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Abstract Cheese whey fermentation to ethanol using
immobilized Kluyveromyces marxianus cells was investi-
gated in batch and continuous operation. In batch fer-
mentation, the yeast cells were immobilized in
carboxymethyl cellulose (CMC) polymer and also synthe-
sized graft copolymer of CMC with N-vinyl-2-pyrrolidone,
denoted as CMC-g-PVP, and the efficiency of the two
developed cell entrapped beads for lactose fermentation to
ethanol was examined. The yeast cells immobilized in
CMC-g-PVP performed slightly better than CMC with
ethanol production yields of 0.52 and 0.49 g ethanol/g
lactose, respectively. The effect of supplementation of
cheese whey with lactose (42, 70, 100 and 150 g/l) on
fermentative performance of K. marxianus immobilized in
CMC beads was considered and the results were used for
kinetic studies. The first order reaction model was suit-
able to describe the kinetics of substrate utilization and
modified Gompertz model was quite successful to predict
the ethanol production. For continuous ethanol fermenta-
tion, a packed-bed immobilized cell reactor (ICR) was
operated at several hydraulic retention times; HRTs of 11,
15 and 30 h. At the HRT of 30 h, the ethanol production
yield using CMC beads was 0.49 g/g which implies that
91.07 % of the theoretical yield was achieved.
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Introduction

Whey is a byproduct of dairy industries which is generated
during cheese making process. About 80-90 % of the milk
entering the process is converted to cheese whey after
coagulation and separation of the curd [1]. The world
production of cheese whey is estimated around 160 million
tons per annum [2—4], with annual growth of 1-2 % [3].
Although a large portion of the generated cheese whey is
treated and converted into food products, including whey
powder used for human food and animal feed, almost half
of the generated wastewater is directly entered to the
environment, which in addition to significant loss of
resources, creates serious environmental pollutions [5].
Recent researches have shown that the concentration of
untreated whey in aquatic ecosystems is almost five times
higher than the allowable limit [6].

Due to the high organic content of whey, it is considered
as a highly polluted wastewater too strong for direct dis-
charge into the aquatic systems. Cheese whey is charac-
terized as a wastewater with biochemical oxygen demand
(BOD) and chemical oxygen demand (COD) of 30-50 and
60-80 g/l, with a biodegradability index (BODs/COD
ratio) of about 0.4-0.8 [7—12]. Cheese whey contains about
50 % of milk solids [13]. The whey components are mainly
relevant to milk carbohydrates and proteins, including
lactose and casein, with minor contribution of fats, sus-
pended solids and mineral salts [14]. Therefore, whey is a
valuable source of food constituents from which, lactose,
protein and minerals can be recovered. Lactose in the whey
can be fermented to numerous valuable compounds
including ethanol, organic acids, single cell protein (SCP),
bio-hydrogen, biogas, amino acids, enzymes, vitamins,
biopolymers and biodegradable plastics [3, 15]. Consider-
ing the above discussion, it would be most desirable to
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produce value-added products from cheese whey and
simultaneously provide an effluent stream, clean and safe
enough to be discharged into the environment or reused.

Cheese whey has been utilized as a low cost and
nutritionally rich raw material for ethanol fermentation.
Although many yeasts can assimilate lactose aerobically,
very few ones including Kluyveromyces marxianus, K.
lactis and Candida pseudotropicalis are able to ferment
lactose [3]. Among the yeasts that can ferment lactose to
ethanol, K. marxianus is the most efficient one [16]. The
ethanol produced from cheese whey can be either used in
beverage, food, pharmaceutical and cosmetic industries or
blended as a renewable fuel with gasoline to reduce
petrol consumption and environmental pollutions [17].
Production of 2nd generation bioethanol from agro-in-
dustrial wastes [18, 19] and dairy industry waste streams
using yeast genera could be a sustainable response to
ever increasing controversy over the Ist generation
bioethanol.

One of the major hurdles encountered during batch
fermentation of ethanol is product inhibition; wherein,
ethanol concentrations in the range of 6-15 % (w/v) can
impose inhibitory effect depending on the ethanol toler-
ance of the microorganism [20]. Such phenomenon can
retard the cell growth and slow down the fermentation
rate and eventually conclude to cell death. Among the
viable routes to address this issue is the immobilization of
microbial cells in a solid matrix. Cell immobilization can
effectively eliminate the inhibition caused by high con-
centrations of product and substrate; it can assure good
substrate utilization, enhanced productivity and improved
yield of ethanol production [21]. Becerra et al. [22]
immobilized K. marxianus cells in calcium alginate
polymer to produce ethanol from cheese whey and found
that approximately 99.55 % of whey lactose was hydro-
lyzed. In another investigation by Gunasekaran and
Kamini [23], ethanol production from lactose using K.
fragilis cells immobilized in calcium alginate was com-
pared to that of free cells. The attained ethanol production
yields were 61.9 and 51.7 % of the theoretical yield for
immobilized and free cells, respectively. Ozmihci and
Kargi [24], operated a continuous packed bed bioreactor
for ethanol production from cheese whey powder solution
using K. marxianus cells immobilized on olive pits. They
obtained a high ethanol production yield of 0.54 g etha-
nol/g lactose at hydraulic retention time (HRT) of 50 h. It
would be worth to note that the maximum theoretical
yield of ethanol from lactose is 0.538 g ethanol/g lactose
[25, 26].

In this study, deproteinized sweet cheese whey was
fermented using K. marxianus for ethanol production. For
this purpose, cells were immobilized in carboxymethyl
cellulose (CMC) polymer and used to ferment cheese whey
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to ethanol in batch system. As a comparison, the cells were
also immobilized in the synthesized carboxymethyl cellu-
lose-g-poly (N-vinyl-2-pyrrolidone) (CMC-g-PVP) graft
copolymer and the efficiency of the immobilized cells for
fermentation was investigated. Kinetics of substrate uti-
lization and product formation were studied and the cor-
responding kinetic parameters were determined. A packed-
bed immobilized cell reactor (ICR) was also operated for
continuous ethanol production and the effect of HRT on
ethanol production was considered.

Materials and methods
Microorganism

Kluyveromyces marxianus PTCC 5194 was obtained from
Iranian Research Organization for Science and Technology
(IROST). The growth medium contained (g/l): lactose, 1;
yeast extract, 5; peptone, 2; KH,PO,, 1 and MgSO,, 1. For
start-up, the yeast strain was inoculated into a 250 ml
Erlenmeyer flask containing 100 ml of sterilized growth
medium and incubated in an incubator shaker at 30 °C and
150 rpm for 2 days.

Graft copolymerization

In this study, both carboxymethyl cellulose (CMC) and
cross-linked graft copolymer of CMC with N-vinyl-2-
pyrrolidone (N-VP), denoted as CMC-g-PVP, were used
as matrix for cell immobilization. The method for syn-
thesis of CMC-g-PVP was adopted from the work of
Gokgoz and Yigitoglu [34]. For this purpose, 0.5 g of
sodium carboxymethyl cellulose (NaCMC, Daejung,
Korea) was dissolved in 50 ml distilled water, under
continuous flow of nitrogen for 30 min. 6.92 ml N-vinyl-
2-pyrrolidone (N-VP, Merck, Germany) was dissolved in
25 ml distilled water and mixed with the CMC solution.
0.052 g azobisisobutyronitrile (AIBN, Sigma) was dis-
solved in 2 ml acetone and mixed with reaction solution
as the initiator of the grafting reaction. The total volume
of the reaction mixture was brought up to 100 ml by
addition of distilled water. Grafting reaction was per-
formed at 70° C for 4.5 h under continuous flow of
nitrogen. To stop the reaction, a saturated solution of
hydroquinone (Scharlau, Spain) was added to the solu-
tion. The product was obtained by precipitation in an
excess of acetone and then separation by filtration. For
purification, the product was extracted using ethanol to
remove the unreacted homopolymer (PVP) for 24 h. The
purified graft copolymer, CMC-g-PVP, was then sepa-
rated by filtration and dried at 40 °C in vacuo to a
constant weight.
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Immobilization technique

For immobilization, K. marxianus cells were grown on pre-
described medium at 30 °C for 16 h. The synthesized
CMC-g-PVP copolymer (3 % w/v) and CMC (2 % w/v)
were separately added to the flasks containing yeast cul-
ture; wherein, the cells were in exponential growth phase.
The slurry of yeast culture was dripped into a bath of
aluminum chloride solution (4 wt%). Once the slurry was
added to the AICI; solution, beads of CMC and CMC-g-
PVP with entrapped yeast cells were formed. The so-ob-
tained beads were allowed to harden overnight at 4 °C. The
cells were assumed to be well entrapped in the polymer
matrix as there was no evidence of leakage of the cells
from the beads to the surrounding medium. The beads were
finally washed using sterile saline solution (0.9 %) to
remove unbound cells and excess aluminum ions.

Batch fermentation experiment

The fresh sweet cheese whey was obtained from a local
dairy industry (Kaleh, Amol, Iran). The whey, as-received
from the factory, was characterized to determine its COD
and contents of lactose, proteins, fats, minerals and total
suspended solids; the results are presented in Table 1. The
cheese whey was then deproteinized to prevent the pre-
cipitation of protein during heat sterilization process.
Deproteinization was performed by addition of dilute HCl
to the cheese whey to pH 4 and then boiling the acidified
solution for 20 min; the precipitates were separated by
filtration and pH of the filtrate was adjusted to 7 using
NaOH solution (2 M). The solution was boiled for 20 min
and then filtered to remove the precipitates; the filtrate was
stored in freezer. The protein content of cheese whey after
deproteinization was 0.4 g/l1.

The partially deproteinized cheese whey was used as
fermentation medium. Fermentation experiments were
carried out in 500 ml Erlenmeyer flasks; CMC and CMC-
g-PVP beads were separately poured into two flasks to a
volume of about 125 ml and sterilized cheese whey was
added to make a total volume of 250 ml. In experiments

Table 1 Characterization of

fresh sweet cheese whey Compounds Concentration
Lactose (g/1) 47.20 £ 3.31
Protein (g/1) 6.42 £+ 0.36
Fat (g/) 455 £ 0.54
COD (g/l) 70
TS (%) 54
TSS (%) 1.5
Ash (%) 8
pH 6.5

where the effect of lactose concentration on ethanol pro-
duction was aimed to study, defined amounts of lactose
(Scharlau, Germany) were added to the media to have
initial lactose concentrations of 70, 100 and 150 g/l. The
flasks were incubated in an incubator shaker at 30 °C and
pH 5. Samples were withdrawn every 12 h and analyzed to
determine the lactose consumption and ethanol production.

Continuous fermentation experiments

The continuous cheese whey fermentation experiments
were carried out in a packed-bed immobilized cell reactor
(ICR). The ICR was a plug flow tubular column operated in
up-flow mode; it was constructed from Plexiglas with inner
diameter of 6 cm, thickness of 5 mm and height of 80 cm.
The sterilized cheese whey was fed to the bottom of the
ICR from the feed reservoir using a variable speed peri-
staltic pump (ASF THOMAS D-82178, Germany). To
prevent the contamination of feed line and feed reservoir, a
flow breaker was installed between the bioreactor and feed
pump. The effluent stream from the bioreactor was col-
lected in a product reservoir.

To start the lactose fermentation experiments, the pre-
pared CMC beads entrapping K. marxianus cells were
loaded in the bioreactor. There was a perforated plate at the
bottom of the column to prevent the clogging of inlet pipe.
About 60 % of the total volume of the bioreactor was
packed with the prepared beads; the extra space was con-
sidered for bead growth and bed expansion. To determine
the void volume of the bed, after loading the beads in the
bioreactor the working volume was filled with sterilized
distilled water; the volume of distilled water was consid-
ered as the void volume. For continuous operation, fresh
cheese whey with lactose concentration of 50 g/l at dif-
ferent flow rates was fed to the ICR; this was to have
various HRTs of 11, 15 and 30 h. During the course of
fermentation, samples were taken from the effluent stream
and analyzed for lactose and ethanol concentrations.

Analytical methods

In characterization of cheese why, lactose concentration
was measured using DNS method [27], fat content was
determined by Rose-Gottlieb gravimetric method [28].
Bradford assay was used to quantify the amount of
protein [29]. The COD of the whey was measured
according to standard method [30]; the total solid (TS)
[31], total suspended solid (TSS) [32] and ash [33]
content were also determined according to the corre-
sponding standard methods. The concentration of the free
K. marxianus cells in the growth medium was determined
by OD reading at 620 nm, using a pre-developed cali-
bration curve.
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Samples collected from the fermentation broth were
centrifuged at 3500 rpm for 15 min and the supernatants
were analyzed. The ethanol concentration was determined
using a Gas Chromatograph (Agilent, 7890A, USA),
equipped with a flame ionization detector (FID) and
Porapak Q packed column (Supelco, USA). The initial
oven temperature was set at 120 °C for 1 min and then
increased at a rate of 40 °C/min to 185 °C and kept at this
temperature for 9 min. The temperature of injector and
detector was set at 120 and 250 °C, respectively. Nitrogen
at a flow rate of 30 ml/min was used as carrier gas.
2-propanol (Merck, Germany) was used as internal
standard.

To analyze the surface morphology of the cell entrapped
beads, samples were taken from fresh and also used beads
after 72 h fermentation. The beads were freeze-dried for
48 h and then the samples were analyzed using Scanning
Electron Microscope (SEM, Philips XL30, Netherlands).
To confirm the successful synthesis of cross-linked graft
copolymer CMC-g-PVP, its surface functional groups were
determined and compared to that of CMC using a WQF-
510A Fourier transform infrared (FTIR) spectrometer with
KBr pellets.

Results and discussion
Batch fermentation
Performance of CMC and CMC-g-PVP immobilized cells

In this work, both CMC and CMC-g-PVP graft copolymer
were used as matrix for cell immobilization. The successful
synthesis of cross-linked graft copolymer was confirmed by
FTIR analysis. The FTIR spectra of NaCMC and synthe-
sized CMC-g-PVP graft copolymer are presented in Fig. 1.
The broad band between 3100 and 3600 cm ™" is attributed
to O-H stretching vibrations. The presence of a sharp
intense peak at 2132 cm™ in the spectrm of CMC-g-PVP
is a certain evidance of grafting reaction; this peak is
associated with C—N stetching of PVP. The strong band at
1624 cm ™' in the spectrum of NaCMC is assigned to the
carbonyl group that shifted to 1710 cm™" in the spectrum
of CMC-g-PVP due to carbonyl stretching vibration of
N-VP [34, 35].

The yeast cells were immobilized in CMC and CMC-g-
PVP polymer matrix and their performance in batch fer-
mentation of whey lactose (42 g/l) to ethanol was investi-
gated; the results are reflected in Fig. 2. As results show, in
both experiments, lactose was rapidly consumed within
24 h after which, the lactose concentration in the media
was almost negligible. The prompt consumption of lactose
was coincide with increase of ethanol concentration in the
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Fig. 1 FTIR spectra of NaCMC and synthesized CMC-g-PVP graft
copolymer
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Fig. 2 Whey lactose consumption and ethanol production using K.
marxianus cells immobilized in CMC-g-PVP beads (filled square),
CMC beads (filled circle) and free cells (filled triangle)

media until 24 h using both beads; thereafter, the ethanol
concentration slightly increased. Maximum ethanol pro-
duction using CMC-g-PVP and CMC beads was 21.53 and
19.79 g/l with productivities of 0.79 and 0.73 g/Lh,
respectively. The obtained ethanol yield using yeast cells
immobilized in CMC-g-PVP and CMC was 0.52 and
0.49 g ethanol/g lactose, respectively. To show the effec-
tiveness of cell immobilization in enhancement of ethanol
production, similar experiment was carried out using free
K. marxianus cells and the results were compared to those
of immobilized cells (Fig. 2). At this condition, the ethanol
concentration was 14.58 g/lI; this means that ethanol pro-
duction enhanced by about 37 % through cell immobi-
lization. With free cells, productivity of 0.60 g/l h and
ethanol production yield of 0.35 g/g were achieved.
Comparison of the results obtained using two different
polymers used for cell immobilization reveals that ethanol
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Fig. 3 SEM micrographs of
CMC beads entrapped K.
marxianus cells: a inner surface
of fresh bead, b inner surface of
the used bead after 72 h
fermentation, ¢ outer surface of
fresh bead and d outer surface
of the used bead after 72 h
fermentation
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production using CMC-g-PVP was only slightly better than
CMC. Considering that the synthesis of cross-linked graft
copolymer CMC-g-PVP was not quite straightforward and
required costly chemicals, it was not selected as the pre-
ferred matrix for cell immobilization and subsequent batch
and continuous fermentation experiments were carried out
using CMC beads.

The surface morphology of the developed CMC beads
wherein yeast cells were entrapped was investigated by
SEM analysis. Figure 3a, b show the inner surface of the
fresh bead and the used one after 72 h fermentation,
respectively. As observed in the micrograph of the fresh
bead, some yeast cells are entrapped in the porous polymer
matrix; however, high growth of the cells during the fer-
mentation and increase in their number is quite clear in the
used bead (Fig. 4b). The morphology of the outer surface
of CMC beads are shown in Fig. 3c, d, for fresh and used
beads, respectively. The yeast cells can be apparently seen
on the outer surface of fresh beads. By contrast, after 72 h
of fermentation the cells completely covered the CMC
surface.

Effect of lactose concentration

It was attempted to increase the amount of ethanol pro-
duced via alcoholic fermentation by supplementation of
cheese whey with lactose to have higher concentrations of
sugar in the fermentation medium. The effect of initial

3
o 50 pm

Spot Maqn\ Det WD F—=—"—"—"-1 &0jm
150KV 650 500 SE 183,84n

Y I60RY 40 500X, 27SE)C 13
5 J S el

160 25

140 -

- 20
=120

o
[s]

Sugar concentration (g/l
& 8 8
Ethanol production (g/l)

[N
(=]
L

o
o g

20 40 60
Time (h)

Fig. 4 Lactose consumption and ethanol production using CMC
immobilized K. marxianus at various lactose concentrations: 42 g/l
(filled circle), 70 g/l (filled square), 100 g/l (filled diamond) and
150 g/l (filled triangle)

lactose concentration (42, 70, 100 and 150 g/l) on fer-
mentative performance of K. marxianus immobilized in
CMC beads is illustrated in Fig. 4. When cheese whey was
supplemented with lactose (70 g/l), ethanol production
enhanced as compared to the raw cheese whey with lactose
concentration of 42 g/l. Nevertheless, increase of the lac-
tose concentration to beyond 70 g/l significantly reduced
the ethanol production due to possible substrate limitations.
The high osmotic pressure created at high lactose con-
centrations could impose inhibitory effect. The ethanol
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concentration obtained using 100 and 150 g/l lactose was
only 14.68 and 11.26 g/l, respectively. This corresponds to
the lower amount of lactose being metabolized as could be
inferred from the low sugar conversions of 45.92 and
29.23 % obtained for 100 and 150 g/1 lactose, respectively.
In batch fermentation, maximum ethanol concentration of
23.6 g/l was achieved at lactose concentration of 70 g/l,
where 93.36 % of the sugar was metabolized.

The results corresponding to ethanol yield (Ygonss),
productivity (Qp) and yield percent for the implemented
initial lactose concentration are summarized in Table 2.
Yield percent was calculated as the ratio of “actual yield”
over “theoretical yield”; it presents how close the obtained
actual yield is to the theoretical yield.

Kinetic studies
Kinetics of substrate utilization

To describe the utilization of lactose using CMC immo-
bilized K. marxianus cells during batch fermentation of
cheese whey to ethanol, a first-order rate model was used:
as
de
The expression for time-dependent concentration of
substrate is obtained by integration from first-order sub-
strate consumption rate model:

S =Spe ™ (2)

kS (1)

where So and S are initial and instantaneous substrate
(lactose) concentrations (g/1), ¢ represents the fermentation
time (h) and & is the first-order rate constant (h™"). Figure 5
illustrates the consumption of lactose using immobilized
yeast cells during the course of fermentation. As observed,
high regression coefficients (R* > 0.98) were obtained at
all lactose concentrations implying the suitability of the
first order reaction model to describe the kinetics of sub-
strate utilization. The rate constant k, obtained from the
curve fitting, was 0.0697, 0.0341, 0.008341, 0.004482 h™'
for lactose concentrations of 42, 70, 100 and 150 g/l,
respectively. The lower the lactose concentration, the
higher the rate of lactose utilization.

Table 2 Ethanol yield, productivity and yield percent in cheese whey
fermentation using CMC immobilized K. marxianus

Lactose concentration (g/1)  Ygonss (g/g)  Op (g/1h)  Yield (%)
42 0.49 0.735 90.33
70 0.36 0.667 67.12
100 0.33 0.27 59.40
150 0.25 0.179 47.71
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Fig. 5 Application of Eq. (2) to the experimental data obtained for
lactose consumption in cheese whey fermentation for initial lactose
concentrations of 42 g/l (unfilled square), 70 g/l (unfilled diamond),
100 g/1 (4) and 150 g/l (unfilled circle)

Kinetics of production formation

In this study, kinetics of ethanol formation as the cheese
whey fermentation product was studied using a modified
Gompertz equation defined as [36, 37]:

P= Pmaxexp{—exp [% A=—0+ 1} } (3)
where P is the amount of product (ethanol) formed (g/l),
Prax is the maximum ethanol production potential (g/l),
Rinax denotes the maximum ethanol production rate (g/1 h),
A is the lag time to exponential product formation (h),
t represents the fermentation time (h) and e = 2.71828.

The application of modified Gompetrz model to exper-
imental data is depicted in Fig. 6 and the corresponding
kinetic parameters of the model determined from the curve
fitting are tabulated in Table 3. The regression coefficients
obtained for all lactose concentrations were above (.98
signifying that this model was able to adequately describe
the formation of ethanol during batch fermentation of
cheese whey using immobilized K. marxianus cells.

Figure 7 compares the maximum ethanol production
predicted by the modified Gompertz model (P,,,,) to that of
experimental ones for different lactose concentrations. As
observed in the figure, there is a good agreement between
the experimental and model results and both curves follow
same trend. The results of our experiments showed that the
highest ethanol production was attainable at lactose con-
centration of 70 g/l; this result was also confirmed by the
model prediction. At lactose concentrations higher than
70 g/1, the ethanol production was retarded due to substrate
inhibition and the modified Gompertz model was suc-
cessful to predict this behavior.
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Fig. 6 Modified Gompertz model for ethanol production from cheese
whey for initial lactose concentrations of 42 g/l (unfilled square),
70 g/l (unfilled diamond), 100 g/l (+) and 150 g/l (unfilled circle)

Table 3 Estimated kinetic parameters using the modified Gompertz
model for ethanol production

Fig. 8 Plots for the relationship between the product and substrate
for lactose concentrations of 42 g/l (filled circle), 70 g/l (filled
square), 100 g/l (filled diamond) and 150 g/l (filled triangle)

Table 4 Calculated product yields from Eq. (5) for various lactose
concentrations in whey

Lactose concentration (g/l) Yp (g/g) Yexp. (8/2) R?

42 0.49 0.49 0.9873
70 0.38 0.36 0.9858
100 0.32 0.33 0.9960
150 0.25 0.25 0.9911
dpP ds

—=Yr— (4)
dr dr

P=7Yp(So—S9) (5)

Lactose concentration (g/1) Prax (g/D) Riax (g/1 h) R?
42 19.23 1.128 0.993
70 23.47 0.731 0.992
100 16.73 0.239 0.982
150 13.29 0.177 0.983
26
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—~ 22 -
]
S 204
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Fig. 7 Comparison of the experimental results (filled circle) and
modified Gompertz model (filled square) prediction for ethanol
production from cheese whey at various lactose concentrations

Product yield

In batch fermentation where the formation of product is
growth associated, the correlation between product for-
mation and substrate utilization can be expressed as [38]:

where P is the instantaneous product concentration (g/1), Sy
and S are initial and instantaneous substrate concentrations
(g/1) and Yp denotes the product yield. The suitability of
Eq. (5) for yield calculations was examined by developing
the plots of ethanol production versus lactose consumption;
the results are depicted in Fig. 8. The fermentation data at
various lactose concentrations fitted very well to the linear
equation (Eq. (5)) with high regression coefficients. The
product yield determined from the slopes of the linear plots
and the regression coefficients are presented in Table 4.

Continuous fermentation in ICR

The developed ICR was operated at several HRTs of 11, 15
and 30 h and the effect of retention time, which is the
inverse of dilution rate, on whey lactose utilization, ethanol
yield and productivity was considered. Figure 9 shows the
results of this investigation at constant lactose concentra-
tion of 50 g/l. Increase of the HRT enhanced lactose con-
sumption by the yeast cell where sugar utilization for HRTs
of 11, 15 and 30 h was 53.3, 59.9 and 72.6 %, respectively.
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Parallel to the increased lactose consumption, ethanol
production improved with increasing HRTs. As the HRT
was raised from 11 to 30 h, ethanol concentration enhanced
from 10.21 to 17.67 g/l.

Such results could be expected as the substrate requires
sufficient time to diffuse into the interior of the beads and
the produced ethanol should diffuse back into the fer-
mentation broth. The results obtained for ethanol produc-
tion yield, productivity and yield percent at different HRTs
are summarized in Table 5. Increase of HRT enhanced the
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Fig. 9 Whey lactose utilization and ethanol production at different

HRTs of 11 h (filled diamond), 15 h (filled square) and 30 h (filled
circle)

Table 5 Ethanol yield, productivity and yield percent in continuous
cheese whey fermentation in ICR at lactose concentration of 50 g/l

Retention time (h) Yeoowss (g/g) QOp (g/1 h) Yield (%)
11 0.38 0.927 70.63
15 0.46 0.922 85.50
30 0.49 0.588 91.07

ethanol production; however, the productivity decreased
due to the prolonged retention time. In this study, the
highest lactose utilization and ethanol production was
obtained at HRT of 30 h, wherein 91.07 % of the theo-
retical yield was attained.

A comparison of the results of this study to those
available in the literature on lactose fermentation using
immobilized Kluyveromyces yeasts are summarized in
Table 6. The results show that compared to sodium algi-
nate as a common polymer used for cell immobilization,
CMC immobilized cells had reasonable performance for
lactose fermentation. This implies that CMC matrix was
permeable to substrate and product, where lactose could
penetrate into the beads to be metabolized by the cells for
ethanol synthesis and the produced ethanol then diffused
back into the bulk of fermentation broth.

Conclusions

Ethanol production from cheese whey was investigated
using K. marxianus immobilized in CMC polymer and
synthesized CMC-g-PVP graft copolymer. Although the
yeast cell entrapped in CMC-g-PVP performed slightly
better than CMC; however, due to its complicated synthesis
process and cost considerations, CMC was used as the
preferred matrix for cell immobilization. In kinetic studies,
the first order reaction model and modified Gompertz were
successfully adopted to describe the substrate utilization
and product formation behavior, respectively. In continu-
ous fermentation in a packed bed ICR using cells entrapped
in CMC, ethanol production yield was 0.49 g/g at HRT of
30 h which corresponds to a yield percent of 91.07 %. The
results achieved in this study show that CMC with excel-
lent properties such as biocompatibility, high water
absorption capacity and biodegradability can be used as a
very potential matrix for cell immobilization.

Table 6 Comparison on ethanol production from lactose/whey using immobilized Kluyveromyces yeasts obtained in this work to those available

in the literature

Microorganism Bioreactor Substrate Op Yield References
(@lh) (%)
K. fragilis immobilized in calcium alginate Batch Synthetic medium (200 g/l lactose) 0.88 61.90 [23]
K. marxianus immobilized on olive pits Packed bed column Whey powder solution (50 g/l lactose) 0.58 - [24]
K. marxianus immobilized in calcium alginate Fluidized-bed column Whey powder solution (50 g/l lactose) 3.50 87 [39]
K. marxianus immobilized in calcium alginate Batch Cheese whey (50 g/l) 0.96 83.30 [39]
K. marxianus immobilized in calcium alginate  Fluidized-bed column Cheese whey (46.8 g/l) 4.50 - [40]
K. marxianus immobilized in carboxymethyl  Batch Cheese whey (42 g/l) 0.735 90.33 This work
cellulose
K. marxianus immobilized in carboxymethyl = Packed bed ICR Cheese whey (50 g/1) 0.588 91.07 This work

cellulose
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