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Abstract We studied the dynamics of ethanol production

on lactose-hydrolyzed whey (LHW) and lactose-hy-

drolyzed whey permeate (LHWP) in batch fluidized-bed

bioreactors using single and co-cultures of immobilized

cells of industrial strains of Saccharomyces cerevisiae and

non-industrial strains of Kluyveromyces marxianus.

Although the co-culture of S. cerevisiae CAT-1 and K.

marxianus CCT 4086 produced two- to fourfold the ethanol

productivity of single cultures of S. cerevisiae, the single

cultures of the K. marxianus CCT 4086 produced the best

results in both media (YEtOH/S = 0.47–0.49 g g-1 and

QP = 1.39–1.68 g L-1 h-1, in LHW and LHWP, respec-

tively). Ethanol production on concentrated LHWP

(180 g L-1) reached 79.1 g L-1, with yields of 0.46 g g-1

for K. marxianus CCT 4086 cultures. Repeated batches of

fluidized-bed bioreactor on concentrated LHWP led to

increased ethanol productivity, reaching 2.8 g L-1 h-1.

Keywords Ethanol � Lactose-hydrolyzed whey � Lactose-
hydrolyzed whey permeate � Immobilized cells �
Saccharomyces cerevisiae � Kluyveromyces marxianus

Introduction

Environmental concerns about the use of fossil fuels and

the amounting agro-industrial residues have put growing

pressure on research for innovative technologies for energy

production and waste reuse. Cheese whey (or whey) and

whey permeate are by-products of dairy industries, pre-

senting potential sources of environmental pollution when

improperly discarded. These products have the potential to

be used in bioprocess because of their unique composition

characteristics. Whey is a rich substrate for ethanol fer-

mentation because of its high lactose content

(45–50 g L-1), protein (6–8 g L-1), lipids (4–5 g L-1),

and mineral salts (5–7 g L-1). Whey permeate, the product

of protein removal from whey, has a lactose content

(around of 45 g L-1) and minerals salts (3–5 g L-1), and

could also be considered for bioprocesses as a source of

cheap substrate [1–3]. Direct fermentation of the liquid

slurry of whey and whey permeate is not economically

feasible because of their low sugar concentrations, imply-

ing high distillation costs [2, 4]. However, dried or evap-

orated whey and whey permeate might be attractive raw

materials for ethanol fermentation because these materials

have a characteristically low water content and high lactose

concentrations, being cheap and extremely convenient for

storage, transportation, and use [4]. In this context, the

production of ethanol from whey is expected to become

increasingly important.

Several yeasts have shown the ability to metabolize

the lactose present in whey and whey permeate, but

traditional yeasts used for industrial fermentation pro-

cesses showing high ethanol and sugar tolerance, such as

Saccharomyces cerevisiae, cannot use lactose as carbon

source, because they lack lactose permease and b-
galactosidase enzymes [5, 6]. Therefore, a preliminary
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PO Box 15090, Porto Alegre, RS 91501-970, Brazil

123

Bioprocess Biosyst Eng (2016) 39:141–150

DOI 10.1007/s00449-015-1498-0

http://crossmark.crossref.org/dialog/?doi=10.1007/s00449-015-1498-0&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s00449-015-1498-0&amp;domain=pdf


reaction of enzymatic or chemical hydrolysis of lactose is

required to use whey or whey permeate as substrate for

ethanol production using S. cerevisiae [7, 8]. One pos-

sibility is the pre-treatment of whey and whey permeate

with b-galactosidase, which catalyzes the hydrolysis of

lactose liberating an equimolecular mixture of glucose

and galactose [9]. Biological alternative technologies for

this enzymatic reaction rely on the use of yeast strains

capable of metabolizing lactose, such as the genus

Kluyveromyces, and the use of co-cultures of different

strains, including S. cerevisiae [5–8]. The genus Kluy-

veromyces has been well characterized concerning its

ability to use lactose, and several strains of Kluyver-

omyces marxianus have successfully been used to con-

vert whey and/or whey permeate into ethanol.

Alternatively, the engineering of S. cerevisiae by differ-

ent strategies has been investigated, but most strains

obtained in this way showed undesirable characteristics

such as low growth, genetic instability, and low ethanol

production [5, 6]. Another alternative strategy consists in

the co-culture of K. marxianus and S. cerevisiae, which

brings together the advantages of these two strains: the

adapted growth of Klyuveromyces in lactose and galac-

tose, and the high ethanol tolerance and faster glucose

consumption of Saccharomyces strains [1, 10].

Cell immobilization, a strategy of cell confinement in

appropriate inert supports, can contribute to bioprocess

optimization because of their characteristics such as high

productivity, lower fermentation time, small operational

volume, cell protection against inhibitory products,

reduced contamination risks, and ease downstream pro-

cessing [11, 12]. The ethanol production using cell

immobilized bioreactors has been developed in recent

years using different immobilization strategies and sup-

ports such as agar [13], alginate [14–16], sorghum bagasse

[17], and sugarcane bagasse [18]. Among these, the use of

alginate is the most widespread technique because this

material is non-toxic, inexpensive, allows for high cell

density entrapment, and it is simple to prepare [11, 12, 19].

In this context, the aims of this research were to analyze

the dynamics of several possibilities of using lactose-hy-

drolyzed whey (LHW) and lactose-hydrolyzed whey per-

meate (LHWP) as substrates for ethanol production using

different yeasts, as single cultures of industrially important

strains of S. cerevisiae or non-industrial strains of K.

marxianus, and also as co-cultures of both yeasts. The

cultures were run using Ca-alginate immobilized-cell sys-

tems in batch and repeated batches in fluidized-bed biore-

actors. Fermentative parameters of ethanol production,

yields, and productivities were evaluated.

Materials and methods

Yeasts, cell maintenance, and materials

The yeast strains Saccharomyces cerevisiae CAT-1 and

PE-2, and Kluyveromyces marxianus CCT 4086 were used

in this research. The S. cerevisiae strains were chosen

because of their good ethanol and sugar tolerance [1, 20].

Although they are commercially available, the stocks used

by us were kindly supplied by the Department of Genetics

from the Biological Sciences Center, Federal University of

Pernambuco (Recife, Brazil). The K. marxianus CCT 4086

was provided by the Tropical Culture Collection of André

Tosello Foundation (Campinas, Brazil). This strain of K.

marxianus was chosen because it demonstrated a high

capacity of lactose bioconversion into ethanol [15]. Cells

were kept frozen at -20 �C, in a 60 % cell suspension in

glycerol, whereas for immediate use, cells were kept on

YEPD or YEP–lactose agar slants (yeast extract, 10 g L-1;

bactopeptone, 20 g L-1; glucose or lactose, 20 g L-1, agar,

20 g L-1), at 4 �C [21].

All chemicals used in this research were purchased from

Sigma-Aldrich (São Paulo, Brazil, or St. Louis, USA),

unless otherwise indicated.

Lactose hydrolysis in whey and in whey permeate

Dried whey (powder) and dried whey permeate were used

in this research (Elegê Laticı́nios S.A., and Sooro, Brazil,

respectively). Reconstituted whey composition was:

56 g L-1 of lactose, 9 g L-1 of protein, and 5 g L-1 of

minerals; reconstituted whey permeate composition was:

56 g L-1 of lactose, 1 g L-1 of protein, and 3 g L-1 of

minerals. Lactose hydrolysis was performed using a com-

mercial b-galactosidase (Maxilact LX 5000, enzymatic

activity of C5000 NLU g-1, DSM Food Specialties,

Heerlen, The Netherlands). A volume of 0.5 mL L-1 of

enzyme was added to reconstituted whey (70 g L-1 whey

powder) or to whey permeate (60 g L-1 whey permeate

powder) and the mixture was kept at 25 �C, under slow

agitation, reaching a maximum hydrolysis efficiency of

[90 % around 8 h of reaction. For the hydrolysis of con-

centrated whey permeate (180 g L-1 whey permeate

powder), a volume of 1.5 mL L-1 of enzyme was used,

and the reaction was performed under the same conditions

described above. Samples were periodically withdrawn,

filtered through a 0.22 lm acetate cellulose membrane to

remove proteins that may cause interference with the

analysis, and the glucose liberation was determined using

an enzymatic kit (Labtest Diagnóstica S. A., Brazil).
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Yeast cell immobilization

The yeast strains were immobilized by entrapment in Ca-

alginate beads. S. cerevisiae and K. marxianus strains were

grown in 2 L flasks filled with 800 mL of YEPD or YEP–

lactose media, respectively, pH 7.0, and at 30 �C, in an

orbital shaker at 180 rpm for 15 h to obtain exponential-

phase cells. At this point, cells were harvested by cen-

trifugation (30009g, 15 min), washed twice, and resus-

pended in 10 mL of sterile distilled water at 4 �C. The cell
suspension was added to a sterile solution of sodium

alginate (40 g L-1) to a final biomass concentration of

20 g L-1. The mixture was immediately dropped through a

14 G needle (2.1 mm of diameter) using a peristaltic pump

into a 0.1 M CaCl2 sterile solution at 35 �C, and gently

agitated for 30 min to stabilize the system. The beads were

washed thrice with distilled water at 4 �C and kept in

peptone water (1 g L-1) with 0.1 M CaCl2 overnight.

Then, the beads were washed thrice with sterile distilled

water at 4 �C and transferred into the bioreactors.

Approximately, 150 beads of every batch of immobiliza-

tion were measured for their diameters using a pachymeter,

with measuring results showing an average diameter of

3.8 ± 0.05 mm.

Bioreactor cultivations

Batch fluidized-bed cultivations were performed in glass

column bioreactors [15] filled with 85 mL of alginate

beads and 250 mL of medium. In the co-culture experi-

ment, the glass column was filled with 42.5 mL of beads

each of yeasts. Lactose-hydrolyzed whey or whey permeate

was used as culture media without any addition of other

nutrients. Prior to the sterilization process (121 �C,
15 min), whey proteins were hydrolyzed with a commer-

cial protease (Alcalase 2.4 L, 2.4 UA-A/g, Novozymes,

Araucária, Brazil), using 1 mL L-1 of the enzyme prepa-

ration at pH 8.5, 55 �C for 3 h, to avoid protein precipi-

tation. The cultures were carried out at 30 �C and

fluidization was performed by recirculating the culture

medium upward through the column by a peristaltic pump

at a flow rate of 250 mL min-1.

Repeated batches of fluidized-bed cultivations were

carried out in a similar mode to the batch fluidized-bed

cultivations. Concentrated lactose-hydrolyzed whey per-

meate was used as culture medium. After 24 h, all culti-

vation broth was drained and the immobilized cells were

retained in the bioreactor. The same amount of concen-

trated lactose-hydrolyzed whey permeate was immediately

replaced to start the next cycle. This procedure was repe-

ated for ten cycles, completing a total of 240 h of

cultivation.

All experiments were carried out in duplicate. The

ethanol productivities (QP) and yields (YEtOH/S) in batch

fluidized-bed cultivations were calculated considering the

maximum ethanol concentration in the process.

Obtained data throughout the work were statistically

evaluated by analysis of variance (ANOVA) using Statis-

tica 10.0 software (StatSoft, USA).

Analytical determinations

Samples were collected from the top of bioreactors using a

sterile needle, centrifuged (30009g, 15 min) and the

supernatants were analyzed for sugar and ethanol concen-

trations. Lactose, galactose, glucose, and ethanol concen-

trations were determined by HPLC (Shimadzu, Japan) with

refractive index detector and Bio-Rad HPX-87H column

(300 mm 9 7.8 mm) using 5 mM sulfuric acid as eluent at

45 �C, flow rate of 0.6 mL min-1, and sample volumes of

20 lL.

Results and discussion

Dynamics of cultures in LHW and LHWP

in the batch fluidized-bed bioreactors with single

and co-cultures of S. cerevisiae and K. marxianus

This experimental step was carried out to compare the

dynamics of fermentation kinetics of Saccharomyces and

Kluyveromyces in LHW and LHWP because of the unique

characteristics of these yeasts. S. cerevisiae CAT-1 and PE-

2 strains are widely used in Brazil for ethanol production

from sugarcane because they show high ethanol tolerance

and excellent yields of fermentation [20], but they were

never tested on hydrolysed lactose. On the other hand,

strains of K. marxianus are highly adapted to grow in

lactose and galactose media [1, 14], and we decided to test

K. marxianus CCT 4086 (to our knowledge never applied

in industrial fermentations) because of its high bioconver-

sion of whey and permeate into ethanol, as previously

described by our research group [15, 22], and compare it

with the Saccharomyces strains.

The batch kinetics of Ca-alginate immobilized cells of

CAT-1 and PE-2 in the fluidized-bed bioreactors using

LHW and LHWP are presented in Figs. 1 and 2. The two

strains showed similar diauxic growth kinetics in the lib-

erated mixture of glucose and galactose in media. The

conversion of galactose into glycolytic intermediate needs

energy and additional catabolic steps, since the glycolytic

enzymes are not galactose specific, thus the Leloir pathway

is switched on to convert galactose into glucose 6-phos-

phate, which is in turn metabolized in the glycolysis
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pathway and finally reduced to ethanol [10, 23]. Maximal

ethanol concentrations of 18.6 g L-1 and 18.8 g L-1 were

observed for S. cerevisiae CAT-1 and PE-2, respectively,

in LHW medium. When LHWP was used, the consumption

of galactose was slower compared to LHW, and ethanol

concentrations were lower, reaching maximal concentra-

tions of 15.4 and 15.1 g L-1 for S. cerevisiae CAT-1 and

PE-2, respectively. One possible explanation for these

differences is the fact that whey is a richer medium in

minerals and protein than whey permeate, containing all

necessary nutrients for cell growth and product formation

[24]. For both S. cerevisiae strains, the highest ethanol

yields (YEtOH/S) and ethanol productivities (QP) were

observed in LHW medium (Table 1), reaching 0.44 g g-1

and 0.78 g L-1 h-1, compared to only 0.36 g g-1 and

0.31 g L-1 h-1 in LHWP. It is clear that these yeast strains

require richer nutrient media, especially in nitrogen, in

order to efficiently convert galactose into ethanol. This

behaviour was also observed for recombinant S. cerevisiae

T1-E, which showed higher ethanol production when

deproteinized whey was supplemented with corn liquor

[25]. Comparatively with the results obtained in our work,

Ramakrishnan and Hartley [26], reported ethanol yields of

0.48 g g-1 in cultures of recombinant S. cerevisiae

GRF167 strain in synthetic medium containing glucose and

galactose (20 g L-1). Also working with recombinant

strains of S. cerevisiae (strain T1), obtained 0.40 g L-1 h-1

of ethanol productivity and 60 % of yield efficiency in

lactose (50 g L-1) [27]. It is important to stress that these

recent reports used recombinant strains and did not use cell

immobilization, factors that can result in physiological and

mass transfer differences.

The yeasts of genus Kluyveromyces have been exten-

sively used for the fermentation of non-hydrolysed whey,

but in this research, we carried out the hydrolysis of the

lactose to allow the direct comparison with kinetics of

glucose and galactose use by S. cerevisiae. Results are

shown in Fig. 3. The profile of the glucose and galactose

consumption were quite similar in LHW and LHWP media,

indicating that the K. marxianus CCT 4086, strongly

Fig. 1 Kinetics of glucose and galactose consumption, and ethanol

production in lactose-hydrolyzed whey (a) and lactose-hydrolyzed

whey permeate (b) by Saccharomyces cerevisiae CAT-1 on batch

fluidized-bed bioreactor at 30 �C. Glucose (filled square), galactose

(filled circle), and ethanol (filled triangle)

Fig. 2 Kinetics of glucose and galactose consumption, and ethanol

production in lactose-hydrolyzed whey (a) and lactose-hydrolyzed

whey permeate (b) by Saccharomyces cerevisiae PE-2 on batch

fluidized-bed bioreactor at 30 �C. Glucose (filled square), galactose

(filled circle) and ethanol (filled triangle)
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contrasting with S. cerevisiae, is adapted to grow in media

containing lower amounts of nitrogen and minerals, such as

LHWP. Another important difference was that the sugars

were metabolized simultaneously, with maximal ethanol

productions of 22.9 and 20.9 g L-1 in LHW and LHWP,

respectively. K. marxianus CCT 4086 single culture pro-

duced high ethanol yields (YEtOH/S) and productivity (QP)

in both media, reaching 0.49 g g-1 and 1.68 g L-1 h-1 in

LHW and 0.47 g g-1 and 1.39 g L-1 h-1 in LHWP,

respectively (Table 1). Klyuveromyces strains are adapted

to galactose metabolism and the expressions of GAL genes

are not repressed by glucose, allowing the simultaneous

glucose and galactose consumption, hence reducing fer-

mentation time [1]. The characteristics of GAL genes

expression in these yeasts, especially the promoter regions,

are important factors influencing galactose repression

metabolism. There are several binding sites of glucose-

triggered transcriptional repression in S. cerevisiae,

whereas in Klyuveromyces there is only one [1, 10]. The

slower galactose metabolism in S. cerevisiae can be

explained by the low galactose affinity for the galactose-

permease and the low expression of GAL2 gene, thus the

reduced enzyme activities involved in Leloir pathway [10,

23]. Results obtained in this work were higher than other

reports using K. marxianus in whey or permeate, although

most of the reports were conducted in shaker instead of

bioreactors. For instance, Marwaha and Kennedy [28]

obtained yields of 0.40 g g-1 with Ca-alginate immobi-

lized K. marxianus NCYC 179 cultures in 50 g L-1 whey

permeate. Lins and Leão [19] reported low efficiencies of

conversion (70 %) by immobilized K. marxianus CBS

6164 growing in skimmed milk medium. Guo et al. [29]

observed low ethanol yields (0.34 g g-1) and productivi-

ties (0.30 g L-1 h-1) using whey as substrate (100 g L-1)

with K. marxianus TY-3 immobilized in Ca-alginate. Dif-

ferent results reflect physiological characteristics of vary-

ing strains of K. marxianus, which show substantial degree

of intraspecific polymorphism [30] and because of physi-

ological behaviour caused by bioreactor cultivations

greatly differing from shaker flask. Results obtained in this

work are comparable with those in a previous work, in

Table 1 Ethanol yields (YEtOH/S), yield efficiency (g), and ethanol

productivity (QP) of single cultures of S. cerevisiae, CAT-1 and PE-2,

K. marxianus CCT 4086, and for the co-culture of immobilized S.

cerevisiae CAT-1 and K.marxianus CCT 4086 in lactose-hydrolyzed

whey and whey permeate in batch fluidized-bed bioreactors

Yeast YEtOH/S(g g-1) g(%) QP (g L-1 h-1)

LHW LHWP LHW LHWP LHW LHWP

CAT-1 0.44ab 0.35c 86.0 68.4 0.78c 0.32d

PE-2 0.43ab 0.36c 83.6 70.4 0.78c 0.31d

CCT 4086 0.49a 0.47a 96.0 90.2 1.68a 1.39b

CAT-1/CCT 4086 0.44ab 0.40bc 86.0 79.2 1.32b 1.30b

Different letters for the same variable (YEtOH/S or QP) means significant difference by Tukey’s test (p\ 0.05)

LHW lactose-hydrolyzed whey, LHWP lactose-hydrolyzed whey permeate

Fig. 3 Kinetics of glucose and galactose consumption, and ethanol

production in lactose-hydrolyzed whey (a) and lactose-hydrolyzed

whey permeate (b) by Kluyveromyves marxianus CCT 4086 on batch

fluidized-bed bioreactor at 30 �C. Glucose (filled square), galactose

(filled circle), and ethanol (filled triangle)
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which we used non-hydrolyzed whey permeate [22]. Sim-

ilar yield efficiency (g) and ethanol productivity were

observed, indicating the possible use of this strain to

ethanol production directly from whey permeate, without

substrate hydrolysis, contrasting with that requirement

when S. cerevisiae is used.

The kinetics of the co-cultures of S. cerevisiae CAT-1

and K. marxianus CCT 4086 in LHW and LHWP are

shown in Fig. 4. These experiments were carried out to

investigate the possible synergistic effects of combining

these two different yeasts on the sugar consumption profile

and ethanol. As expected, glucose and galactose were

metabolized simultaneously, contrasting with the single

culture of S. cerevisiae strains, because Klyuveromyces is

not repressed, as stated above. Consumption of glucose and

galactose was fast in LHW medium, with ethanol con-

centration peaking at 21.4 g L-1. Again, the yeast meta-

bolism was slower in LHWP, but still all sugars were

consumed, and maximal ethanol concentration of 20.8 g

L-1 was achieved. In LHW medium, ethanol yield of

0.44 g g-1 was obtained, corresponding to 86 % of the

theoretical, and an ethanol productivity of 1.32 g L-1 h-1

represented an increase of 69 % compared to Saccha-

momyces single cultures. However, the effect of the co-

culture on the fermentative parameters was more pro-

nounced in LHWP, with an increase of 14 % in ethanol

yields (from 0.35 to 0.40 g g-1) and approximately four

times higher productivity (0.31–1.30 g L-1 h-1). The

results reflect the absence of the diauxic metabolism in the

co-culture, which reduced the fermentation time. Com-

paratively, Guo et al. [29] reported ethanol yields and

productivity of 0.43 g g-1 and 0.88 g L-1 h-1 by immo-

bilized co-culture of K. marxianus TY-3 and S. cerevisiae

AY-5 in 100 g L-1 of whey. Although improvements were

obtained using the co-culture, the single culture of K.

marxianus showed better results concerning ethanol pro-

duction in both LHW and LHWP media, suggesting that

this is the best yeast for cultivations.

Differences in the fermentation kinetics and ethanol

yield of single cultures and co-culture are strongly related

to differences of GAL genes and carbon metabolism of

genera Saccharomyces and Kluyveromyces. One of the

most important of these is glucose repression of galactose

utilization in Saccharomyces strains, as mentioned before

and discussed.

Dynamics of cultures in concentrated LHWP

in batch fluidized-bed bioreactors with mono and

co-cultures of S. cerevisiae and K. marxianus

Concentrated lactose-hydrolyzed whey permeate

(180 g L-1) was tested as substrate to increase the ethanol

productivity and determine the behavior of the strains

under high sugar and ethanol concentrations. This sugar

concentration is close to that used in sugarcane fermenta-

tion (around 200 g L-1 of sucrose) and to the solubility of

lactose (approximately 220 g L-1 at 25 �C) [31]. Whey

permeate was chosen because it showed to be an appro-

priate substrate when used in the co-culture fermentation;

its lower cost compared to whey; and because it does not

require the hydrolysis of proteins, making the whole pro-

cess less expensive. The kinetics of sugars consumption

and ethanol production in the single culture of S. cerevisiae

CAT-1 or K marxianus CCT 4086 and the co-culture of

these two strains are shown in Fig. 5. In this set of

experiments, lactose was not completely hydrolyzed, with

a residual concentration of 20 g L-1. The b-galactosidase
was probably inhibited by the high concentration of liber-

ated products. For the commercial source of b-galactosi-
dase from Kluyveromyces lactis used in this work, glucose

is a non-competitive inhibitor, whereas galactose acts as a

competitive inhibitor [32]. Results show that, although as a

Fig. 4 Kinetics of glucose and galactose consumption, and ethanol

production in lactose-hydrolyzed whey (a) and lactose-hydrolyzed

whey permeate (b) by co-culture of Kluyveromyves marxianus CCT

4086 and Saccharomyces cerevisiae CAT-1 on batch fluidized-bed

bioreactor at 30 �C. Glucose (filled square), galactose (filled circle),

and ethanol (filled triangle)
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single culture, S. cerevisiae CAT-1 (Fig. 5a) consumed

glucose faster than K. marxianus CCT 4086 (Fig. 5b) and

than in the co-culture (Fig. 5c), galactose consumption was

slow, as expected. The highest ethanol concentration in S.

cerevisiae CAT-1 single culture was 48.0 g L-1 in 96 h,

and only 30.4 g L-1 was produced in the first 12 h of

cultivation, which was mainly from glucose. K. marxianus

CCT 4086 metabolized the total sugars, lactose, glucose,

and galactose simultaneously (Fig. 5b), reaching ethanol

concentrations of 79.1 g L-1. In the co-culture, lactose,

glucose, and galactose were also metabolized simultane-

ously, reaching the maximal ethanol concentration of

69.4 g L-1. The ethanol yields (YEtOH/S) and productivities

(QP) of S. cerevisiae CAT-1 single cultures were lower

(0.36 g g-1 and 0.50 g L-1 h-1) than for K. marxianus

CCT 4086 single culture (0.46 g g-1 and 1.65 g L-1 h-1)

and than for the co-culture (0.42 g g-1 and 1.44 g

L-1 h-1) (Table 2). Comparatively, the results obtained in

this research fare well against other reports on the litera-

ture. Using recombinant S. cerevisiae T1-E to ferment

concentrated whey permeate (150 g L-1 of lactose) in

shaker flask (30 �C, 150 rpm), Silva et al. [25] reported an

ethanol productivity of 1.2 g L-1 h-1. Guimarães et al. [6]

reported ethanol productivities of 1.5 g L-1 h-1 using

recombinant S. cerevisiae T1-E in synthetic lactose med-

ium (150 g L-1) in shaker cultivation (30 �C, 150 rpm). K.

fragilis (Kf1) showed the ability to convert concentrated

whey permeate (150 g L-1 of lactose) into 55.9 g L-1 of

ethanol in shaker cultivation at 30 �C, reaching yields of

0.37 g g-1 and productivity of 1.27 g L-1 h-1 [4]. The

same authors obtained theoretical yield of 77.4 % when the

lactose concentration was increased to 200 g L-1, reaching

an ethanol concentration of 80.9 g L-1. Kargi and Ozmihci

[33] reported yields of 0.54 g g-1 and final ethanol con-

centrations of approximately 81 g L-1 when using K.

marxianus NRRL-1195 strain in batch cultivations on

concentrated whey (150 g L-1 of lactose). Finally, ethanol

yields (0.53 and 0.51 g g-1) and ethanol productivities (1.5

and 1.0 g L-1 h-1) were reported for batch fermentations

of 170 g L-1 of lactose (whey permeate) using K. marxi-

anus UFV-3, reaching final ethanol concentrations of 76

and 80 g L-1 [34]. Furthermore and positively, the ethanol

Fig. 5 Kinetics of lactose, glucose, and galactose consumption, and

ethanol production in concentrated lactose-hydrolyzed whey permeate

by S. cerevisiae CAT-1 single culture (a), K. marxianus CCT 4086

(b), and co-culture of K. marxianus CCT 4086 and S. cerevisiae CAT-

1 (c) on immobilized batch bioreactor at 30 �C. Lactose (star),

glucose (filled square), galactose (filled circle), and ethanol (filled

triangle)

Table 2 Ethanol yields (YEtOH/S), yield efficiency (g), and ethanol

productivity (QP) of S. cerevisiae, CAT-1 and K. marxianus CCT

4086 single cultures and the co-culture of S. cerevisiae CAT-1 and K.

marxianus CCT 4086 in concentrated lactose-hydrolyzed whey per-

meate in batch fluidized-bed bioreactors

Yeast YEtOH/S (g g-1) g (%) QP (g L-1 h-1)

CAT-1 0.36b 71.6 0.50c

CCT 4086 0.46a 90.3 1.65a

CAT-1/CCT 4086 0.42ab 81.5 1.44b

Different letters for the same variable (YEtOH/S or QP) means signif-

icant difference by Tukey’s test (p\ 0.05)
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produced in this work is practically free of fusel oil, which

is characterized as a by-product of ethanol fermentation,

mostly composed of higher alcohols, such as isoamyl and

isobutyl [35–37]. According to Patil et al. [35], the for-

mation of higher alcohols can be influenced by fermenta-

tion conditions, raw materials, microorganism, and

fermentation time. Moreover, in our work, the glycerol

produced from concentrated LHWP was also low (around

of 3 g L-1), corresponding to 2–3 % of the total sugar

consumed. Generally, in the fermentation process, the

yeasts use up to 9 % of the total sugar to glycerol bio-

conversion [20].

Reusability of immobilized cells: repeated batches

of fluidized-bed bioreactors using concentrated

LHWP as substrate

Cost reductions in bioprocesses are extremely important to

turn biofuels competitive against fossil sources. The use of

the same biocatalysts was tested in this work by repeated

batches of experiments using immobilized K. marxianus

CCT 4086 to investigate the reusability and stability of

beads. The kinetics of sugars consumption and ethanol

production for the ten cycles are shown in Fig. 6. Lactose

and glucose were rapidly and totally consumed, in all

cycles tested (Fig. 6a), whereas galactose was slowly

metabolized. In the first cycle, lactose and glucose were

exhausted in 24 h. From the second cycle on, sugars were

depleted more rapidly, showing cell adaptation to medium

and conditions. This behavior can also be associated with

high cell density into the bead spheres, as it has previously

been observed [15]. This behavior can be evidenced by

faster galactose utilization from the seventh cycle on.

Likewise, the ethanol production increased along cycles

(Fig. 6b), being 44 % higher at the end of the tenth cycle in

relation to the start of cultivation. The gradual increase of

ethanol concentration along the ten cycles led to

improvements in ethanol productivities, varying from 1.9 g

L-1 h-1 in the first cycle to 2.8 g L-1 h-1 in the tenth cycle

(Fig. 6c).

Although not directly comparable with results in this

research, other yeasts, substrates, and material supports

were also investigated by several authors in repeated bat-

ches of cultures and results showed the same profile of

increment in sugar consumption, ethanol concentration,

productivities, and yields along subsequent batches [17,

38–43]. Higher values of ethanol concentration, produc-

tivities, and yields were obtained in this work when com-

pared with other researches using repeated batches using

immobilized cell cultures on whey as substrate. Ethanol

concentrations varying from 41.0 to 51.0 g L-1 and an

overall productivity of 0.65 g L-1 h-1 were observed in

Fig. 6 Repeated batches of fluidized-bed cultivations of immobilized

cells of K. marxianus CCT 4086 in concentrated lactose-hydrolyzed

whey permeate at 30 �C: (a) kinetics of lactose, glucose, and

galactose consumption; (b) kinetics of total sugar consumption and

ethanol production; (c) profile of ethanol productivity (QP) in the ten

cycle batches. Lactose (star), glucose (filled square), galactose (filled

circle), total sugar (times symbol), ethanol (filled triangle), and

ethanol productivity (filled diamond)

148 Bioprocess Biosyst Eng (2016) 39:141–150

123



repeated batches of immobilized recombinant S. cerevisiae

T1-E in deproteinized whey supplemented with corn liquor

[25]. Guo et al. [29] reported ethanol productivities of

0.80 g L-1 h-1–0.88 g L-1 h-1 for immobilized co-cul-

tures of K. marxianus TY-3 and S. cerevisiae AY-

5 growing in whey. Our results are also higher than those

demonstrated for the traditional industrial whey-to-ethanol

Carbery process, in plants of New Zealand and The United

States of America, where K. marxianus is used in repeated

batch processes, showing ethanol production of 2.5–3.5 %

(volume fraction) and average productivity of 1.5 g L-1

h-1 [25, 44]. Therefore, our results strongly suggest that

the ethanol production from concentrated whey permeate

using immobilized K. marxianus CCT 4086 can be eco-

nomically competitive for fuel ethanol production.

Conclusions

Although S. cerevisiae, especially the industrially adapted

strains such as those used in this research, are the choice

yeasts for the production of ethanol, for the bioconversion

of whey or whey permeate, it is required that the hydrolysis

of these substrates to allow their utilization. Alternatively,

K. marxianus can readily be used without substrate treat-

ments being required and the ethanol production by this

yeast is even higher, under conditions as such used in this

work. The use of immobilized-cell bioreactors allowed the

reuse of the biocatalyst, further increasing ethanol pro-

duction, yields, and productivities, for both concentrated

and non-concentrated media from these residue sources.

Reuse showed the adaptability of cells to environmental

process, fact that can be further exploited in scaling-up this

process. Considering the positive results obtained using K.

marxianus CCT 4086 in this work when compared against

industrial whey-to-ethanol production already in place, this

strain could be potentially explored for the scaling-up of

this process.
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