h).

It can be observed in Fig. 1 that the apparent extract
consumption decreased when the fermentation temperature
was reduced. Therefore, the extract concentration in the
medium was increased, and consequently, the ethanol
concentration in the beer at the reactor outflow was
reduced. In the final stage of the process, when the tem-
perature was increased from 7 to 15 °C, the apparent
extract consumption increased, and thus, a higher ethanol
concentration (6% v/v) was obtained in the produced beer.
According to Branyik et al. [23], the increase in fermen-
tation temperature favors cell growth or improves the
metabolic activity of the microorganism, providing a
higher consumption of wort sugars and increasing the
ethanol concentration as a consequence.

Total cell (Xioa1) and free cell (Xpe.) concentrations
inside the reactor were also influenced by the fermentation
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Fig. 1 Influence of temperature on concentration of apparent extract,
ethanol and pH during continuous fermentation of 15°Plato wort (all-
malt) in a bubble column reactor (gas flow rate: 240 ml/min CO, and
10 ml/min air; dilution rate: 0.05 h™')

temperature (Fig. 2). For both cases, cell concentration
decreased with the temperature reduction. Nevertheless,
the total cell concentration (free + immobilized per vol-
ume of reactor) was maintained in elevated values (higher
than 19 g/l) throughout the continuous fermentation.

The free cell concentration (Xp..) dependence with
temperature cannot only be considered as a result of the
variations in the kinetic of free cells growth, because the
immobilized cells growth rate also influence Xy, through
the loss of cells from yeast layer on the carrier surface [23].

On the contrary of free cell and total cell concentration,
the concentration of cells immobilized on spent grains (g
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Fig. 2 Influence of temperature on concentration of free (Xpee),
immobilized (Xjnmob) and total (X)) cells during continuous
fermentation of 15°Plato wort (all-malt) in a bubble column reactor
(gas ﬂoyv rate: 240 ml/min CO, and 10 ml/min air; dilution rate:
0.05h™")
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cell/g carrier) was not affected by the temperature, since it
continuously increased up to 1.16 g cell/g carr at the end of
fermentation. Branyik et al. [23] also reported a non sig-
nificant effect of the temperature (from 13 to 16 °C) in the
concentration of yeasts immobilized on spent grains, dur-
ing the continuous fermentation of 14°Plato wort in a gas-
lift reactor using a constant gas flow rate of 250 ml/min.
However, in that work, the authors found similar values of
immob (@bout 0.65 g cell/g carr), independently of the used
temperature. On the other hand, these authors observed a
gradual disintegration of the spent grains particles, caused
by the collisions of them each other and with the reactor
wall. Due to disintegration, the particles became smaller
and were lost through the duct at the reactor outflow. The
mechanic stress originated by these collisions could have
been one of the reasons for the lower Xj,mop Value
(~0.65 g cell/g carr) found by these authors, compared
with the maximum value (1.16 g cell/g carr) obtained in
the present study. According to Verbelen et al. [24], the
gas-lift reactor provides a more intense circulation than the
BCR, for a same gas flow rate, due to the internal circu-
lation duct that generates a region of “ascension” in the
reactor centre, and a “descent” region outside the duct. In
addition, physiological differences among yeasts and
variations in the composition of worts are also factors that
can be related to the differences in the values of X;,mob
obtained in both studies.

Figure 3 shows that the viability of free cells in sus-
pension was not influenced by the fermentation
temperature, remaining in approximately 90% throughout
the experiment. It can also be noted in this figure that the
ratio between free cell concentration determined by
counting in a Neubauer chamber (cell/ml) and by dry
weight (g/1) was almost constant, with 1 x 107 cell/ml for
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Fig. 3 Influence of temperature on viability and concentration of free
cells (Xfee), determined by Neubauer counting chamber (cell/ml) and
by dry weight (g/1), during continuous fermentation of 15°Plato wort
(all-malt) in a bubble column reactor (gas flow rate: 240 ml/min CO,
and 10 ml/min air; dilution rate: 0.05 h_l)
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each 1.0 g/l. Thus, free cells in suspension presented an
average specific weight of 107" g/cell during the contin-
uous fermentation.

The fermentative parameters obtained for each temper-
ature are depicted in Table 1. Note that the consumption of
FAN, apparent and real degrees of fermentation, rate of
extract consumption and ethanol volumetric productivity
increased when the fermentation temperature was raised.
The increase of temperature also favored the ethanol vol-
umetric productivity during the discontinuous fermentation
of 15 and 20°Plato worts [1], and the sugars consumption
rate during discontinuous fermentation of worts with
approximately 10°Plato [25]. According to Engasser et al.
[25], the influence of temperature on the consumption of
wort sugars such as glucose or maltose, can be represented
by a dependence of the Arrhenius type, between the
maximum sugars consumption rate and the fermentation
temperature.

The specific rates of extract consumption (us) and eth-
anol production (up) were also directly related to the
temperature, since ug and up increased as the fermentation
temperature was raised. Similar effect of the temperature
on maximum specific rates of extract consumption and
ethanol production was reported during the discontinuous
fermentation of 15°Plato wort in a pilot plant (140 1)
[1, 26].

Comparison with fermentative parameters
of discontinuous fermentations

In this stage, fermentations were also performed with
15°Plato wort, at 15, 10 and 7 °C, but in anaerobiose and
by discontinuous process without immobilized yeasts (only
free cells), aiming to compare the fermentative parameters
of the discontinuous process with those obtained during the
continuous fermentation with yeasts immobilized on spent
grains. For a better comparison of these parameters,

discontinuous fermentations were evaluated at the times
where the ethanol concentrations were the same to those
achieved during continuous fermentation for the different
temperatures. Thus, the discontinuous assays at 15, 10 and
7 °C were analyzed when the ethanol concentrations were
5.5, 4.8 and 4% (v/v), respectively (Table 2). The maxi-
mum specific rates of cell growth, extract consumption and
ethanol production were calculated from adjusted data of
concentration of cells in suspension, extract and ethanol
during the exponential growth phase, using the method
proposed by Le Duy and Zajic [22].

As shown in Table 2, higher temperatures lead to a
reduction in the time necessary to attain the desired ethanol
concentration. According to Munroe [27], fermentation
rates increase with temperature by increasing the rate of
yeast metabolism, giving higher specific fermentation
rates. Thus, discontinuous fermentation of high-gravity
worts can be completed faster when the temperature is
raised [28].

Comparing the fermentative parameters obtained in the
discontinuous (Table 2) and continuous (Table 1) pro-
cesses, it can be observed that the apparent and real
extract, and apparent and real degree of fermentation were
close similar for the same temperatures. Otherwise, the
rate of extract consumption and ethanol volumetric pro-
ductivity during continuous fermentation were higher than
those obtained in the discontinuous processes, the differ-
ence being greater for the lower temperatures. In numeric
terms, the rates of extract consumption during the con-
tinuous process were 218, 367 and 525% higher when
compared to discontinuous fermentation at 15, 10 and
7 °C, respectively. Likewise, the ethanol volumetric pro-
ductivities during continuous fermentation were 219, 369
and 536% higher than those obtained for the discontinuous
process at 15, 10 and 7 °C, respectively. The significant
increase in these two parameters during continuous fer-
mentation is the result of the elevated concentration of

Table 1 Fermentative
parameters obtained during

Temperature (°C)

continuous fermentation of 15% 10 7 15°
15°Plato wort (100% malt) in a
bubble column reactor (gas flow Ethanol (% v/v) 5.5 4.8 4.0 6.0
rate: 240 ml/min CO, and Apparent extract (°Plato) 5.2 6.0 7.5 4.2
om L/Tl‘)n air. gilution rate: Real extract (°Plato) 72 77 8.8 63
temperatures after attaining the Free amino nitrogen (FAN) (mg/l) 115 125 128 109
stationary state FAN consumption (mg/1) 65 55 52 69
Apparent degree of fermentation (%) 65.9 59.4 49.5 72.2
Real degree of fermentation (%) 553 50.0 42.0 60.4
Rate of extract consumption (g/1.h) 5.37 4.58 3.50 5.61
Ethanol volumetric productivity (g/l.h) 2.14 1.83 1.40 2.24
. Specific rate of extract consumption (gex/gce1 h) 0.258 0.223 0.183 0.266
* Initial stage Specific rate of ethanol production (gea/gee h) 0.103 0.089 0.073 0.106

® End stage
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Table 2 Fermentative parameters obtained during discontinuous
fermentation of 15°Plato wort (100% malt) in a bubble column
reactor, at different temperatures after attaining the stationary state

Temperature (°C)

15 10 7
Ethanol (% v/v) 5.5 4.8 4.0
Fermentation time (h) 64 97 142
Apparent extract (°Plato) 4.9 6.3 7.6
Real extract (°Plato) 6.8 7.9 9.0
Apparent degree of fermentation (%) 67.3 58.6 49
Real degree of fermentation (%) 56.4 49.3 41.5

0.066/5 0.043/10 0.029/5

Ky /Fermentation time (h)
Rate of extract consumption (g/l h)  1.69 0.98 0.56
s /Fermentation time (h) 0.939/20 0.640/10 0.559/35

Ethanol volumetric productivity 0.67 0.39 0.22
(g/1'h)

up [Fermentation time (h) 0.368/30 0.277/40 0.263/40

Uy = Maximum specific rate of cell growth (h™")

max

ug = Maximum specific rate of extract consumption (gexi/gcer h)

mix

up = Maximum specific rate of ethanol production (geun/gcer h)

mix

total cells (free + immobilized) maintained in the BCR
throughout the process. On the other hand, the maximum
specific rates of extract consumption during the discon-
tinuous process were 264, 187 and 205% higher than those
obtained during the continuous fermentation at 15, 10 and
7 °C, respectively, while the maximum specific rates of
ethanol production for discontinuous fermentation were
257, 211 and 260% higher when compared to the contin-
uous process at 15, 10 and 7 °C, respectively. It is
important to emphasize that the specific rates for the
continuous fermentation were calculated considering the
sum of free and immobilized cells concentrations.
According to Branyik et al. [23], the specific rate of extract
consumption during continuous fermentation with immo-
bilized cells can be calculated by the ratio between extract
consumption rate and the respective total cell concentra-
tion (free 4+ immobilized).

The metabolism of the immobilized cells varies
according to the cells’ position on the carrier [29]. Cells
located on the surface are in direct contact with the wort
and act as free cells in suspension [10]. Thus, the results
obtained in our study suggest that the cells’ metabolism in
the continuous system was slower than the free cells
metabolism in the discontinuous system, due to the way of
process conduction. According to Branyik et al. [30] the
average biofilm thickness of yeasts immobilized on spent
grains is ca. 10 um. Therefore, the lower metabolic activity
can be attributed to different physiological conditions (i.e.,
“aging”) of the immobilized cells, instead of limitations of
substrate diffusion through the yeast layer.

@ Springer

Another interesting comparison is regarding the volume
of beer produced in both process, the continuous and dis-
continuous fermentation. At the end of the discontinuous
fermentations (64, 97 and 142 h at 15, 10 and 7 °C,
respectively), the volume of beer produced was equal to the
working volume of the BCR (5.2 1). Considering these times
of fermentation, the calculated volume of beer obtained
during the continuous fermentation (D = 0.05 h_l) in the
BCR would be 16.64, 25.22 and 36.92 1, at 15, 10 and 7 °C,
respectively. Thus, the continuous process would permit
increases of 220, 385, and 610% in the volume of beer
produced when compared with the discontinuous processes
performed at 15, 10 and 7°C, respectively.

Production of compounds related to beer flavor

The concentration of volatile compounds related to beer
flavor (esters, higher alcohols, and diacetyl) was also
determined during continuous fermentation for each tem-
perature (Table 3). Ethyl acetate was the major ester found
in the beers produced by continuous fermentation. In fact,
ethyl acetate is the ester present in highest concentration in
beers, corresponding normally to more than 30% of the
total ester concentration [31].

Regarding the production of total ester, it was verified
an increasing production of these compounds when the
fermentation temperature was decreased. The literature
data about the effect of the temperature on ester formation
are contradictory. While some authors reported an increase

Table 3 Volatile compounds’ production during continuous fer-
mentation of 15°Plato wort (100% malt) in a bubble column reactor
(gas flow rate: 240 ml/min CO, and 10 ml/min air; dilution rate:
0.05 h™"), at different temperatures after attaining the stationary state

Compound (mg/1) Temperature (°C)

15° 10 7 15°
Total esters 46.27 48.74 104.88 54.17
Ethyl acetate 44.40  48.20 103.90 52.90
Isoamil acetate 1.45 0.38 0.81 0.98
Ethyl hexanoate 0.42 0.16 0.17 0.29
Total higher alcohols 111.60  81.10 73.30 121.70
n-propanol 29.20  18.00 15.60 32.40
Isobutanol 16.20  12.00 11.70 18.60
Amyl + isoamyl alcohol 66.20  51.10 46.00 70.70
Alcohols: esters ratio 2.4:1 1.7:1 0.7:1 2.2:1
Diacetyl NA 0.555 0.488 0.685

NA not analyzed
 TInitial stage
® End stage
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in ester production by decreasing the fermentation tem-
perature [32], others [31, 33] related that decreases in the
fermentation temperature lead to lower ester formation. In
fact, the influence of temperature on ester production is not
the same for all the yeasts strains [9], due to variations in
the activity of the alcohol acetyltransferase enzyme among
the different microorganism species [34].

In contrast to the total ester concentration, the total
higher alcohols concentration decreased when the fer-
mentation temperature was reduced (Table 3). It has been
stated that yeast growth limiting conditions, such as low
temperatures or high pressures, reduce the higher alcohols
production [33]. Among these conditions, the formation of
higher alcohols is more susceptible to temperature varia-
tions [19]. On the other hand, conditions that promote
yeasts growth, such as increase of oxygen availability and
wort supplementation with amino acids, stimulate the
production of these alcohols [33]. Reduction in the con-
centration of total higher alcohols due to the fermentation
temperature decrease (from 15 to 0 °C) was also observed
by Kopsahelis et al. [35] during repeated discontinuous
fermentation with yeasts immobilized in partially deligni-
fied spent grains. The results obtained by these authors (81
up to 119 mg/1) were lower than the concentration found in
maturated beers (130 mg/l).

As well as for total higher alcohols, the diacetyl con-
centration in the beer at the reactor outflow also increased
as the fermentation temperature was raised (Table 3).
Similar behavior was observed by Smogrovicova and
Domény [31] at 5-20 °C, during the discontinuous wort
fermentation with yeasts immobilized in DEAE-cellulose.
Some authors [33] consider that the diacetyl concentration
in fermented worts depends on the rate of formation of the
diacetyl precursor (x-acetolactate), as well as on the rates
of the oxidative decarboxylation of this precursor to form
diacetyl and also to the diacetyl reduction into acetoin.
Thus, fermentation conditions that favor yeast growth, such
as elevated temperatures, can increase the levels of o-
acetolactate, and consequently, the diacetyl concentration
in the fermented wort [19].

It is important to detach that diacetyl exerts great
influence on beer flavor, since its presence in elevated
concentrations (>0.20 mg/l) confers a butter-like flavor to
the matured beer [18]. In the present work, high diacetyl
concentrations were obtained in all produced beers, inde-
pendently of the fermentation temperature. However, such
values are in the levels normally found in non-maturated
beer (“green beer”). After maturation, the diacetyl
concentration in the beer is reduced. Green beer with dia-
cetyl concentrations (0.4 up to 0.6 mg/l) similar to those
found in the present work was also produced by continuous
fermentation in a recent study [23]. After 10 days of dis-
continuous maturation at 4 °C, the diacetyl concentration

in that beer was reduced to less than 0.05 mg/l, being thus
below of its flavor threshold. On the other hand, beer flavor
is not only dependent on the absolute individual quantity of
each compound, but also on the relative quantity between
higher alcohols and esters. According to the literature data,
the optimum ratio between higher alcohols and esters (A:E)
vary between 2.5-3:1 [31] and 4.1-4.7:1 [30]. In the
present work, an A:E ratio similar to those optimum values
were obtained during the continuous high-gravity beer
fermentation at 15 °C (2.2-2.4:1).

In conclusion, the fermentative parameters and flavor
volatile compounds’ formation during continuous high-
gravity beer fermentation in a BCR were significantly
influenced by the temperature. The apparent and real
degrees of fermentation, rate of extract consumption,
ethanol volumetric productivity and consumption of FAN
increased as the fermentation temperature was raised from
7 to 15 °C, keeping constant the dilution rate (0.05 h™")
and the total gas flow rate (240 ml/min of CO, and
10 ml/min of air) throughout the process. In addition, the
beer produced at 15 °C presented a higher alcohols to
esters ratio (2.2-2.4:1) similar to the optimum values
described in literature. It was thus concluded that primary
fermentation of high gravity (15°Plato) all-malt wort by
continuous process with yeasts immobilized on spent
grains, can be carried out with good performance at
15 °C.

Perhaps the results achieved at the lower temperatures (7
and 10 °C) could be improved by selecting other condi-
tions of dilution rate and total gas flow rate for the
continuous fermentation. For example, fermentation of
15°Plato all-malt wort at 7 °C could be performed at a
lower dilution rate (higher residence time) to increase the
ethanol concentration and modify the beer flavor profile.
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