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Abstract

A wild type strain ofAspergillus nigerdenoted as BTL, produced elevated levelg-gfalactosidase when grown in a low cost medium that
contained wheat bran as the sole carbon and energy source. The enzyme was collected, concentrated and partially purified from the culture
supernatant. Its kinetic and stability properties were thoroughly examined towards its potential use for the hydrolysis of acid whey permeate
lactose. The3-galactosidase @. nigerBTL showed increased pH and thermal stability, with activation energy for the first order deactivation
constant equal to 180 kJ/mol at pH 3.5. Lactose hydrolysis by the enzyme was described by Michaelis—Menten kinetics with competitive
inhibition only from galactose. An integrated process, concerning the simultaneous hydrolysis—ultrafiltration of whey lactose that incorporated
the specific kinetic properties of tigegalactosidase was developed and modeled. The model proved very successful in predicting the behavior
of a continuous laboratory hydrolysis—ultrafiltration set up, specifically designed for that purpose. The validated model was finally used in a
number of computer simulations in order to investigate the effect of the various process parameters on the overall system performance.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction and represents a major pollutant for aquatic environments
[2].

Whey is the major byproduct waste of the dairy industry. A number of applications for whey permeate have been
Itis characterized by its elevated BOD values, in the range of developed in an effort to overcome the problem of its disposal.
30-60 kg/nd, mainly resulting from its high lactose content, Inorderto be economically attractive, these applications must
which usually accounts between 4 and 8% on a weight per go beyond the traditional use of concentrated whey as an ad-
volume basis. Milk proteins, the second major constituent of ditive for animal feedstock. One alternative is the use of whey
whey, at a concentration of 1% (w/v), are almost universally as the basic medium for various fermentation processes in-
recovered by the dairy companies via ultrafiltration and sold cluding the production of ethanol, methane, yeast protein,
as a concentratfl]. The resulting whey permeate though, xanthan gunj3] or organic acids such as lactate, propionate
still represents a major disposal problem due to the presenceor acetatd1,4]. Nevertheless, since the number of lactose
of lactose that remains in it. Increased production rates in thefermenting microorganisms is limited and the use of genet-
latter decades have exposed the problem of whey utilization,ically engineered microorganisms for lactose bioconversion
since lactose is one of the most difficultly fermented sugars [5] is still far from industrial use, the efficient hydrolysis of

whey lactose remains one of the major factors that determine
the overall process economics.
* Corresponding author. Tel.: +30 210 772 3205; fax: +30 210 772 3161.  Hydrolysis of lactose can be performed either by acids or
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are mainly focused on the evaluation of the kinetic models

Nomenclature applied for lactose hydrolysis or the immobilization tech-
niques[8,9] and not on the evaluation of the overall process
D steady state dilution rate Ez/V =F4/V) (h~1) characteristics.
[E] enzyme concentration (nkat/L) Membrane bioreactors for lactose or whey hydrolysis,
Eeft enzyme efficiency (mmol/nkat) practically involve the use of a thermostated stirring vessel
[Ei]  enzyme concentration in streaninkat/L) that provides the space and time for hydrolysis, the content
[Eo] initial enzyme concentration (nkat/L) of which is continuously circulated towards an ultrafiltra-
Ea activation energy for the thermal deactivation  tion module. The main advantage of this configuration, com-
constant (kJ/mol) pared to immobilized enzyme systems, is the possibility to
F1 reactor feed flowrate (L/h) work with free enzyme in homogenous solutions with its sub-
F2 recycle stream flowrate (L/h) strate, thus fully exploiting its native kinetic properties. The
F3 ultrafiltration retentate stream flowrate (L/h) major disadvantages of this configuration are the increased
Fa ultrafiltration permeate stream flowrate (L/h) risk of microbial contamination, especially during prolonged
[GA] galactose concentration (mM) operation times at ambient temperatures, and the clogging
[GAj] galactose concentration in streafmM) of the ultrafiltration membranes with milk proteins. These
[GL]  glucose concentration (mM) drawbacks can, at least partially, be alleviated by operating
[GLi] glucose concentration in stredrimM) the system at relatively high temperatures and by using de-
K rate constant in lactose hydrolysis mode¢l  proteinated substrates such as whey permeate.
(mmol/(nkat h)) An efficient and economically feasible process for the hy-
Kd first order thermal deactivation constant drolysis of whey lactose, strongly depends on the production
Ki galactose inhibition constant (mM) cost of the enzyme catalyst in combination with favorable ki-
Km Michaelis—Menten constant (mM) netic and stability properties. More specifically, the enzyme
[LA] lactose concentration (mM) should be produced at high concentrations, by a GRAS (Gen-
[LA{] lactose concentration (mM) erally Recognized As Safe) microorganism using a low cost
[LAo] initial lactose concentration (mMM) medium. In addition, it should be recovered from the ex-
P volumetric productivity (mmol/(L h)) tracellular medium, a fact that results at reduced recovery
rd rate of first order enzyme deactivation cost. Commercial sources f@rgalactosidases used in lac-
(nkat/(L h)) tose hydrolysis are mainly the yedduyveromycespecies
rca rate of galactose production (mM/h) and fungalAspergillusspecies. Théspergillusenzymes are
reL rate of glucose production (mM/h) preferred for the hydrolysis of whey lactose due to their acidic
rLa rate of lactose production (mM/h) pH optima and higher thermal stabilitifk2].
t time (h) In the framework presented above, we describe the
T temperature°C) enhanced production of an extracellular thermostgble
\Y working volume of the enzyme reactor vessel  galactosidase from a wild type strain Abpergillus niger
L) using a low-cost culture medium that contains wheat bran

as a sole carbon and energy source. The kinetic and stabil-
ity properties of a partially purified enzyme preparation, ob-
tained during optimum growth conditions, were evaluated
ysis of whey lactose has been employed in the productiontowards whey lactose hydrolysis. The kinetic data were in-
of a hydrolysate that served as a carbon source for ethanolcorporated in a complete mathematical model that describes
production by non-lactose fermenting microorganigeis the continuous hydrolysis—ultrafiltration of whey lactose at
However, the acid hydrolysis process, in general, requires thevarious process temperatures. A laboratory set up for the con-
use of high acid concentrations and elevated temperatures. Ininuous hydrolysis—ultrafiltration process was constructed in
addition, the hydrolysis products, glucose and galactose, areorder to experimentally evaluate the predicting ability of the
not produced at quantities equimolar to the initial lactose con- proposed model, which was finally successfully used in a
centration, since a number of undesired byproducts are alsonumber of computer simulations for the evaluation of the
produced7]. various overall process characteristics.

Enzymatic hydrolysis of either whey or pure lactose has
been accomplished in various reactor configurations. Since
the cost of the enzyme is the most important factor that de- 2. Materials and methods
termines process economy, only continuous systems that in-
volve the reuse of a single batch of enzyme can be considered2.1. Microorganism and growth conditions
Thus, enzymatic lactose hydrolysis has been studied by using
either immobilized enzyme reactdis-10]or enzyme mem- A wild type strain ofA. niger(strain BTL) isolated from
brane reactorfl1]. However, the majority of these studies corn [13] was used for the production @-galactosidase.




D.G. Hatzinikolaou et al. / Biochemical Engineering Journal 24 (2005) 161-172 163

The fungus was maintained on potato—dextrose—agar (PDA)2.4. Effect of pH and temperature on enzyme activity

slants at 4C. The microorganism was grown in 3L Er- and stability

lenmeyer flasks (750 mL working volume) in a low-cost

medium, consisted only of 10g/L (NHH2POs and wheat The effect of pH and temperature on enzyme activity was

bran (St. George Mills S.A., Pireas, Greece). The concen-determined using the natural substrate of the enzyme (lac-

tration and particle size of wheat bran was optimized with tose) at an initial concentration of 100 mM. Optimum pH

respect t3-galactosidase production. The initial pH of the Wwas determined at 6 using a buffer range from pH 2 to 7,

medium was adjusted to 4 with a 2N HCI solution. Sterilized while optimum temperature was determined at pH 3.5 within

medium flasks (121C, 15 min) were directly inoculated with @ temperature range from 35 to 8D. In all experiments,

a spore suspension from PDA slants and incubated in an or-the reaction rate was calculated by measuring the glucose

bital shaker at 29C and 250 rpm. The course of growth was concentration after 10 min of reaction time.

assessed by monitoring the activity @fgalactosidase, ex- For stability measurements, a properly diluted enzyme

creted in the culture supernatant. sample was incubated in a thermostated water bath, at vari-
ous pH (100 mM citrate—phosphate buffer) and temperatures.
Aliquots, of 50pL were removed at specific time intervals

2.2. Preparation of the enzyme and assayed for their residual enzyme activity (o0NPG).

When extracellulaB-galactosidase activity leveled off,
the culture supernatant was collected by centrifugation at

10,000x g for 20 min (10°C). The enzyme sample was con-  De-proteinated whey permeate was kindly provided by the
centrated by ammonium sulfate precipitation (35-95% sat- Greek dairy industry MEVGAL S.A. (Nea Sindos, Greece).
uration), resuspended in deionized water and desalted usingn order to be used in the ultrafiltration unit, whey had to
a PD-10 gel filtration column (Pharmatté). The desalted  pe previously clarified for the removal of any suspended in-
enzyme sample was finally lyophilized (overnight, 10 mTorr, soluble materials. Clarification involved continuous centrifu-
—48°C) and used as the enzyme source in all subsequentyation followed by filtration on a Millipore system using a

2.5. Whey pretreatment

experiments. 0.1um porous size membrane. The clarified whey had a final
lactose concentration of 112 mM, only trace amounts of glu-
2.3. Analytical methods cose and galactose (less than 0.1 mM) and a protein content

of less than 0.1 g/L.

B-Galactosidase activity was determined useigitro-
phenyl3-p-galactopyranoside (oNPG) as substrate. Fifty
microliters of properly diluted enzyme sample were
added to 95@.L of 2.5mM oNPG solution in 100 mM
citrate—phosphate buffer, pH 3.5. Following 10 min incuba-

2.6. Kinetic experiments

All kinetic experiments were conducted at pH 3.5
(100 mM citrate—phosphate buffer) in screw cap glass test
tion in a water bath at 60C, 1 mL of 10% (w/v) NaCQ@ tUbef’ that tser\ieg as Zatch.t()a ndzyng)e reactors. d.\lN?eg p%r{
solution was added and the absorbance of the final mixture " co.c» Pretreated as described above, was diluted wi

citrate—phosphate buffer (pH 3.5) to yield the appropriate

was measured at 410 nm in order to determine the amountb frer molarity (100 mM) and desired initial lact ncen
of released-nitro-phenol (oNP). A boiled (15 min) enzyme utier mo'a y(. )& esire allactose concen-
tration. All reaction tubes were prepared in an ice bath, and

sample was used as blank. As an activity unit we used nkat,u on enzvme addition. were placed in a water bath ther
defined as the amount of enzyme required for the hydrolysis P y ' P . .
mostated at the temperature of the reaction. The reaction

of 1 nmol of substrate per second. rate was followed by determining the glucose concentration
Glucose concentration was determined using a com- GO;I(V PER thh dyinr til Ingli ?u D) withdrawn !

mercially available kit (Biosis S.A., Athens, Greece) that t(avery; or4mi?1fr(z>n)1 thee?eca(?[ioi rﬂlijx(zusre(ﬂs Loranu?nberof

employed the Glucose Oxidase-Peroxidase (GOX_PER)samples, at the highest lactose concentration (112 mM) and

method. Reducing sugars were determined by the 3,5- tended ton ti HPLC vsi ; qf
dinitrosalycilic acid (DNS) methofL4]. For the latter, a sep- exténded reaction imes, analysis was performed for
grobable detection of oligosaccharide formation.

arate reference curve was constructed for glucose, galactos
and lactose.
Sugar analysis, for selected samples, was addition-3 Results and discussion
ally performed using an HPLC system (HP 1050 Series)
equipped with a RI detector (HP 1047A). A silica-MEol- 3.1. Enzyme production
umn was used as a stationary phase and acetonitrile:water
(75:25) at a flowrate of 1mL/min was employed for Wheat bran, a low cost agricultural byproduct, that has
elution. been reported to induce the expression of galactosidases in
Protein concentration was determined with the dye- various microbial specig46,17)], has been also shown to in-
binding method of BradforfiL5]. ducep-galactosidase production by the fungushigerBTL
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when used as the sole carbon and energy sdi&je Ini-

tially, the wheat bran particle size distribution was examined Fig. 2. Optimum pH(Q) and temperaturdl) for the activity of the partially
with respect to enzyme production. The results, depicted in PurifiedB-galactosidase ck. nigerBTL (reaction time 10 min).

Fig. 1A, show that the size of wheat bran particles signifi-

cantly influenced3-galactosidase production. More specif-

ically, the smaller the particle size, the highest the max- 100 mM. The reaction time was kept to a minimum (10 min)
imum enzyme activity. In addition, the productivity gf to avoid possible enzyme inactivation during prolonged
galactosidase production was significantly increased, since,incubation times. As with other funga-galactosidases
in the cultures with low wheat bran particle size, maximum [18 19] the enzyme had acidic pH optima between 3 and
extracellular enzyme levels were obtained at shorter cultiva- 35 (F|g 2) The Optimum activity temperature, determined
tion times. This fact can easily be explained, since wheat brang¢ pH 3.5, was 65C, with more than 80% of the resid-
serves asthe only carbon and energy source in the culture, angia| activity retained between 55 and @ (Fig. 2). The
the high specific surface area provided by the small particle ahove temperature—activity optima are among the highest re-
Size, facilitates its utilization by the minOOfganism. Wheat ported forB_ga|actosidaseS from mesoph”ic microorganisms
bran concentration also affect@egalactosidase production 18 20,21]
(Fig. 1B). Optimum enzyme levels were obtained at awheat  The pH stability of thg3-galactosidase from. nigerBTL
bran concentration of 40 g/L. was determined within the range of pH values from 2 to 9.
The optimum culture conditions with respect f The enzyme was incubated atZ5at the appropriate buffers
galactosidase production By. niger BTL were employed  and the residual activity was determined at specific time in-
for the production of the biocatalyst for whey lactose hy- tervals. The results are depictedFiy. 3A. At this temper-
drolysis. Two liters Erlenmeyer flask cultures were used atyre (25C), the enzyme preparation was extremely stable
(750 mL working volume). At the end of the 4th day, the petween pH 3 and 6, showing no detectable activity loss even
supernatant was collected and the biocatalyst was recovereggter 5 days of incubation at these pH values. Temperature
in the form of lyophilized powder, as described under Sec- stapility was examined in a similar manner, at two different
tion 2. The whole procedure resulted in the removal of about pH values, namely 3.5 and Bif. 38). p-Galactosidase was
50% of the total extracellular protein with the simultaneous yery stable up to 55C, at both pH values tested. Above this
recovery of 80% of th@-galactosidase activity (enrichment  temperature, the enzyme gradually lost its activity, although
1.5 times). The enzyme preparation after lyophilization was at pH 5 it was much more stable than pH 3.5. These stability
highly water-soluble, possessed higtgalactosidase activ-  properties rank3-galactosidase fronA. niger BTL as one
ity (190 nkat/mg protein) and could be readily used for the of the most stable mesophilic fungal enzynj&8,22] that

hydrolysis of whey lactose. is even more stable than yegsgalactosidases immobilized
at various support®3-25] Thermal denaturation of thg
3.2. Activity and stability properties galactosidase at the optimum pH for the activity (pH 3.5),

clearly follows first order deactivation kinetics at all tem-
The optimum pH forB-galactosidase activity was de- peratures examinedrig. 4). The values of the deactivation
termined at 60C, using an initial lactose concentration of constantsky, were successfully fitted into an Arrhenius plot
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The enzyme was incubated for 2 h at the indicated temperature at pl)3.5 (
and 5 (). 3.3. Kinetics of lactose hydrolysis

The kinetic model that describes the hydrolysis of whey
lactose, in free solution, was initially determined at pH 3.5
and 55°C. A classic approach was followed, using a num-
kg = 9.5142x 1076 exp(ﬂ) 1) ber of initial reaction rate experimental sets (reaction time

T +273 10 min), covering a range of substrate and product(s) concen-
trations. The different substrate concentrations were obtained
that results in an activation enerds, equal to 180.3kJ/mol by diluting whey to a lactose concentration range from 10 to
(43.1kcal/mol). This value for the activation energy is the 112 mM (the latter is the lactose concentration of undiluted
lowest reported for mesophilic enzymes in solution, and very whey). Within the above range of substrate concentrations,
close to thee, values obtained for the same enzymes in im- no inhibition from lactose was observed. In addition, HPLC
mobilized form[22]. analysis on the reaction products, did not show any produc-

The enhanced stability properties, of fhealactosidase  tion of significant amounts of galactooligosaccharides, even
of A. niger BTL, combined with its acidic pH activity op-  at the highest lactose concentrations used.
tima, suggest that the enzyme is an ideal candidate for the Product inhibition is a very common feature shared by
hydrolysis of lactose in acid whey permeate. many 3-galactosidase$7,8,24,26] The enzyme fromA.

nigerBTL was not inhibited by glucose up to a concentration
of 150 mM (data not shown). In contrast, galactose proved to

(Fig. 4, insert) yielding the following equation:

1 be a strong inhibitor. As revealed from the corresponding
%\W Lineweaver—Burk plotKig. 5 galactose was a competitive
0.7 inhibitor of the B-galactosidase dh. nigerBTL. According
5 to the above results, the Michaelis—Menten rate equation with
3 competitive inhibition from galactose, was used to describe
2 04 5 the kinetics of whey lactose hydrolysis by fxgalactosidase
‘é; ” . of A. nigerBTL (Eq. (2)).
N
IE Y e y FGL =TGA = —ILA = KEILA )
2 s [LA] + Km[L + (GA]/K))]
© -8
i: 4 The values of the three kinetic paramet&r&,, andK, in
990281 D.Og22 03;’?“2 rg;?)f’m 0:0032 000 Eq. (2) were determined using whey lactose, at five different
0.1 temperatures, namely 35, 45, 55, 65 andC5The exper-
g A g4in ol 60 40 120 150 imental procedure employed for each temperature was the
Incubation time (h) following: A number of initial reaction rate (10 min) exper-

iments at different galactose concentrations within a range

(1) 35°C: (W) 45°C; (O) 55°C: ([) 65°C: (¥) 75°C. Insert: Arthenius plot of_whey dllutlt_)ns were initially performed, in order to ob-
for the determination of the activation energy for the first order deactivation Fam QOOd estimates fokKm and K; from the correspond-
constantkg (h™2). ing Lineweaver—Burk plots. Thereafter, four batch hydrol-

Fig. 4. Thermal deactivation of tifeglucosidase oh. nigerBTL at pH 3.5.



166 D.G. Hatzinikolaou et al. / Biochemical Engineering Journal 24 (2005) 161-172

Table 1
Effect of temperature (at pH 3.5) on the values of the kinetic constants for the whey lactose hydrolysis mod@gglttetosidase o&. nigerBTL
Temperature Km (mM) Ki (mM) k (mmol/(nkat h))
35 318 6.56 0.000792
45 392 6.98 0.001390
55 614 892 0.002166
65 892 127 0.002635
75 1064 138 0.001981
—347178
Km=2.3861x1 , R?=0981
m = 2.3861x 10° exp( e ) 0.98 ®)

—222864
T + 273

k =0.0101— 6.8993x 10747 + 1.5881x 107572 — 1.0842x 107’73, R?2=0.999  (5)

K| = 8.4596x 10° exp( ) , R2=0943 (4)

ysis experiments, at two initial lactose concentrations (112 3.4. Model development

and 56 mM) and two initial enzyme concentrations (50,000

and 100,000 nkat/L) were performed where lactose, glucose The construction of the model that describes the
and galactose concentrations were determined at varioushydrolysis—ultrafiltration of whey lactose was based on the
times during the reaction progress. Using the non-linear leastgeneralized experimental set-up depictelig 6. The set-up
squares regression routines of SigmaPlot Ver. 7 (SPSS Inc.)is comprised of a mixing vessel (practically a batch enzyme
with the values oK, andK, determined above as initial es- reactor) of working volumeV, in which whey is fed at a
timates, the data were fitted into an integrated form of Eq. constant flowratd-;. A pump drives a portion of the reac-
(2) that incorporated the first order thermal deactivation ki- tor content towards the ultrafiltration unit at a flowr#ig
netics of the enzyme, according to EG). The mean val-  the retentate of which/g) is returned to the mixing vessel.
ues (from the four extended hydrolysis experiments) of the The permeate of the ultrafiltration unit, is the net product of
kinetic constants of Eq(2) determined that way are sum- the complete hydrolysis—ultrafiltration proceBg) The ba-
marized inTable 1 These values were used in order to de- sic assumptions that will be used during the construction of
rive, through linear regression, Egs. (3)—(3alle ), that the mathematical equations that describe the system are the
describe the temperature dependence of the kinetic constantfollowing:

in the whey lactose hydrolysis model. While éx, andK

the data were successfully fitted to Arrhenius type equations,e The dead volume of the piping and the ultrafiltration unit
the corresponding fit fdk, could not be achievedrf < 0.85) is negligible compared to the volume of the mixing ves-
for the complete range of temperatures used. Consequently, sel, that is, the mixing vessel is the only part of the
a cubic polynomial equation was chosen to describe the tem-  system that provides time and space for the hydrolysis
perature dependence for this constant. reaction.

F, [LA], [GL,], [GA], [E,]

ULTRAFILTRATION UNIT

i

Fy [LA,], [GL,], [GA)], [E,]

Fyu [LA] [GL ], [GA] [E]

ENZYME
REACTOR

Fy [LA ] [GL], [GA]

Fig. 6. Generalized experimental set-up for the continuous hydrolysis—ultrafiltration of whey lactose.
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e The passage of the reaction mixture through the ultrafil- 3.4.3. Lactose concentration
tration unit has no effect on the concentration of the low  The mass balance for lactose in the reaction vessel can be
molecular weight compounds involved, that is: written as:

[LAZ] = [LAs] = [LA4].  [GLz] = [GLa] = [GLal, vd[fj’jﬂ = FalLA3] + FilLA] — BolLAo] + Viia  (89)
and  [GA] = [GAs] = [GAdl. By incorporating Eq.(6) and taking into account that

e There are no enzyme losses in the ultrafiltration unit. [LA 2] =[LA 3] as well as thaF, =F3 + F4, EQ.(8a)is trans-

e Enzyme deactivation in the system follows first order ki- formed into:
netics, whereky (h~1) is the corresponding deactivation d[LA ]
constant, that is a function of the process temperature, ac-—— = D([LA1] —[LA2]) +ria (8b)
cording to Eq(1).

e The hydrolysis of lactose by-galactosidase follows which takes its final form through the substitution of the cor-
Michaelis—Menten kinetics with competitive inhibition responding kinetic model foB-galactosidase as expressed
only from galactose (Eq(2)), with temperature depen-  through Eq(2):
dence of the kinetic constants accordingétble 1 d[LA ]

. - = D([LA41] — [LA2])
In order to fully exploit the process characteristics, mod-  df

eling of the transient mode was selected. The process com- k[E2][LA 2]

mencest(; t.o.) with the mixing vesgel filled with a whey V(_)I— " [LA] + Km[1 + ([GA2]/K))] (®)
umeV, of initial lactose concentration [L#}, where a certain
amount ofg-galactosidase at a concentratiop][Bas been
added. Following the above assumptions and initial condi- )
tions, the system of first order linear differential equations 3-4-4. Concentration of glucose and galactose

that describe the complete hydrolysis—ultrafiltration unit can  An analysis similar to lactose, yields the differential equa-
be derived. tions that describe the concentration change of glucose and

galactose in the enzyme reactor:

with initial condition: att=0... [LA2]=[LAg].

3.4.1. Volume change—system dilution rate D d[GL>]

The differential mass balance in the mixing vessel yields: — 5 = D([GL41] - [GL2))
dv dv k[E2][LA 2]
— =F1+F—F,= —=F —F. 6 9
g ~ R Re g =Rk © [LAZ] + KnlL 1 (GAZI/K1)] ©
Eq. (6a)implies that in order to achieve constant volume in ith initial condition: att=0. .. [GL2]=0.
the mixing vessel, flow$; and F4 should be equal, thus dIGA
defining the dilution rateD, of the system as: [d 2 _ D([GA1] — [GA2))

£
-2- ®) KE2][LA 2] 10)
[LA2] + Km[1 + ([GA2]/K))]

3.4.2. Enzyme concentration with initial condition: att=0. .. [GA2]=0.

The differential mass balance on enzyme concentration  gqs, (7)-(10)describe the transient kinetics for the gen-
(B-galactosidase) in the constant volume mixing vessel is the grag| continuous hydrolysis—ultrafiltration process for whey

following: lactose. The above system of equations can be simultane-
d[E] ously integrated for a variety of experimental conditions in
V=4 = F3[Es] + Fi[E1] — F2[Eo] + Vg (7a) order to evaluate the effect of the various process parame-

i ) ) ters into the overall system performance at various temper-
Since we consider that there are no enzyme losses in thegqres. The mathematical software package MATHEXD
ultrafiltration unit: (Ver. 6.0) was successfully implemented for that purpose.
FalFs] = FolE2] (7o) 3.5. Experimental evaluation of the proposed model
Substituting Eqs(6) and(7b) into Eq. (7a) and simpli-
fying, we come up with the final differential equation that In order to experimentally evaluate the validity of the pro-
describes the change of enzyme concentration in the reactorposed model, we designed the laboratory layout for the con-
d[E2] tinuous hydrolysis—ultrafiltration of whey that is depicted in
= D[E1] — k4[E2] (7 Fig. 7. Itis comprised of a double wall glass vessel, with 1.2 L
o working volume. The vessel content is kept at a constant tem-
with initial condition: att=0... [Eo] =[Eq]. perature, through the circulation of water between the vessel
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walls. A peristaltic recirculation pump drives whey from the
vessel to the Ultrafiltration Unit (Millipore, Minitan System),
consisting of a four membrane (15 o8 cm each) module
with a molecular weight cut-off of 30 kDa. The latter was
chosen based on the molecular weight ofghgalactosidase
from A. nigerBTL which was determined equal to 120 kDa
[27]. The flowrate of the permeate stredm)is initially con-
trolled by a throttling valve. In order to compensate for the

flowrateF2. More specifically, the permeate volume was mea-
sured at 15-30 min intervals and checked if it corresponded to
the desired dilution rate. Increases in the permeate flowrate
(when needed) where implemented by either releasing the
throttling valve or increasing the revolutions of the recircu-
lating pump and vice versa. The pretreatment of the whey
used, combined with the relatively high molecular weight
cut-off of the ultrafiltration membrane (both prevented ex-

permeate losses, and thus achieving steady state (with respedensive membrane clogging) did not allow for deviations in

to the mixing vessel volume) conditions for the system vol-
ume 1=F4), an electromagnetic level controller (floater)
has been incorporated on top of the mixing vessel, automati-
cally controlling the electric valve that regulates the gravita-
tional feed of the vessel with whey.

Using the above laboratory layout, we performed the ex-
perimental evaluation of the mathematical model for the con-
tinuous hydrolysis—ultrafiltration of whey that we developed
in the previous paragraphs. More specifically, we conducted
three continuous hydrolysis—ultrafiltration experiments that
lasted approximately 60 h each. For every experiment, the
mixing vessel was initially filled with 1.18 L of pretreated
whey (initial lactose concentration of 112 mM). The process
was initiated by starting the recirculation pump upon addi-
tion of 20 mL of concentrated enzyme solution, to yield the
desired [k] in the final working volume (1.2 L). In addition,
no enzyme was added in the feed stream]{D). The di-
lution rate of the systeni)(=F4/V=F1/V) was kept constant
by maintaining the level of permeate (product) flowrdig)(
through manual manipulation (on a 24 h basis) of either the
throttling valve on the untrafiltration unit or the recirculation

the dilution rate greater thah8% of the set value. Glucose
concentration in the product ([Gl=[GL 2]) was determined

at specific time intervals during operation. The process pa-
rameters chosen for the three experiments were the following:

e Experiment 1T=35°C, [Eg] = 200 nkat/mL,D=0.2 1
(F1=F4=0.24L/h).

e Experiment 2:T=55°C, [
(F1=F4=0.48L/h).

e Experiment 3T=55°C, [Eg] =50 nkat/mL,D=0.75 !
(F1:F4:0.90 L/h)

Eg] =60 nkat/mL,D=0.4h1

Fig. 8shows the experimentally determined values of glu-
cose concentration in the hydrolyzed product in comparison
with the values predicted by the model. It is obvious, that
model predictions correlate excellently with the experimen-
tal values, a fact that fully verifies the validity of the model.
A small deviation from the predicted values observed dur-
ing the low dilution rate experiment at elevated temperature
(Experiment 2), is, most probably, due to an error introduced
from a small degree of evaporation in the open mixing ves-
sel (process temperature 85), since the evaporation losses
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were compensated by the control mechanism with whey
addition.

3.6. Sensitivity analysis

Having established an experimentally validated model for
the continuous hydrolysis—ultrafiltration of whey lactose, by
the B-galactosidase oA.niger BTL, a series of simulation
experiments, can be performed in order to examine the sen-
sitivity of the system to the various process parameters at
steady state. Thus, the derivatives in E§9-(10)were set
to zero, and the model was solved as a system of non-linear
equations with all kinetic constants being functions of tem-
perature, through Eqél) and (3)—(5).

Initially, it was chosen to examine the combined effect of

Fig. 8. Comparison between experimentally determined values and model djlution rate and process temperature. A lactose concentra-

predictions for glucose concentration in the product stre&a), (dur-
ing evaluation of the model for the continuous hydrolysis—ultrafiltration
of whey lactose. (1)T=35°C, [Eg]=200nkat/mL, D=0.2h1. (2)
T=55°C, [Eg] =60 nkat/mL,D=0.4 1. (3) T=55°C, [Ep] = 50 nkat/mL,
D=0.75h1. Solid lines: model predictions, symbols: experimental results.
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tion in the feed, equal to 112 mM and an enzyme load (initial
and steady state enzyme concentration in the mixing vessel,
[E2] =[Eq]) of 100 nkat/mL, was employed. At all tempera-
tures, an increase of the dilution rate had a negative effect on
the obtained degree of hydrolysisi§. 94) and a concomi-
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Fig. 9. Combined effect of temperature and dilution rate on the degree of hydrolysis (A), productivity (B) and enzyme efficiency (C) during tleigontinu
hydrolysis—ultrafiltration of whey permeate lactose by Bhgalactosidase k. nigerBTL. [LA o] =[LA 1] =112 mM, [Ey] = [E2] = 100 nkat/mL.
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tant positive effect on the volumetric productivity, defined suggest, that in case enzyme efficiency is of major concern,
asD[GL4]=D[GA4] (Fig. 9B). This feature has been also the process should be run at relatively low dilution rates, and
verified in other continuous enzyme reactor systems for lac- at temperatures far below the optimum one for enzyme ac-
tose hydrolysi$l11,28,29] Temperature optima (6Z), with tivity.

respect to the degree of hydrolysis, are found near the opti- Fig. 10 shows the combined effect of temperature and
mum temperature for enzyme activity, at all dilution rates. enzyme load in the process performance characteristics for
Again, these optima correspond to volumetric productivity a dilution rate of 0.15h!. The effect of enzyme load (the
minima. The effect of temperature though, is becoming less steady state concentration of enzyme in the mixing vessel,
significant as the dilution rate decreases. As implied from the [E2] =[Eg]) on the obtained degree of hydrolysis reveals a
model equations, in order to achieve steady state conditions, ssaturation profile, with an initial sharp increase and an appar-
certain enzyme concentrationJEshould be fed in the sys-  ent leveling off at high enzyme concentratiofiSg 10A).

tem to compensate for activity losses and maintain a constantA similar profile was obtained for the volumetric productiv-
enzyme concentration in the mixing vessek][Eespecially ity, which was also an increasing function of enzyme load
at high process temperatures. Since enzyme production, is gFig. 1(). These results, combined with the fact that en-
major cost factor for the overall processHig. 9C, we addi- zyme efficiency is favored at lower enzyme loaBiy( 10C)
tionally investigated the combined effect of dilution rate and clearly advise, that the chosen steady state enzyme con-
temperature on enzyme efficien&gs, defined as the mmol  centration should not necessarily be kept at as high lev-
of glucose (or galactose) produced per nkat enzyme con-els as possible, but rather at the lowest possible levels for
sumed in the feed strearkdi =[GA4)/[E1] =[GL4)/[E1]). the desirable degree of hydrolysis and volumetric product-
The corresponding results are quite interesting, since theyivity.
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Fig. 11. Combined effect of temperature and lactose concentration on the degree of hydrolysis (A), productivity (B) and enzyme efficiency (9 during t
continuous hydrolysis—ultrafiltration of whey permeate lactose bptgalactosidase o&. nigerBTL. [Eg] = [E2] = 200 nkat/mL,D=0.15hL.

Finally, since concentrated whey can be easily made and steady state behavior of a continuous whey permeate
available through a number of dairy industrial processes, in hydrolysis—ultrafiltration laboratory set up. The model was
Fig. 11, we examined the combined effect of lactose concen- successfully used for in silico evaluations on the effect of the
tration in the feed stream and temperature. The simulationvarious process parameters such as dilution rate, operation
was performed at a dilution rate of 0.15hand an enzyme  temperature, enzyme load and lactose concentration on the
load of 200 nkat/mL. Increasing lactose concentration in the performance characteristics of the system, providing a useful
feed, results in higher reaction rates that lead to increasedtool that can be used in combination with the correspond-
volumetric productivities and enzyme efficiencies. The ob- ing cost analysis data on the determination of the optimum
tained degree of hydrolysis though, is negatively affected, operating conditions of such a process.
since galactose accumulation at high lactose concentrations
gradually inhibits the enzyme reaction.
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