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tions on land spraying with agro-industrial wastes, and on disposal within landfill operations, and the
requirements to produce end products that are stabilised and hygienic. Much of the material generated
as wastes by the dairy processing industries contains components that could be utilised as substrates
and nutrients in a variety of microbial/enzymatic processes, to give rise to added-value products. A good
example of a waste that has received considerable attention as a source of added-value products is cheese
whey. The carbohydrate reservoir of lactose (4-5%) in whey and the presence of other essential nutri-
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Immobilised enzymes ents make it a good natural medium for the growth of microorganisms and a potential substrate for
Cheese whey bioprocessing through microbial fermentation. Immobilised cell and enzyme technology has also been
Lactose hydrolysis applied to whey bioconversion processes to improve the economics of such processes. This review focuses
Ethanol upon the elaboration of a range of immobilisation techniques that have been applied to produce valu-
Lactic acid able whey-based products. A comprehensive literature survey is also provided to illustrate numerous

immobilisation procedures with particular emphasis upon lactose hydrolysis, and ethanol and lactic acid
production using immobilised biocatalysts.
© 2009 Elsevier B.V. All rights reserved.
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1. Introduction . . . . .
duction operations. A major by-product is whey, a complex mix of

many components. On the basis of cheese consumption [1] and pro-
duction details, it is estimated that approximately 9 million tonnes
of cheese per annum is produced within the EU, giving rise to
an annual whey production figure of the order of 50 million m3.
Whereas proportions of this are used within food and even pharma-
* Corresponding author. ceutical formulations, often after drying or fractionation, significant
E-mail address: Maria_Kosseva@yahoo.com (M.R. Kosseva). volumes remain surplus to requirements and must be disposed

Every year, the food processing industry produces vast volumes
of aqueous wastes. Most nations have large dairy and cheese pro-
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Table 1
Whey utilisation or disposal [4].
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Processing scheme

Added-value product

Pollutant

o Human food
o Animal feed

Condensed +dry whole

whey
Demineralised whey « Baby food

o Edible lactose
o Animal feed

Refined lactose

Ultrafiltration: whey protein concentrate

Ultrafiltration: whey
permeate

o Edible protein

o Refined lactose
o Lactose-hydrolysed products

o Disposed as waste
(see below)

o Fermentation products

Unutilised whey: for
disposal

e Disposal on land

 Into inland surface water

o Into a common sewer

o U/F whey permeate disposed of as waste

of or further processed. Its disposal as waste poses serious pol-
lution problems for the surrounding environment [2]. However,
the situation could be seen instead as an opportunity to make bet-
ter use of by-products that are potential resources of energy and
added-value products, given the development of appropriate and
economic conversion technologies. Much of the material generated
as wastes by the dairy processing industries contains components
that could be utilised as substrates and nutrients in a variety of
microbial/enzymic processes, to give rise to added-value prod-
ucts. Added-value products actually produced from dairy industry
wastes, or potentially so, include animal feed, single-cell protein
and other fermented edible products, baker’s yeast, organic acids,
amino acids, enzymes, flavours and pigments, the biopreservative
bacteriocin, and microbial gums and polysaccharides. Although,
these processes have been proven to be technically feasible, they
are still far from being economically viable [3]. Marwaha and Arora
[4] have tracked the products currently produced from whey, and
the main destinations of unutilised whey for disposal: these are
summarised in Table 1.

However, land disposal of whey as a waste product has been
practiced not only in Europe but also in both the United States of
America and Canada over the past 50 years. Muller [5] reported that
of the 1.2 billion kg of liquid whey produced in 1979 in Canada,
43% was disposed of as a waste product (17% was dumped into
sewers and 26% was disposed of on land). In the United States, of
the 13.4billionkg produced in the same year, 42% was disposed
of as a waste product. Although whey production has increased
over the past 28 years by 165% in both countries, the utilisa-
tion and disposal practices have remained essentially the same
[6]. However, because of its high biochemical oxygen demand
(40,000-60,000 mg/L), whey disrupts the biological process of con-
ventional sewage treatment plants and its disposal into these plants
has, therefore, been banned by many municipalities [7]. Whey
disposal as waste poses serious pollution problems for the sur-
rounding environment [2]. It affects the physical and chemical
structure of soil resulting in a decrease in crop yield and when
released in water bodies, reduces the aquatic life by depleting the
dissolved oxygen. Thus, whey poses a major threat to the envi-
ronment and human health [3], which is heavily affected by its
biodegradability. Biodegradability evaluation of dairy effluents was
studied by Janczukowicz et al. [8]. The results obtained proved that
all dairy production effluents can be treated together, with the
exception of whey, whose complex biodegradation demands may
cause too much burden to any wastewater treatment technological
system and thus should be managed within a separate installation.
The pollutants in cheese and cottage cheese whey proved to be the
most resistant to biodegradation.

Recently, demand for whey started to increase with news of the
benefits that the high-quality proteins found in whey provide chil-
dren, adults, and the elderly. Increased pharmaceutical applications
of protein fractions for the control of blood pressure and for induc-
ing sleep might further enlarge the market. The World Market for
Whey and Lactose Products 2006-2010—From Commodities to Value
Added Ingredients [9] clearly demonstrates how whey continues to
show significant growth rate both in volume terms and particularly
in value terms. There has been a significant increase in consumer
product launches containing whey protein concentrate (WPC) from
2001-2003 to 2004-2006, corresponding to approximately 60%.

Peters [10] evaluated economic consequences of the cheese
making process through several example calculations concerning
processing of whey in relation to cheese making throughput and
several whey processing alternatives. All value added enhancement
by conversion of whey into whey protein concentrates creates a
larger stream of an aqueous lactose fraction, with the exception of
lactoferrin extraction. This means that the high price which can be
obtained for whey protein isolate products has to take into account
the large quantity of lactose permeate that will necessarily be cre-
ated in parallel. The most beneficial step in increasing value for
whey products would be to add more value to the lactose fraction.
The production of galacto-oligosaccharides for the displacement
of antibiotics in animal feeding is promising to influence the lac-
tose market. It was calculated that the price of edible lactose has a
greater influence on the economics than the price of whey protein.

The overall aim of this review is to emphasise trends in cheese
whey utilisation by the use of immobilised biocatalysts focusing
on the processes of lactose hydrolysis, and ethanol and lactic acid
production from whey lactose. Choice of support and method of
enzyme and viable cell immobilisation as well as the type of biore-
actor in which the immobilised biocatalyst is subsequently used is
also addressed.

2. Whey types and composition

Whey may be defined broadly, as the serum or watery part
of milk remaining after separation of the curd that results from
the coagulation of milk by acid or proteolytic enzymes. The type
and composition of whey at dairy plants mainly depends upon
the processing technique resulting in casein removal from fluid
milk (Table 2). The most often encountered type of whey originates
from the manufacture of cheese or certain casein cheese products,
where processing is based on coagulating the casein by rennet,
an industrial casein-clotting preparation containing chymosin or
other casein-coagulating enzymes. Since the rennet-induced coag-
ulation of casein occurs at approximately pH 6.5, this type of whey
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Table 2

Typical composition of sweet and acid whey [2].
Components Sweet whey (gL!) Acid whey (gL-1)
Total solids 63.0-70.0 63.0-70.0
Lactose 46.0-52.0 44.0-46.0
Protein 6.0-10.0 6.0-8.0
Calcium 0.4-0.6 1.2-1.6
Phosphate 1.0-3.0 2.0-4.5
Lactate 2.0 6.4
Chloride 1.1 1.1

is referred to as sweet whey. The second type of whey, acid whey
(pH <5), results from processes using fermentation or addition of
organic or mineral acids to coagulate the casein as in the manu-
facture of fresh cheeses or most industrial casein [11]. The main
components of both sweet and acid whey, after water are lactose
(approximately 70-72% of the total solids), whey proteins (approx-
imately 8-10%) and minerals (approximately 12-15%). The main
differences between the two whey types are in mineral content,
the acidity and the composition of the whey protein fraction.

3. Whey utilisation

The dairy industry all over the world generates ample amounts
of whey per litre of milk processed, depending upon the process
employed, product manufactured and house keeping exercised.
About 50% of total world cheese-whey production is treated and
transformed into various food products, of which about 45% is
used directly in liquid form, 30% in the form of powdered cheese
whey, 15% as lactose and de-lactosed by-products, and the rest as
cheese-whey-protein concentrates [2]. Since lactose is the major
component of whey solids in addition to water soluble vitamins,
minerals and proteins, numerous biotechnological processes using
different microorganisms/enzymes have been developed to utilise
whey for the production of some useful products of industrial

importance such as ethyl alcohol (ethanol), lactic acid, citric acid,
single-cell proteins, biogas, vitamins and fermented beverages, etc.
The use of immobilisation technology can further improve the eco-
nomics of the above processes due to different advantages over free
cell/fenzyme systems.

4. Methods of immobilisation

The immobilised enzymes/cells are defined as “the
enzymes/microbial cells physically confined or localised in a
certain defined region of space with retention of their catalytic
activities, and which can be used repeatedly and continuously”
[12]. Immobilisation technology has several advantages; it permits
higher cell densities in bioreactors, improves stability, makes
reutilisation and continuous operation possible, and precludes the
need to separate the cells from the substrate products following
processing. Adsorption, gel entrapment, and covalent binding are
the popular methods of immobilisation used in various biopro-
cesses. In adsorption, the biocatalysts are held to the surface of the
carriers by physical (Van-der-Waals forces) or electrostatic forces
(Fig. 1). The advantages of adsorption are that it is simple to carry
out and has little influence on conformation of the biocatalyst
[13]. However, a major disadvantage of this technique is the
relative weakness of the adsorptive binding forces. The physical
entrapment method is extremely popular for the immobilisation
of whole cells. The major advantages of the entrapment technique
is the simplicity by which spherical particles can be obtained by
dripping a polymer-cell suspension into a medium containing
precipitate-forming counter ions or through thermal polymerisa-
tion. The major limitation of this technique is the possible slow
leakage of cells during continuous long-term operation. However,
improvements can be made by using suitable cross-linking pro-
cedures. Mass-transfer limitations are a significant drawback for
many immobilised cell techniques.

Adsorption
on a surface

Electrostatic binding
onh a surface

Covalent binding
on a surface

Entrapment within a
porous matrix

“-...

: O " . O ¢

Microencapsulation

Natural flocculation
(Aggregation)

Artificial flocculation
(cross-linking)

OOOOOOOOOOO

Containment
between microporous
membranes

Interfacial
microencapsulation

Fig. 1. Basic methods of biocatalyst immobilisation (adapted from Ref. [15]).
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Table 3

Immobilised 3-galactosidase.

References

[22]
[80]

Equipment/bioreactor Productivity/conversion (%)

Supports used

Method of immobilisation

Source of enzyme

Hydrolysis rates (50% within 3 h)

Packed-bed reactor

Corn grits

Covalent coupling

Saccharomyces fragiies

~15% production of GOS

Plug reactor

Commercial chitosan beads (Chitopearl
BCW-3007) from Fujibo

Cross-linking with glutaraldehyde

Aspergillus oryzae

[21]

86-90% saccharification of whey

permeate

ND

Recycling packed-bed reactor lab scale

Silanized controlled porous glass (CPG)

Covalent coupling using

glutaraldehyde

Kluyveromyces fragilis

[81]

Erlenmeyer flasks

Commercial silica-alumina (KA-3, from

Stidchemie)

Silanised with a 10% g-APTES solution

in water

Kluyveromyces fragilis

[82]

99.5% of hydrolysis (30 h)

Laboratory scale bioreactor with

recirculation

Calcium alginate beads

Entrapment

Kluyveromyces lactis

50% (24h)

Tubular plug-flow bioreactor
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[83]

~95% hydrolysis of lactose
>70% GOS production

Fixed-bed reactor

Poly(vinyl alcohol) chitosan

Cotton cloth

Cross-linking

Aspergillus oryzae

Plug-flow reactor [23]

Enzyme coupling to cotton fibres
activated with p-toluenesulfonyl

chloride (tosyl chloride)

Aspergillus oryzae

[84]

>90% conversion in 5 h

Fluidised-bed reactor

Cellulose beads

Covalent coupling activated by

epichlorohydrin

Kluyveromyces fragilis

[85]

ND

Alginate-chitosan alginate core

Core-shell microcapsulation

B-Galactosidase

cross-linked with Ca2* and Ba%* ions
Polysiloxane-polyvinyl alcohol

[86]

1 ml)

Eppendorfs (V

Covalent coupling using

Kluyveromyces lactis

magnetic (mPOS-PVA) composite

glutaraldehyde as activating agent

Membrane retention

[89]
[25]

90% with 1 h residence time

CSTMR

B-Galactosidase

Batch runs and 530 h of continuous

hydrolysis

Polyvinylalcohol hydrogel capsules

LentiKat®

Entrapment

Aspergillus oryzae

The immobilisation of enzymes/cells on solid supports by cova-
lent coupling and metal coordination usually leads to very stable
preparations with extended active life when compared with other
methods of immobilisation. Generally, it involves two steps, first,
activation of the support and second coupling of enzyme to the acti-
vated support. The wide variety of binding reactions and of supports
with functional groups capable of covalent coupling, or susceptible
to being activated to give such groups, makes it a generally applica-
ble method of immobilisation. The coupling of protein molecules to
solid supports involves mild reactions between amino acid residues
ofthe protein and several groups of functionalised carriers. The sup-
port materials most commonly used do not possess reactive groups
but rather hydroxyl, amino, amide, and carboxy groups, which have
to be activated for immobilisation of proteins. There are many reac-
tion procedures for coupling enzymes/cells and a support via a
covalent bond [14]. Some classes of coupling reaction used for the
immobilisation of proteins are:

¢ Diazotisation.

e Amide (peptide) bond formation.
e Alkylation and arylation.

¢ Schiff's base formation.

e Ugi reaction.

4.1. Immobilisation of B-galactosidase for lactose hydrolysis in
whey

Soluble (3-pD-Galactosidase ([3-D-galactoside galactohydrolase,
E.C.3.2.1.23) most commonly known as lactase is normally used for
lactose hydrolysis to obtain glucose and galactose [16]. The hydrol-
ysis of the lactose present in whey converts it into very useful sweet
syrup, which can be used in the dairy, confectionary, baking and
soft drink industries. Hydrolysed lactose solutions possess greater
sweetening power than lactose and have applications in the con-
fectionery and ice cream industries, replacing saccharose or starch
syrup. Sweetness can be further increased through bioconversion
of glucose present in the lactose-hydrolysed whey to fructose with
immobilised glucose isomerase [17].

[3-D-Galactosidase is one of the most studied enzymes in term
of its immobilisation. Currently, GRAS status is valid for Aspergillus
niger, Aspergillus oryzae, Kluyveromyces lactis, Kluyveromyces fragilis,
which are the main producers of [3-galactosidase used in the food
industry. Fungal B-p-galactosidases are more suited for acidic whey
hydrolysis, compared to yeast enzymes, since they are more ther-
mostable, but they are more sensitive to product inhibition, mainly
by galactose [18]. B-D-Galactosidases have been immobilised by
several methods onto a variety of matrices, including entrapment,
cross-linking, adsorption, covalent binding or a combination of
these methods (Table 3). Since each method has its own advan-
tages and drawbacks, the selection of a suitable immobilisation
method depends on the enzyme (different properties of various 3-
D-galactosidases, such as molecular weight, protein chain length,
and position of the active site), matrix, reaction conditions, reactor,
etc. [19].

Covalent binding of an enzyme to a support is the most inter-
esting method of immobilisation from an industrial point of view.
Compared to other techniques this method has the following
advantages: enzymes do not leak or detach from the carrier, the
biocatalyst can easily interact with the substrate, since it is on
the surface of the carrier. On the other hand, the major disadvan-
tages are high costs and low activity yield owing to exposure of the
biocatalyst to toxic reagents or severe reaction conditions [19]. Sev-
eral matrices have been used for 3-p-galactosidase immobilisation.
Oxide materials such as alumina, silica, and silicated alumina were
used for covalent binding of 3-galactosidase from Kluyveromyces



Table 4

Comparison of immobilised systems proposed for ethanol production.

References

[37]
[39]

Matrix Bioreactor Conversion (%)

Method

Microorganism

84-88%

Alginate beads Packed-bed bioreactor

Entrapment

Kluyveromyces marxianus

30-60gL-" h-!

Hollow fibre reactor

Shell side of an industrial size

hollow fibre module

Adsorption

Kluyveromyces fragilis

[40]

~90%; 5.9% (v/v) ethanol

Static fermentation

Delignified cellulosic material

Adsorption

Kefir yeast
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[41]

93gL!

0.500 L shaking flask (150 rpm)

Delignified cellulosic material

Adsorption

Kluyveromyces marxianus

[42]

Packed-bed reactor

Ca alginate beads

Entrapment

Saccharomyces cerevisiae

[43]

7% (v/v) ethanol; 53% theoretical; ~90%

0.600 L bubble column

Aggregation (natural flocculation) Yeast flocs-flocculent strain

Recombinant Saccharomyces cerevisiae

15.6% (m/v) [44]

5L PBR with circulation

Ca alginate beads cross-linked with

GA

Co-immobilised yeast cells with

enzyme [3-galactosidase

Adsorption

Saccharomyces cerevisiae

[45]

~95%

Continuous packed column bioreactor

Olive pits

Kluyveromyces marxianus

marxianus and applied in lactose hydrolysis processes. In spite of
the fact that immobilisates showed good stability, the immobilisa-
tion yields were less than 5% [20]. f-Galactosidase from K. fragilis
was covalently linked to silanised porous glass beads via amino
groups, using glutaraldehyde. The coupling efficiency was very
high, since more than 90% of the enzyme was active and 87.5% of
the protein was bound to the support [21]. This example of high lac-
tose conversion (90%) of whey permeate was achieved in a recycle
packed-bed reactor (PBR). Whey permeate (lactose 5%) was recy-
cled through the column for 48 h at a flow rate of 0.3 ml/min and
a residence time of 20.6 min. Siso et al. [22] used a recycle batch
PBR with recirculation of substrate (milk lactose) at a flow rate of
0.8 ml/min. Yeast 3-D-galactosidase was covalently linked by glu-
taraldehyde to chemically modified corn grits. The immobilisation
material showed great characteristics: inexpensive, highly stable,
good mechanical properties. This system was used up to 5 times
without any significant drop of activity. Hydrolysis rate of 50% was
obtained within 3 h.

Among different fibrous matrices tested (non-woven polyester
fabric, cotton wool, terry cloth, rayon non-woven cloth, etc.), 3-
D-galactosidase (from A. oryzae) covalently bound to cotton cloth
activated with tosyl chloride showed the highest immobilised
enzyme activity with coupling efficiency of 85% and enzyme activ-
ity yield of 55%. Thermal stability of the enzyme was increased by
25-fold upon immobilisation and the immobilised enzyme had a
half-life of 50 days at 50 °C and more than 1 year at 40°C [23]. Glu-
taraldehyde, which interacts with the amino groups through a base
reaction, has been the most extensively used cross-linking agent in
view of its ‘generally regarded as safe’ GRAS status, low cost, high
efficiency, and stability [24].

In the case of 3-p-galactosidase immobilisation, cross-linking
is often used in combination with other immobilisation methods,
mainly with adsorption and entrapment. 3-p-Galactosidase iso-
lated from A. oryzae was entrapped in lens-shaped polyvinylalcohol
capsules (with activity 25U g~1) giving 32% of its original activity
[25]. No decrease of activity was observed after 35 repeated batch
runs and during 530 h of continuous hydrolysis of lactose (10%, w/v)
at 45 °C. The immobilised enzyme was stable for 14 months with-
out any change of activity during storage at 4°C and pH 4.5. For
example, in (3-p-galactosidase immobilisation in fibres composed
of alginate and gelatin, glutaraldehyde cross-links the enzyme and
gelatin forming an insoluble structure and also stabilises the algi-
nate gel, helping in the prevention of leakage of the enzyme [26].
The beneficial effect of glutaraldehyde as a cross-linker was also
shown in immobilisation of [3-D-galactosidase from A. oryzae by
entrapment in cobalt alginate beads.

Mineral support can be added to the biopolymer materials,
which, apart from improving their mechanical and barrier prop-
erties, have proved to be very efficient in enzyme binding. Silica
has been widely used as an inert and stable matrix for enzyme
immobilisation owing to its high specific surface area and control-
lable pore diameter, which can be tailored to the dimension of a
specific enzyme. Initial studies focused on the immobilisation of
enzymes within biosilica nanoparticles that were formed by reac-
tion of a silicate precursor with a silica-precipitating peptide (R5)
[27]. The R5 peptide is a synthetic derivative of a naturally occur-
ring silaffin protein that is found in the silica skeleton of the marine
diatom Cylindrotheca fusiformis [28,29]. The reaction rapidly forms
a network of fused silica nanospheres with a diameter of ~500 nm
that entraps the scaffold peptide and any other material that is con-
tained within the reaction mixture. 3-p-Galactosidase, for example,
was encapsulated directly onto a silicon wafer by entrapment in
silica particles [30]. The silica was formed by R5 peptide, directly
at the amino-activated surface of a silicon wafer. Amino groups
are known to be critical in biological silicification reactions and,
as such, interact with the silica particles as they form and cova-
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lently associate the resulting silica-immobilised enzymes directly
at the silicon surface [31]. This silica encapsulation method pro-
vided a significant increase in enzyme loading capacity relative to
immobilisation by alternative methods [30]. The morphology of the
inorganic matrix can also be varied to create more functionalised
and three-dimensional structures [32]. Controlling specific mor-
phology provides the opportunity to modify the surface area for
catalysis and potentially control the mass-transfer properties of the
matrix for specific substrates and products.

4.2. Immobilised cell systems used in ethanol production

Ethyl alcohol is one of the most exotic synthetic oxygen-
containing organic chemicals because of its unique combination
of properties as solvent, germicide, beverage, antifreeze, fuel,
depressant, and especially because of its versatility as a chemi-
cal intermediate for other organic chemicals. Among the several
microorganisms (e.g. K. lactis or K. marxianus, Candida pseudotrop-
icalis) evaluated for direct production of ethanol, Kluyveromyces
fragilis is the yeast of choice for most commercial plants. In batch
fermentation K. fragilis utilises more than 95% of the lactose of un-
concentrated whey with a conversion efficiency of 80-85% of the
theoretical value [33]. Lactose fermenting yeast strains are more
sensitive to high ethanol concentrations. Fewer than 10 commer-
cial dairies worldwide ferment lactose in whey permeate directly
into ethanol [33,34]. Different strains of K. marxianus have been
used for alcoholic fermentation from deproteinised whey [35,36].

Cell immobilisation technology, applied to ethanol fermenta-
tion, has been shown to offer many advantages for biomass and
metabolite productions such as: high cell density and very high
volumetric productivity, reuse of biocatalysts, high process stability
(physical and biological) over long fermentation periods, retention
of plasmid-bearing cells, improved resistance to contamination,
uncoupling of biomass and metabolite productions, stimulation
of production and secretion of secondary metabolites and physi-
cal and chemical protection of the cells [37,38]. Immobilisation of
microbial cells for fermentation has been developed to eliminate
inhibition caused by high concentration of substrate and product,
also to enhance productivity and yield of ethanol production. A
hollow fibre bioreactor has been used for ethanol production from
lactose solution by K. fragilis [39]. The yeast cells were immobilised
in the shell side and the synthetic feed media containing 50 gL~!
lactose were pumped through the tube side. Ethanol productivi-
ties between 30 and 60 gL~! h~! were obtained with dilution rates
of 1-4h~'. The ethanol productivity decreased when cheese whey
permeate containing 45 g L~ lactose was used instead of synthetic
media (Table 4).

Kefir granular biomass used in the fermentation of sweet whey
proved to be more effective as compared to single-cell biomass of
kefir yeast, and ethanol productivity levels reached 2.57gL-1h-1,
whereas the yield was 0.45gg-1 [40]. However, it is preferable
to ferment mixtures of whey-molasses by adding molasses in
whey after the completion of whey fermentation. The deligni-
fied cellulosic-supported biocatalyst, prepared by immobilisation
of kefir yeast on delignified cellulosic material, was suitable for
continuous, modified whey (whey containing 1% raisin extract and
molasses) fermentation [41]. Ethanol productivities ranged from
3.6t08.3 gL' day! and there is the possibility of using such a pro-
cess for the production of potable alcohol or a novel, low-alcohol
content drink.

The morphology and physiology of Saccharomyces cerevisiae SL
100 cells entrapped in Ca alginate gel beads for a long-term period
(up to 5 years) were studied [42]. During long-term continuous
anaerobic process (1100 h cultivation) performed in a packed-bed
reactor on complete medium at 30°C, immobilised cells retained
high metabolic activity. Furthermore, beads may be stored in 4°C

water as non-growing and starving immobilised culture for a long
time (>1 year) before application or between cultivations without
loosing glycolytic activity and viability.

Alcoholic fermentation of cheese whey permeate using a recom-
binant flocculating S. cerevisiae, expressing the LAC4 (coding for
[3-p-galactosidase) and LAC12 (coding for lactose permease) genes
of K. marxianus using a continuously operating bioreactor resulted
in ethanol productivity near 10gL~1 h~1 (corresponding to 0.45 h~!
dilution rate), which raises new perspectives for the economic fea-
sibility of whey alcoholic fermentation [43].

Another practical and economic approach for ethanol produc-
tion from whey is co-immobilisation of enzyme and yeast. A
study [44] was carried out to improve the effectiveness of a semi-
continuous ethanol fermentation of lactose mash combined with
a pervaporation module. The fermentation was conducted with
a biocatalyst immobilised in calcium alginate and consisted of
the yeast S. cerevisiae co-immobilised with [3-galactosidase cross-
linked with glutaraldehyde. A 5L fermenter, with a water jacket
operated in circulation with mash feeding through the biocatalyst
layer packed in a perforated cylinder, was used in this study. The
productivity of ethanol calculated for 24 h of process was in the
range of 1.58-2.38 gL~ h~!, and mean ethanol concentration in the
received permeate of 44% (w/w) was obtained in such a system.

Cheese whey powder (CWP) solution containing 50 gL~ total
sugar was fermented to ethanol in a continuously operated packed
column bioreactor (PCBR) using olive pits as support particles for
cell attachment [45]. Pure culture of K. marxianus was used in the
PCBR for ethanol formation from lactose content of CWP solution.
Sugar utilisation and ethanol formation were investigated as a func-
tion of the hydraulic residence time (HRT) between 17.6 and 64.4 h.
The ethanol yield coefficient also increased with increasing HRT and
reached the highest level of 0.54g Eg~1 S at an HRT of 50 h.

4.3. Immobilised cell systems in lactic acid production

Lactic acid has widespread applications in food, pharmaceuti-
cal, textile and leather industries, and the use of whey as a cheap
substrate for lactic acid bioproduction has proved to be more attrac-
tive economically than its organic synthesis. Lactic acid bacteria
(LAB) are the main organisms involved in the bioconversion of
lactose to lactic acid. These bacteria are recognised as GRAS bac-
teria. The genera that comprise LAB are at its core Lactobacillus (L.),
Lactococcus (Lc.), Leuconostoc (Ln.), Pediococcus (P.), and Streptococ-
cus (S.) as well as the more peripheral Aerococcus, Carnobacterium,
Enterococcus, Oenococcus, Teragenococcus, Vagococcus, and Weisella.
Lactobacillus is by far the largest genus included in LAB, and more
than 125 species and subspecies names are currently recognised
[46-48]. The key property in defining LAB is that these bacte-
ria produce lactic acid as the major or sole fermentation product.
Some of the useful applications of LAB are found in biopreserva-
tion and aroma development of food. Because of their ability to
produce organic acids (mainly lactic and acetic acids) from lac-
tose and other inhibitory products such as bacteriocins, LAB are
used to inhibit unwanted bacteria in food processing increasing the
shelf-life of products. Some strains, including Leuconostoc sp. and
Lactococcus lactis ssp. lactis participate in the formation of the aroma
of fermented milk products by metabolising citrate to produce C4
compounds (diacetyl, acetoin, acetaldehyde and 2-3-butanediol)
[49]. Exopolysaccharide (EPS)-producing lactic cultures have been
used to modify the textural and functional properties of fermented
dairy products, mainly cheese [50]. EPS provides functions that ben-
efitreduced-fat cheeses. They bind water and increase the moisture
in the nonfat portion, interfere with protein-protein interactions
and reduce the rigidity of the protein network, and increase viscos-
ity of the serum phase. Understanding of the structure-function
relationship of EPS would allow chemical, enzymatic, or genetic



Table 5

Comparison of immobilised systems proposed for lactic acid production.

Microorganism Method Matrix Bioreactor Productivity/conversion (%) References
Lactobacillus casei Entrapment Agar Polyacrylamide Stationary conditions batch ~90% [70]
Lactobacillus delbrueckii subsp. bulgaricus Adsorption Hollow fibre ultrafiltration module Membrane Bioreactor with cell 35and 80gL'h-! [53]
recycle
Streptococcus thermophilus, Lactobacillus bulgaricus Entrapment k-Carrageenan/locust bean gum beads 0.5L STR 1.5-2% [54]
S. lactis ~1%
L. helveticus Entrapment k-Carrageenan-locust bean gum beads 1L stirred tank reactor (STR) 75-85% at pH 4.7-6.3 [55]
28.5gL Th!
90% at pH 4.3
L. casei and L. lactis cells Entrapment Ca alginate beads 6L stirred tank reactor 85.5% [71]
fed-batch
Lactobacillus casei subsp. casei Adsorption Porous sintered glass beads Continuous stirred tank and 100% [61]
fluidized bed reactors 93%
Lactobacillus casei Adsorption PUF cubes 0.5 L STR with circulation 99% [60]
Lactobacillus casei subsp. rhamnosus Adsorption PEI-coated Packed-bed column (V=1.8L) ~90% [56]
foam glass
Pora-bact A
beads
Lactobacillus casei Adsorption Poraver® beadsPostbauer-Heng, Germany Recycle packed-bed column 90-95% [57]
(Vmn=0.7L) 93gL!
L. helveticus Adsorption Activated alumina sphinx adsorbents 1L packed-bed reactor + STR 96% [66]
(PBR/CSTR)
Lactobacillus brevis Adsorption Delignified cellulosics support Batch stationary condition 100% [62]
Lactobacillus casei Adsorption Fruit (apple and quince) pieces Ferm. under stationary ~40% [63]
conditions
Bifidobacterium longum Entrapment Sodium alginate beads Spiral-sheet bioreactor 69% [73]
L. helveticus 79%
Lactobacillus casei Entrapment Ca alginate—-chitosan beads 0.1 L shaking flasks 90% [74]
L. helveticus Entrapment k-Carrageenan/locust bean gum Two-stage batch and 19-22gL-'h! [72]
continuous
Lactobacillus casei Entrapment Pectate beads 0.1L shaking flasks 94.4% [75]
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modification of the polysaccharide to obtain tailored characteristics
in fermented dairy products [51].

LAB have been immobilised by several methods on different
supports (Table 5) and the immobilised systems have been inves-
tigated for lactic acid production from whey [52-57]. Generally,
covalent binding is not the preferred method for immobilisation
of lactic acid bacteria due to the use of chemicals, which may
be harmful to the cells. In the search for economical immobili-
sation supports, wood chips, brick particles and porous glass and
egg shell have been tested for immobilisation of Lactobacillus casei.
Out of these, wood chips showed the highest adsorption [58,59].
This immobilised preparation displayed a high rate of production
of lactic acid 16 gL~ from whey in a batch system, and a lactic
acid production rate of 14.8 gL-! with a dilution rate 0.2h~! was
observed in a continuous packed-bed reactor after 5 days.

A porous polyurethane foam (PUF) was chosen as a support for
immobilisation of L. casei cells via adsorption [60]. The rate of reac-
tion obtained with immobilised cells was higher than that obtained
with free cells. The microbial biocatalyst was stable and used
repeatedly in a batch stirred bioreactor with circulation for a month.
A mathematical model, which took into account product inhibi-
tion, internal diffusion in the biocatalyst particles, external mass
transfer and biomass growth rate was developed. A satisfactory
agreement between the model predictions and the experimental
data was achieved. Kinetic constants were also estimated from
the model parameters. It was found that the bacterial growth
was not substrate-inhibited, particularly at higher substrate con-
centrations (>33 gL~1). There was good agreement between this
data, reported for the specific growth rate of immobilised biomass
(max=0.33h~1), and those of Krischke et al. ((max=0.3h"1)
obtained for L. casei cells immobilised on sintered glass beads [61].

Lactobacillus brevis cells immobilised by adsorption on delig-
nified cellulosic (DC) material resulted in 70% yield, whereas the
remaining lactose in whey was converted to alcohol by-product,
leading to 90% lactose exploitation [62]. The system showed high
operational stability without any loss in cell activity with 10
repeated batch fermentations. L. casei cells immobilised by adsorp-
tion on fruit (apple and quince) pieces have been used for 15
successive fermentation batches of whey and milk [63]. These
immobilised biocatalysts proved to be very effective and suitable
for food grade lactic acid production.

Fluidised-bed reactors with L. casei subsp. casei immobilised
by adsorption on sintered glass beads showed higher produc-
tivities of lactic acid than conventional stirred tank reactors in
a continuous lactic acid production [61]. A fibrous-bed bioreac-
tor has also been tested for continuous lactic acid production
from un-supplemented acid whey using adsorption-biofilm immo-
bilised cells of L. helveticus [64]. Reactor performance was stable for
continuous, long-term operation for both sterile and non-sterile
whey feeds over a 6-month period. The chemostat system in salt
whey permeate fermentation with Lactobacillus cells immobilised
in agarose beads displayed a steady lactic acid concentration of
33.4gL-! [65]. In a packed-bed bioreactor, a high lactic acid pro-
duction rate of 3.90 gL' h~! was obtained with an initial lactose
concentration of 100gL-! and a hydraulic retention time of 18h
[66].

In lactic acid production, entrapment is the most common
technique used by researchers. The performance of an immo-
bilised cell biocatalyst, in which viable cells are entrapped in a
gel matrix, depends on the coupled phenomena of cellular reac-
tion kinetics, external and internal mass transfer of solutes, and
cell release from the surface of the bead. LAB are sensitive to their
micro-environment, they undergo substrate and product inhibi-
tions. Usually substrate and product concentrations as well as pH
profiles play a major role in immobilised cell productivity and
growth. This competitive diffusion-reaction phenomenon explains

the non-uniform cell growth in the colonised gel that results in
the formation of high density cell regions near the bead surface
[67]. The high entrapped biomass concentration or cell density at
steady state corresponds to a high cell density reactor. It was illus-
trated previously [49] that the maximum cell densities reported
in batch fermentation are achieved within k-carrageenan-locust
bean gum gel (5.1 x 10'! CFU/ml) for L. casei subsp. casei, followed
by calcium alginate (3.8 x 10'! CFU/ml) for L. lactis [68] and finally,
3.0 x 10! CFU/ml in pectate gel for L. delbrueckii [69].

Among the two matrices assessed, agar was better than poly-
acrylamide in its effectiveness to carry out batch fermentation in
whey permeate medium for up to three repeated runs [70]. The
supplementation of Mg2* and agricultural by-products (mustard
oil cake) in whey permeate medium further improved the acid pro-
duction ability of the immobilised cells. Among different matrices
(calcium alginate, k-carrageenan, agar, and polyacrylamide gels)
tested for co-immobilisation of L. casei and Lc. lactis cells, alginate
proved to be a better matrix for the production of lactic acid from
deproteinised whey [71]. The polyacrylamide was polymerised in
situ and this could cause significant cell death due to toxicity of the
monomer and activator present. The immobilisation process pro-
tected the cells from adverse conditions and improved the yields
of lactic acid.

A two-stage process was used for continuous fermentation of
whey permeate medium with L. helveticus immobilised by entrap-
ment in k-carrageenan/locust bean gum, which resulted in high
lactic acid productivity (19-22gL-1h=1) and low residual sugar
[72]. However, after continuous culture operation with very low or
no residual sugar for several days, loss of productivity was observed
in the second reactor due to loss of biomass activity and cell death
by starvation.

Immobilised Bifidobacterium longum in sodium alginate beads
and on a spiral-sheet bioreactor has also been evaluated for the
production of lactic acid from cheese whey [73]. B. longum immo-
bilised in sodium alginate beads showed better performance in
lactose utilisation and lactic acid yield than L. helveticus. In pro-
ducing lactic acid, L. helveticus performed better when using the
spiral-sheet bioreactor and B. longum showed better performance
with gel bead immobilisation. Response surface methodology was
used to investigate the effects of initial sugar, yeast extract and cal-
cium carbonate concentrations on the lactic acid production from
whey by immobilised L. casei NRRL B-441 [74]. Higher lactic acid
production and lower cell leakage were observed with L. casei cells
immobilised in alginate—chitosan beads compared with Ca alginate
beads and these gel beads were used for five consecutive batch
fermentations without any marked activity loss and deformation.

Recently, process conditions for the immobilisation of L. casei
using Ca pectate gel have been optimised, and the developed cell
system was found highly stable during whey fermentation to lac-
tic acid [75]. A high lactose conversion (94.37%) to lactic acid
(32.95gL-1) was achieved with the developed immobilised sys-
tem. The long-term viability of the pectate entrapped bacterial cells
was tested by re-using the immobilised bacterial biomass, and the
entrapped bacterial cells showed no decrease in lactose conversion
to lactic acid up to 16 batches, which proved its high stability and
potential for commercial application.

Harel [76] investigated the rheological properties/mechanical
behaviour of the citrus pectate and algal alginate gel membranes,
and reported that citrus pectate gels behave as a viscoelastic mate-
rial whereas alginate gels show an elastic behaviour, which results
in different fracture properties of these materials. Citrus pectate
gel (2%, w/v) membranes, used in this study, were less resistant
to stress than algal alginate membranes, with stresses at fracture
of 4.83 x 10° Nm~2 as compared to 2.44 x 106 Nm~2 for alginate.
The degree of esterification and distribution of methyl groups, as
well as the pH, the molecular weight and the presence of counter
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Table 6
Factors influencing choice of bioreactor type for immobilised system.

Type of support matrix and method of immobilisation
Enzyme activity/cell viability requirements

Nature of substrate

Kinetics of reactions involved

Operational requirements of the process

Ease of catalyst replacement and regeneration
Hydraulic considerations

Ease of design, fabrication, and process scale-up
Reactor cost

OoNO U WN =

ions in the solution, strongly influence solubility, gel forming abil-
ity, conditions required for gelation, gelling temperature and gel
properties of the pectin preparation [77,78]. Application of pectate
gel as support for LAB entrapment has very good prospects for lac-
tic acid production due to its good stability at low pH values and
also biocompatibility and acceptability in the food industry.

5. Bioreactor systems with immobilised biocatalyst

The choice of suitable reactor systems with immobilised bio-
catalyst depends on the process requirements and conditions. The
following factors, summarised in Table 6, influence the choice of
reactor type [79].

5.1. Packed-bed reactors (PBRs)

This is the most often employed reactor type for immobilised
systems. When the biocatalystis in the form of spheres, chips, disks,
sheets, beads, or pellets, it can be packed readily into a column. In
a PBR, there is a steady movement of the substrate across a bed of
immobilised biocatalyst in a chosen special direction. If the fluid
velocity is perfectly flat over the cross section, the reactor is said to
operate as a plug-flow reactor (PFR). An example of PFR was used
by Sheu et al. [80] for the production of galacto-oligosaccharides
(GOS) by B-galactosidase immobilised on glutaraldehyde-treated
chitosan beads. Maximum yield of GOS was about 18%, 21%, and
26% of the total saccharides on a dry weight basis for the initial
lactose concentrations of 100, 200, and 300gL-!.

PBRs have the advantage of simplicity of operation, high mass-
transfer rates, and high reaction rates (for non-substrate-inhibited
kinetics). For immobilised cells oxygen transfer can pose a serious
problem in the scale-up of these reactors, unless they are staged or
segmented. Another problem in such systems is the periodic fluc-
tuation in the viable cell population due to nutrient depletion along
the reactor length. Examples of PBR applied in ethanol and lactic
acid production are given in Tables 4 and 5.

PBRs are also the most popular of all bioreactors for enzymatic
lactose hydrolysis [21,22,82,83]. Generally, enzyme is immobilised
to a fairly rigid matrix with pellet diameters of about 1-3 mm. The
PBR permits the use of the biocatalysts at high density, resulting
in high volumetric productivities. These reactors are preferred in
processes involving product inhibition, which occurs in enzymatic
hydrolysis of lactose (especially for fungal 3-p-galactosidases). The
main disadvantage of PBRs is that temperature or pH is not easily
regulated [25].

5.2. Fluidised-bed reactors (FBRs)

In a FBR, the individual catalyst particles are kept in motion by
a continuous flow of the substrate. The pressure drop of the fluid
flow effectively supports the weight of the bed. The reactor thus
provides for free movement of the catalyst particles throughout
the bed. The fluidisation may be carried out either by liquid or by

gas (e.g. air when oxygenation is necessary for immobilised cells).
FBRs offer the advantage of good solid-fluid mixing and minimal
pressure drops.

A FBR with recirculation of the substrate was used to hydrolyse
lactose present in milk whey by [-galactosidase immobilised on
epichlorohydrin-activated cellulose beads. Milk whey (90 ml) was
loaded into a fluidised column of cellulose beads (bed volume 5 ml)
with the immobilised enzyme, with an effectiveness factor of 0.5
(ratio between the activity of immobilised enzyme and amount of
bound enzyme to the matrix) at a flow rate of 2 ml/min. The effluent
was re-circulated through the column. About 94% conversion of
the lactose in milk whey could be achieved by about 30 h [84]. The
use of fluidised-beds, as opposed to packed-beds, allows the use of
feed without pre-treatment before use. The main disadvantage of
FBRs is that they are difficult to scale-up and their use is generally
restricted to small scale high priced products [87].

5.3. Continuous flow stirred tank reactors (CSTR)

In an ideal CSTR, the contents of the reactor are perfectly mixed.
Consequently, all elements of the reactor have essentially the same
concentration, which is the same as the concentration of the out-
flow. The reaction rate is determined by the composition of the exit
stream from the reactor. Whereas in a PFR, the substrate concen-
tration is maximised with respect to final concentration at every
point of the reactor. Thus, in CSTR the average reaction rate is
lower. Hence, this reactor configuration may be more suitable for
substrate-inhibited reaction kinetics. The open construction of the
CSTR permits ready replacement of the immobilised biocatalyst. It
also facilitates easy control of temperature and pH. Thus the sys-
tem may be suitable where substrate costs are not very important
and where a stable productivity is essential. Applications of these
type bioreactors for the production of lactic acid are given in Table 5
[60,61].

5.4. Membrane reactors (MRs)

A membrane reactor has a membrane immersed in a stirred
tank, e.g. dialysis membrane, which contains the enzyme (usually
in free form) in a chamber where the substrate moves in and the
product moves out. The main advantages of this process are the con-
tinuous operation of the reactor at low pressure and high enzyme
concentration. On the other hand, compared to PBRs, enzyme has
less stability due to wash out effects. Further disadvantages of MRs
are the need of regular replacement of membranes and diffusion
limitation through the membrane [88]. A hollow fibre membranes
has been applied in a continuous stirred tank MR. This reactor was
the combination of a membrane (polysulfone hollow fibre of 30,000
molecular weight cut-off) and a reaction vessel to provide a con-
tinuous reaction and simultaneous separation of the product from
the reaction mixture. The enzyme in the system was recycled and
reused. The reactor offers an effective lactose hydrolysis (>90% of
conversion) in cheese whey permeates with a residence time of
about 1h, at a flow rate of 5ml/min and at a substrate/enzyme
ratio of 2.5 or less. The productivity of a continuous stirred tank
MR (CSTMR) was 6 times higher than a comparable batch process,
even after just 10 h of operation [89].

Numerous immobilisation systems for lactose hydrolysis have
been investigated, but only a few of them have been scaled up
with success, and even fewer applied at an industrial or pilot scale.
It is mainly because the materials and methods used for enzyme
immobilisation are either too expensive or difficult to use on an
industrial scale [23]. Specialist Dairy Ingredients, a joint venture
between the Milk Marketing Board of England and Wales and Corn-
ing Glass Works, have set up an immobilised (3-p-galactosidase
plantin North Wales for the production of lactose-hydrolysed whey
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with enzyme covalently bound to silica beads. Since 1977 Valio Lab-
oratory in Finland has used fungal (3-p-galactosidase adsorbed to
phenol-formaldehyde resin Duolite ES-762 for whey processing. In
this process whey and whey permeate are hydrolysed continuously
by pumping through the column [90].

6. Conclusions and future prospects

While the first definition of immobilised enzymes was avail-
able 30 years ago, the topic of immobilised biocatalysts is still of
considerable scientific and technological interest. Immobilised bio-
catalysts have also found important applications in the processing
of milk and whey. The most common methods used for enzyme
immobilisation are covalent binding and cross-linking with glu-
taraldehyde which can also be used as a surface activating agent.
As enzyme immobilisation supports, chitin and chitosan-based
materials are used in the form of powders, flakes and gels of dif-
ferent geometrical configuration. Chitin/chitosan-based powders
and flakes are available as commercial products among others
from Sigma-Aldrich and chitosan gel beads (Chitopearls) from
Fuji Spinning Co. Ltd. (Japan). As functional materials, chitin and
chitosan offer a unique set of characteristics: biocompatibility,
biodegradability to harmless products, non-toxicity, physiologi-
cal inertness, antibacterial properties, heavy metal ion chelation,
gel forming properties and hydrophilicity, and remarkable affinity
to proteins. Owing to these characteristics, chitin- and chitosan-
based materials, are predicted to be widely exploited in the near
future especially in environmentally kind applications in systems
working in biological environments, among others as enzyme
immobilisation supports [91]. Recent developments in stabilising
enzymes within bio-inspired inorganic matrices have substan-
tially extended the range of operational stabilities of immobilised
enzymes. The resulting nano-sized materials offer several intrinsic
advantages, such as larger surface areas that allow higher loading
capacities [30].

Among the supports and methods for cell immobilisation, the
most widely used is entrapment using natural polymers like
alginate, agarose, carrageenan, chitosan and pectin. Such natural
gelling polysaccharides represent an emerging group due to their
advantage of being non-toxic, biocompatible, cheap, offering a ver-
satile technique for biocatalyst preparation. Bioconversion of whey
to bio-products also reduces the pollution load of whey and its sub-
sequent safer disposal. Thus, the processing of whey into any form
of useful product would serve a dual purpose, i.e. reduction in envi-
ronmental pollution as well as preparation of valuable products.
The whey products manufactured have a very wide range of uses,
such as food ingredients with unique functional and nutritional
properties. Whey is also a renewable source of bioenergy: pro-
cessing of cheese whey residues leads to the production of ethanol
and valuable organic acids, namely, acetic, citric, gluconic and lactic
acids.
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