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SUMMARY

The initial aim of this project was to improve the performance of a chromatographic bioreactor-
separator (CBRS). In such a system, a dilute enzyme solution is pumped continuously through a
preparative chromatographic column, while pulses of substrate are periodically injected on to
the column. Enzymic reaction and separation are therefore performed in a single unit operation.

The chromatographic columns used were jacketed glass columns ranging from 1 to 2 metres
long with an internal diameter of 1.5 cm. Linking these columns allowed 1, 2, 3 and 4 metre
long CBRS systems to be constructed. The hydrolysis of lactose in the presence of -
galactosidase was the reaction of study. From previous work at Aston University, there
appeared to be no difficulties in achieving complete lactose hydrolysis in a CBRS. There did,
however, appear to be scope for improving the separative performance, so this was adopted as
an initial goal. Reducing the particle size of the stationary phase was identified as a way of
achieving this improvement. A cation exchange resin was selected which had an average
particle size of around half that previously used when studying this reaction. A CBRS system
was developed which overcame the operational problems (such as high pressure drop
development) associated with use of such a particle size. A significant improvement in
separative power was achieved. This was shown by an increase in the number of theoretical
plates (N) from about 500 to about 3000 for a 2 metre long CBRS, coupled with higher
resolution. A simple experiment with the 1 metre column showed that combined bioreaction and
separation was achievable in this system.

Having improved the separative performance of the system, the factors affecting enzymic
reaction in a CBRS were investigated; including pulse volume and the degree of mixing between
enzyme and substrate. The progress of reaction in a CBRS was then studied. This information
was related to the interaction of reaction and separation over the reaction zone.

The effect of injecting a pulse over a length of time as in CBRS operation was simulated by fed
batch experiments. These experiments were performed in parallel with normal -batch
experiments where the substrate is mixed almost instantly with the ‘enzyme. The batch
experiments enabled samples to be taken every minute and revealed that reaction is very rapid:
The hydrodynamic characteristics of the two injector configurations used in CBRS construction
were studied using Magnetic Resonance Imaging, combined with-hydrodynamic caiculations.

During the optimisation studies, galactooligosaccharides (GOS) were detected as intermediates
in the hydrolysis process. GOS are valuable products with potential and existing applications in
food manufacture (as nutraceuticals), medicine and drug targeting. The focus of the research
was therefore turned to GOS production. A means:of controlling reaction to arrest break down of
GOS was required. Raising temperature was: identified as a possible means of-achieving this
within a CBRS. Studies were undertaken to optimise the yield of oligosaccharides, culminating
in‘the design, construction and evaluation of a Dithermal Chromatographic Bioreactor-separator.

KEY WORDS: Dithermal Chromatographic Bioreactor-separator, Magnetic Resonance Imaging,
B-galactosidase, Chromatography, Galactooligosaccharides. ‘
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Chapter 1

Introduction
1.1 Origins of the Research

The term chromatography was first used by Tswett, who, in 1903, used
column chromatography to separate plant pigments, eluting with petroleum
ether from a calcium carbonate bed. Tswett's work is described briefly by
M°Murray (1992). Although gas and liquid chromatography were being used
on the laboratory scale, it was not until the 1940s that Martin and Synge
(1941) elucidated the fundamental theories of chromatography. In their work, a
theoretical interpretation of the processes involved in a separation was
proposed, based on the operating parameters of the column; this expressed
the efficiency of the separation in terms of the theoretical plate concept.
Briefly, the greater the number of theoretical plates (N), the better is the
separation. The number of theoretical plates has been used as the principal
indicator of chromatographic efficiency in this thesis. This and other

chromatographic terms are described in greater detail in Appendix A-1.

Following development of chromatography as an analytical tool, it was realised
that if the process was scaled up, it could be used as a means of purifying or
concentrating products of commercial value. By 1956, the scale-up of gas
chromatography had been initiated, the 1950s and 60s seeing much activity in
this area. Since the 1970s however, liquid chromatography has become the
dominant area of development. This upsurge in interest in liquid systems was,
in part, fuelled by the restructuring of the U.S.A.'s sweetener industry.

Traditionally, reaction and chromatographic separation have been carried out
as separate unit operations. The late 1950s and early 1960s saw attempts to
marry the processes of reaction and separation in a single unit operation with
the development of chromatographic chemical reactors. Most of the work
published in this field was confined to gas cﬁromatography. According to
Schweich and Villermaux (1982), one of the first industrial reactions to be
performed in a chromatographic reactor was the dehydrogenation of butane

and butenes. However, some liquid chromatographic apblicatidns were

beginning to emerge. The mid 1980s saw the emergence of chromatdgr\ébhié .

bioreactor-separator (CBRS) systems. In these systems, a dilute énzyme
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solution is pumped continuously through a chromatographic column, while
substrate is introduced to the column in pulses. Barker and Zafar (1987) were
the first to use a chromatographic reactor for performing an enzymic reaction,
in this case, the synthesis of dextran polymer. In this way, the chromatographic
bioreactor-separator (CBRS) was conceived and further explored at Aston

University.

Combining enzymic reaction and chromatographic separation as a single unit
operation not only reduces plant and operational costs, but also results in
greater yields than can be obtained when compared to conventional batch
reaction in a stirred tank (Zafar, 1986). There have since been further
developments in the field of simultaneous biochemical reaction and separation.
Chromatographic bioreactor-separators have been developed which not only
operate in the conventional batch mode (Zafar, 1986), but also semi-
continuously (Shieh and Barker (1993), Shieh (1994)) or continuously (Sarmidi
and Barker, 1993).

The scale-up of chromatographic columns from the sizes utilised in analytical
applications is not without problems. There is strong commercial pressure to
maximise throughput, but if this is at the expense of separation efficiency, the
value of the product is reduced. On scale-up, there has to be a balance
between throughput and efficiency, while considering operational aspects such

as the maintenance of the separation characteristics of the bed.

The ease by which a chromatographic process can be scaled up may be
dictated by the mode of operation required. The three main operational modes

are continuous, semi-continuous and batch.

Continuous Operation

Continuous operation offers many advantages, such as increased flexibility
and - constant product- quality  with- minimal or no recycling. Continuous
operation also permits more effective utilisation of the available mass-transfer
area. ‘In-order to increase throughput, high feed concentrations are used
(Ganetsos and Barker 1993). An important development has been that of
annular chromatography. Here, the bed results from packing the annular space
formed by two concentric cylinders (Bridges and Barker, 1993). Such a system
has been used to purify mixtures of carbohydrates (Bridges, 1990). In this

1




system, the annular bed rotated contihuQUsly;‘gbo.ut its axis, while feed was
introduced continuously through a fixed feed pipe immersed in the bed. A
mobile phase is passed downwards through the bed, passing uniformly through
all parts. Sarmidi (1993) used a continuous rotating annular chromatograph as

a bioreactor-separator, for the inversion of sucrose to glucose and fructose.

Semi Continuous Operation

Semi Continuous Chromatographic Processes offer similar benefits to the
continuous systems. An example of a semi-continuous system is the semi-
continuous counter-current chromatographic reactor-separator (SCCR-S), as
used by Akintoye (1989) and Shieh (1994). In this type of system, a moving
bed system is simulated; the bed is held stationary while periodically altering
the positions at which feed and product streams enter or leave the system
(Akintoye, 1989). A series of valves enables the simulation of counter current

movement of the mobile and stationary phases.

Batch Operation

The batch mode of operation involves the pulsed input of mixtures to the
column while continuously flowing a mobile liquid phase. This mode of
chromatography has received the most attention in terms of scale-up, mainly
due to simplicity of operation and relative simplicity in model construction.
During the 1960s ABCOR, an American company, successfully scaled up both
liquid and gas chromatographic systems, focusing on the separation of
chemicals such as flavours, fragrances and petrochemicals (Ganetsos and
Barker 1993). They selected systems where conventional purification methods,
such as distillation, were either inadequate or uneconomical. The 1970s saw
much development and application of batch processes, especially in the area

of petrochemicals.

In the field of large-scale carbohydrate separation’;thé Finnish Sugar Co. Ltd.
were considered to be the leaders (Ganetsoszfarid Barkér 1993), having
installed plants throughout: the ~world. Batch chromatographic - bioreactor-
separators were first studied at Aston University by Barker and Zafar (1988);
they have since been studied by Taddei (1994), Shieh (1994) and West
(1995). Batch operation may be criticised for leading to high product dilution

and being difficult to automate (Lameloise and Viard, 1993). It was also :‘pointed

out by Barker and Thawait (1986) that such systems have restricted colum'n :
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utilisation and limited throughput. However, batch chromatography has the

advantages of simple operation and ease of scale-up (Ganetsos and Barker,
1993).

Despite the flexibility and high throughputs offered by semi-continuous or
continuous operation, there are still applications suited to batch operation, such
as the production of small quantities of high value biochemicals. It was for this
reason that the batch mode of operation was selected for use in the author’s
work. A potential advantage of performing enzymic reactions within a
chromatographic column is the reduction of competitive inhibition effects
(Taddei and Barker, 1993). This is achieved by chromatographically separating
inhibitory products from the substrate. Since it can be assumed that reaction
takes place only where there is substrate, the location of the substrate pulse is
regarded as the reaction zone. This was why Taddei (1994) used a batch
chromatographic bioreactor-separator to study the hydrolysis of lactose to
glucose and galactose by the enzyme p-galactosidase (lactase) from

Asperqillus oryzae:

B—galactosidase

LACTOSE = GLUCOSE + GALACTOSE,

it being reported in the literature that galactose has an inhibitory effect on
lactase activity (Friend and Shahani, 1982).

Taddei (1994) studied the effects of pulse size, pulse concentration, eluant
flow rate and enzyme activity in terms of their influence on separation of the
products. Glucose and galactose have a low separation factor, i.e. 1.2-1.4, so
Taddei reported difficulty in separating thes/e:prqdu/cts in a 4 metres long batch
chromatographic bioreactor-separator. /HQVVé:VC},/ Sﬁieh and Barker (1994) did
report some success in performing thisﬂf/eaé’ﬁ’oﬁ in a Simulated Counter-
Current Chromatographic Bioreactor-Separator (SCCR-S); the difficulty in
separating glucose and galactose was approached by operating in batch
mode, connecting the twelve columns of the SCCR-S in series to increase the
column length to 7.8 metres.
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The enzymic hydrolysis of lactose was selected as the system for initial study
in this research project because of the chromatographic challenge presented
by the lactose-lactase system, as well as the commercial importance of the
process. Lactose is a non-sweet sugar and has a low solubility in aqueous
solution, so lactose syrups tend to be granular and therefore unpalatable.
Lactose is hydrolysed by lactase to produce the monosaccharides D-glucose
and D-galactose, which have a sweetening power of about 0.8 relative to
sucrose and are 3-4 times more soluble than lactose (Nijpels, 1980). This
conversion results in a sweeter syrup which has a more attractive texture,
making it a high value product with many applications, such as in sweetening

dairy products.

Another application of lactase is in the production of low lactose milk for
persons suffering from lactose intolerance. The incorporation of lactase-treated
milk into flavoured milk drinks means that addition of sugar can be reduced
without reducing the sweetness of the product. Lactose cannot be absorbed

directly from the intestine, unlike its hydrolysis products glucose and galactose.
1.2  Modeling of Chromatographic Processes

The movement of bands through a chromatographic column is commonly
simulated by producing a mass balance equation which is then integrated
numerically over time and space to give an elution profile. This calculation can
be performed by using finite difference methods to extrapolate from the
concentration value at a given time and position in the column to the next value
(Czok and Guiochon 1990). "

This approach has been followed in modeling the behaviour of Batch
Chromatographic Bioreactor-separators, generally with the incorporation of an

enzymic reaction rate term of the standard Michaelis-Menten form:

+U

1 (1-¢) Kd, |dC; dC; CVmax
T dt ""dz " C+ Km

representing the conversion of a substrate (i) occurring in an element dz of the

chromatographic bed, where C = concentration, Kd; = distribution coefficient,
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¢ = bed voidage, Vmax = maximum reaction velocity, Km = Michaelis-Menten
constant, t = time, z = abscissa along the column and u = linear velocity of

eluent.

Similar equations may be written to describe the generation of each product
involved in the process (Taddei and Barker, 1994). Taddei (1994) used a
FORTRAN program for the algorithm. The two main methods used in
modelling batch chromatographic bioreactor-separators are the theoretical

plate model and the differential model (Jeng and Langer, 1992).

The Theoretical Plate Model

This theory treats the chromatographic bed as a series of well mixed
equilibrium stages. Drawing an analogy to distillation theory, Martin and Synge
(1941) defined HETP (height equivalent to one theoretical plate) as the
thickness of a layer (in a chromatographic column) over which the solute
issuing from it is in equilibrium with the mean concentration of solute in the
stationary phase throughout the layer. They also said that the value of HETP
could be taken as a constant through a given column, except when the ratio of
concentrations of the solution entering and leaving the plate differs greatly from
unity. It was assumed that the diffusion of solute from one plate to another
must be negligible. Also, it was assumed that at equilibrium, the distribution
ratio of one solute between the two phases must be independent of its
absolute concentration and the presence of other solutes. The column packing
is visualised as a series of well-mixed equilibrium stages. The column is
divided into sections, each one being the length of a theoretical plate, as

shown below.

A
—
v

Here L = column length, A = Cross-sectional area, N = Number of theoretical

plates and V = Column volume.
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Now, V = A.L = N.Vp where Vp = plate vQIumé and N = Number of plates

Dividing through by N and A gives: N HETP, the height equivalent to a

theoretical plate. In each section, or plate, the concentration of the component
of interest, component i, is assumed to be in equilibrium between the stationary

phase and mobile phase. Consequently,
q;=C; Kd;

where Kd; is the equilibrium distribution coefficient and q; is the concentration of
component i adsorbed on to the stationary phase.

Plate n

Mobile Phase

Vp.e

Ci,n

Q —_—p

Ci,n-1

A mass balance on i leads to:

Input Rate = Output Rate= Accumulation Rate
dCi,n dgi,n
Q.Cj, n-1 QCin= (Vp.g) oy Vp(‘l—g) g

where qi is the concentration of | in the stationary phase.

On using g;=C; Kd;and rearranging,

Vp.gj (1-—_8) dCi,n
(Q {1+ € Kdrdt

(Cin1 = Cin)




Vp.e) . . .
where (%) is 1, , the residence time of an unadsorbed component in the

plate.
and
Tp {1+(1—;E).Kdi} = 1p; , the residence time of an adsorbed component, i, in
the plate.
For a column with N plates,
tro=N. 1,
and
tri= N. 15,

tr; - tro gives a measure of the resolution of the two components.

1-—
tri = tro {1 + (»—g).Kdi} ,
€

if tr, tr, and ¢ are known, Kdi can be evaluated. The other feature of a

Since

chromatogram is the broadening or spread. The variance or o?, where o is the

standard deviation, is the parameter used to measure the broadening.

s’ 1
Th h th — ==
eory shows that 7 TN

tr?
or =
02

The latter is used in practice to estimate N having evaluated o’

: [WJ

ot =g is the approximation used in the thesis.

The number of theoretical plates is calculated using the following equation,

which was developed by Gleukauf (1955):

o
W
A

where: N = total number of theoretical plates with regard to a specified solute

N =8

tr = retention time of specified solute
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h = solute peak height
e = base of the natural logarithm

The peak width (W) is measured at h/é to reduce inaccuracies due to baseiine
degree of peak broadening. In chromatography, narrow peaks are desired,
since this reduces the likelihood of overlap between neighbouring peaks.
Overlap of peaks shouid be minimised to give maximum resolution. Resolution
is important in analytical sysiems for qualitative and qualitative analysis. in
preparative systems good resolution is needed to maximise yields of desirad
products. Resolution (Rs) is a measure of the degree of separation bafwesan
two adjacent peaks and is given by:

tr2 —tri
Rs = 2(—-——)
W1+ W2
where: tr2 = retention fime of peak with higher retention fims
tr1 = retention fime of peak with lower retention time
W1& W2 = width (ai base) of peaks

The larger the value of Rs, the better the separation. A value of between 1.2
and 1.5 is considered ideal (Braithwaite and Smith 1996), whereas a value of
0.8 or less indicates a poor separation.

The Dispersed Plug Flow Model
This model is based on a mass balance performed across an infinitely thin

slice of the column 6l




o () (5 a0

Here C = concentration, Kd;= distribution coefficient, € = bed voidage,
D, is the axial diffusion coefficient and u = linear velocity of eluant.

This model, as described by Ruthven and Ching (1983), is based on the
Thomas model with the addition of the term Dy, which accounts for axial
dispersion. Under normal chromatographic conditions, both the plate and
dispersed plug flow models describe the characteristic chromatograms equally
well, on the basis of the condition:

Pe = 2N
where Pe = — |

A qualitative description of the chromatographic process is given by Belier ef &l
(1988). They describe a five stage mechanism accounting for diffusion and

chemical reaction between the solute and the stationary phase:

(i) The solute is transferred from the bulk solution to the surface of
the stationary phase.

(ii) It diffuses into the stationary phase.

(iii) It reacts reversibly with the stationary phase, onto which it may
be adsorbed followed by desorption.

(iv) The desorbed solute diffuse back out of the stationary phase fo
the surface of the stationary phase.

(v) It diffuses from the surface back into the bull solution,

In modelling chromatographic systems, the rates of these proceesss are
studied in order to idenfify the slowest, or rate-controlling step.




Mass Transfer Effects L i
The mass transfer process can be thought of as including the following steps:

(i) External mass transfer from the bulk liquid to the external surface of
the particle.

(ii) Diffusion into the gel-like particle. (Styrene-Divinyl Benzene Cation
Exchange Resin).
(iii) Adsorption / desarption.
Villermaux et al (1993) has shown that a characteristic time can be associated
with each of these steps. The total mass transfer time, tm, is calculated by
addition of the characteristic times taken for external mass transfer (ls),
diffusion into the particle (ty) and the adsorption / desorption process (fa).

So that: tm=1s +fg + 13

it can then be shown that

ot _ 1 [__%i_] i
2 N1+ K') tr,

So, as Kd; increases, the peak spreads more, this effect being enhanced by
external mass transfer. Simulation work shows that as iy, increases, the
broadening is increased.

In general,

t,3,2
HETP = (E{J L
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Because of the link between the theoretical plate model and the axially
dispersed model

The relationship for HETP becomes:

2D, | t
HETP = “‘+{2Kj !

U 1+ Kt
Also, tr, = tro (1+K")

L
and T,
giving
2D, K!
HETP= Z okt 2K

T 6+w7‘“m‘u

This relationship has the same form as the van Deemter relationship.
Van Deemter et al (1956) developed an expression for plate height which
takes into account the relative importance of physical factors involved in

separation, such as the influence of the particle diameter of the column
packing and its impact on axial diffusion.

H=A+% +CU+CgU

The A term is due to eddy diffusion:

A=Adp

where ) ie a constant taking into account the particle lze range, packing

uniformity, column dimensions and geometry; dp & the F??%i@iﬁéiﬁg TQ%W’W@‘%
digmeter.
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The term B is due to molecular diffusion;
B=2yD,

where v is the hindrance factor dependent on the characteristics of the packing.
D is the diffusion coefficient of the component in the mobile phase.

The C terms are due to mass transfer:

The C, term describes diffusion of component molecules in the mobile phase
as they move to the stafionary phase.

2
c -9

m Em—

D is the diffusion coefficient of the component in the mobile phase.

The Cq term relates to diffusion in the stationary phase and ie directly related o
the stationary phase film thickness, d; . Dg is the diffusion coefficient of the
component in the stationary phase.

C =

S

di
D

Normal operation is in the region where pore diffusion controls, so the C term
has the most effect on HETP.

External Mass Transfer

External resistance to mass transfer depends on the hydrodynamic conditions
around the stationary phase particles. The rate of mass transfer (Belier ef af
1088) is generally estimated from a relationship of the fype:

—"—k a(@ Cz)

where k. is the mass transfer coefficient, g ie the concenirgtion @if h@- '
component on the stationary phase, a is the surface area to valume ratlo-6f (he:




stationary phase, C is the concentration of the component in the mobile phase,

*

C is the concentration of the component in solution which would he in

equilibrium with that on the stationary phase.

The mass transfer coefficient, K., can be obtained from the following
relationship (Storti et al 1993):

Sh= %EReOGS Sc033 for Re 0.0015 to Re 55
and
Sh= 9‘5‘%5 Re?69 503 for Re 55 to Re 1050
k, d
where Sh = s
DITI

D being the molecular diffusion coefficient of the mobile phasa.

Ud
Re = —2PP
1!
18
Sc=
PDm

where u is superficial velocity, dp is particle diameter of stationary phase, p Is
mobile phase density and p is mobile phase viscosity.

For example a factor of 10 increase in velocity gives therefore a factor of 10"
= 2.14 increase in k.a where Re is between 0.0015 and &5.

Rates of Adsorption and D@éwrpticﬁ

In chromatographic operations both the rate of adsorption and the shape of the
gquilibrium  isotherm  influence  separative p@?‘f@;?’mﬁﬁm Buring @
chromatographic run, the adsorption zone hroadens and a@qu@% @ %Wmiﬂ%
ahapé, The front or rear boundary of that zone can be sharp of diffies
according fo the type of adsorption lectherm descrilbing the sysiem (Gasling @l




al 1989). Although dispersion effects will also contribute to the zone spreading,
the strength of adsorption has the greater effect (Arnold et al 1985).

The Thomas model ignores both axial dispersion and mass transfer kinetics
(Golshan-Shirazi and Guiochon, 1992). It assumes the rates of adsorption and
desorption are finite and given by second order Langmuir kinetics:

dCi
(d—t) = ka (gs — C) C- I’(dC’s

where ki and kg are the rate constants of adsorption and desorption
respectively and s is the specific adsorption capacity of the adsorbent.

Modelling of liquid chromatographic systems is reviewed in detail by Bellot and
Condoret (1891). They state that the plate theary is limited to linear adsorption
cases while the differential model is more useful, allowing the incorparation of
various physical and thermodynamic phenomena.

Golshan-Shirazi et al (1988) modelled non-linear chromatography, describing
methods of measuring adsorption equilibrium isotherms. One technique
described was frontal analysis. A stream of solution of the compound studied in
the mobile phase, at concentration C;, is equilibrated with the column uniil the
detector baseline is stable. The stream is then abruptly replaced with another
one, at the same flow rate, with a higher concentration, Cp. For concave
(Langmuir type) isotherms, the resulting breakthrough curve is a self-
sharpening front. An integral mass balance equation is then written to relate the
amount sorbed by the stationary phase to the concentration in the new stream,
On-column procedures such as this give more meaningful results than stirred
batch adsorption studies since hydrodynamic condifione will be different,
resulting in different external mass tranefer characieristics,

Gosling et al (1989) describe a typical sfirred hatch methad for produsing
adsorption isotherms where a batch of resin was agitated with the eluant whih
contained the adsorbaie, aspartic acid. Samples were then witﬁdréwﬁ %ﬁir’iﬁi
analysed. N
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Chromatographic models de‘velcped: ’(éfé.‘ w/‘l'écictei 1994) for bhioreactor-
separators such as that studied in this thesis have been modelled with the
assumption that adsorption of a compound is linear and defined:

q
Ko=¢

where ¢ is the concentration of solute in the stationary phase and C is the
concentration of solute in the mobile phase. Also it was assumed that the
adsorption equilibrium is instantaneous. Linearity is applicable only to very
dilute solutions. At higher concentrations, a marked departure from linearity
occurs and peak position depends on sample size. This candition is known as
overloading and results in non-linear chromatography, a characteristic of non-
linear chromatography being that concave Langmuir isotherms apply (Taddel
(1994). The solute concentrations studied in this thesis, typically ranging from
5-20% wiv, mean that some overloading is likely.

1.3 Kinetics of Lactose Hydrolysis

Elucidation of the kinetics of enzymic lactose hydrolysis is hindered by the
complexity of the reaction. The reaction is complex due to the formation of
oligosaccharides. These oligomers are formed as intermediates which
eventually degrade to glucose and galactose. Higher concentrations of
oligosaccharides are formed when higher initial lactose concentrations are
used (Lopez-Leiva and Guzman, 1995). lwasaki et al (1996) observed that
complete hydrolysis of lactose to glucose and galactose is favoured by low
initial lactose concentrations

The hydrolysis of lactose and the synthesis of oligosaccharide take place
simultaneously, making the reaction mechanism highly complicated (lwasaki ef
al, 1986) and, consequently, difficult to model. This complexity is exacerbated
by the fact that the reaction undergoes competitive product inhibition by
galactose (Friend and Shahani, 1082). Flaschel et al (1682), warking with
Aspergillus niger lactase, found that mutarotation of galactose s imporignt.
The a-form has 12 times the inhibitory effect of the p-form. It e pessible thai :
lactases from other sources also exhibit anomerie epecificity. Thia highlighis
problem encountered when searching for literaiure deta, caussd by the wide
range of lactase sources studied. However, Agpe

rqilie arvzag and Aspergliue ’
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niger are the most comman source organisms. The following appears to be the
simplest plausible reaction scheme and is based on the reviews of Prenosil ef
al (1987) and Yang and Tang (1988).

E+L o [EL
HO + [EL] < [E Gal] + Gluc
[E. Gall]  E + Gal
[E.Gal] + L < E +Tris + H,0
Tris + [E.Gal] & E + Tets + H,0

where Tris refers to trimers and Tets to tetramers.

Here, mutarotation is ignored and only frisaccharides and fetrasaccharides are
considered. Flaschel et al considered mutarotation while ignoring
oligosaccharide formation. Inclusion of oligosaccharide formation and
mutarotation would render the model too complex to be of practical uee
(Prenosil ef al , 1887). In terms of modelling laciase kinetica in plug-flow
reactors, such as batch chromatographic bioreactor-separafors of the lype
used in this thesis, the classic Michaelis-Menten model for competitive product

inhibition is used:

—d[L] Vmax [L]

dt [L] + Km(1+ [_?(?nﬂj

This expression is derived as follows, considering the following mechanism
which ignores oligosaccharide formation:

kt

(1) E+L¢[EL]
k-1
@ [EL]+H0 = [E. Gal] + Gluc

(&)

(3) [EGal]l &> E + Gal
k-3 \

Assuming (2) is the slowest and rate-controlling step:
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Rate of Lactose consumption (in a well-mixed batch reactor)

dii] |
~—¢ = K[EL [H.0]

For (1) and (3), using the pseudo-steady-state approach:

G[EJL] ~ ke [EL]

k, [E. Gal] ~ k_, [E][Gal]

Also, total enzyme concentration,
E, = [E] + [EL] + [E Gal]

These relationships can now be used to show that:

~dfi] (c.[EL [0 L]

RN AL

Introducing the usual symbols:
~d[L] Vmax [L ]

17 s

where Vmax = k, [E], [HZO]

K

_ B
Km—k1

.k,
Ki= .

This approach mirrors that of Yang and Okos (1008) who went on ie
incorporate the kinetic expression into a mathematical model to siudy the effect
of temperature on lactose hydrolysis in an immobilised enzyme reacior.
Ignoring oligosaccharide formation resulted in only & small degres of lack of fit
hetween this model and the data. This kinetic model can and has bean (Taddal
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1994) incorporated into - a mathematical model describing a batch
chromatographic bioreactor separator of the type used in the thesis,

integration of the Rate Equation

Integration of the Rate Equation resuits in the following expression:

—dL] Vmax|L]

o [L]+ Km (‘H— [—ii?ﬂ)

assuming L], - [L] = [Gal]

and [L]=[-], att=0.

Separating the variables, [L] and t, substituting for [Gal] and then integrating:

Vmax jdt = - J 1+Km Km D["Ll]) KKT) diL]

gives:

Vmaxt:(’k—) (L1, —[L])“(”‘“[L lo+ Km)mll%"

This expression can be used to estimate the kinetic constants or to eslimate
conversion in a plug-flow reactor of residence time t, having set the enzyme
concentration [E]o.




1.4 Research Objectives =

The preliminary aim of this work was to improve a chromatographic bioreactor-
separator system which was able to effectively separate glucose and
galactose. Once this was achieved, the plan was to study other enzymic
reactions. To improve separation efficiency, an increase in the number of
theoretical plates was required. This can be achieved by a reduction in resin
particle size, and this was the approach followed, while simultanesously
overcoming the operational problems associated with the use of a resin of
small particle size.

The aim was then to investigate the factors which affect enzymic reaction in a
chromatographic bioreactor-separator (CBRS), such as injector design, hefore
selecting a different enzyme reaction for study. It was during these studies that
oligosaccharides were detected. Consequently, the same enzyme syslem was
retained, but emphasis was changed from the end products of lactose
hydrolysis, giucose and galactose, to maximising the yield of oligosaccharides,
which form as intermediates in this reaction.
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Chapt;éi%‘i?wg)f;
The Experimental Programme and Thesis Structure

2.1 Evolution of the Experimental Programme

The initial aim of this project was to improve the performance of a
chromatographic bioreactor-separator, with the enzymic hydrolysis of lactose as
the reaction of study. In such a system, a dilute enzyme solution is pumped
continuously through a preparative chromatographic column, while pulses aof
substrate are periodically injected on to the column. Enzymic reaction and
separation are therefore performed in a single unit operation.

From previous work in this department, there appeared to be scope for impraving
the separative performance, so this was adopted as an initial goal. Reducing the
particle size of the stationary phase was identified as a way of achieving this
improvement. A chromatographic bioreactor-separator (CBRS) system was
developed which overcame the operational problems (such as high pressure drop
development) associated with use of such a paricle size. For example, HPLG
pumps were adapted for use in pulse and eluant delivery.

To enable quantitative evaluation of any performance improvements, the CBRS
used was geometrically similar to that used by Taddei (1994) and an operating
flow rate selected so as to give the same interstitial velocity. A significant
improvement in separative power was achieved.

A simple experiment with the 1 metre column that combined bioreaction and
separation was achievable in this system. It was realised that %@péﬁt‘aﬁtw@
performance is poorer under combined bioreaction and separation conditions than
when the column is operated purely as a separator. It was thought likely that this i6
because a finite time is needed for enzymic reaction, t@av'iﬁg the ‘r@m‘éﬁiﬁdéﬁr of the
column residence time for product eeparatiah. “Thus, having ifﬁfﬁt’“@v%@ the
separative performance of the system, it was decided to investigate the reastion

characteristics. The system studied so far, the enzymic hydralyels of laciose in fhe

presence of f-galactosidase, was chosen for these experiments. The approash
taken was to progressively decrease column residence fime while manliering
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degree of lactose conversion. Thiss”en’alilédﬁthé progress of reaction to he
measured and related to the degree of separation observed during the
corresponding residence time. In this way, the relative time scales of reaction and
separation were examined. This gave an indication of the likelihood of interaction
between these two processes.

The effect of varying pulse volume was shown to be significant, leading to a study
of mixing between enzyme and substrate at the point of injection. The
hydrodynamic characteristics of the two injector configurations used in CBRS
construction: sinter type and needle type were first investigated. The technique of
Magnetic Resonance Imaging was used to supplement hydrodynamic calculations.
A study was then made of the chromatographic bioreaction and separation
process, considering the relative contributions of bulk liquid mixing, internal and
external mass transfer and adsorption to the rate of the overall process. The effeci
of injecting a pulse over a length of time, as in chromatographic bioreaction and
separation, was then simulated by fed batch experiments. These experiments
were performed in parallel with normal batch experiments where the subsirale Is
mixed almost instantly with the enzyme. The fed batch experiments pravided &
crude simulation of a pulse being injected into the CBRS where, due to the
expected plug-like flow conditions, gradual mixing of enzyme and lactose solution

would be anticipated.

An interesting observation made during the earlier experiments was the production
of an unknown  carbohydrate, which was tentatively identified as
galactooligosaccharide (GOS). Reference to the literature supported this theory as
such sugars are commonly produced under conditions favouring incomplete
lactose conversion, such as higher initial lactose concentrations (Yang and Tang;
1988). It was also discovered that GOS8 are valuable products with pofential and
existing applications, particularly in food manufacture, where their fi“i&@?iﬁi@l%ﬂﬁﬁ
into foods can promote the growth of certain bacteria in the gut (Ito et al, ’1@3};
which are purported to have health beﬁ@ﬂtéz lﬂ thig way, (‘3@% are %?ﬁiﬁi i“ﬁ héﬁ%ﬁ% %

nutraceutfical role.
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Batch experiments and a review of the literature also revealed that GOS are
formed as intermediates en route to complete lactose hydrolysis (Prenosil ef al,
1987, Yang and Okos, 1988, Lopez-Leiva and Guzman, 1995). With this in mind, it
was hypothesised that the strategies applied to reaction control in the residence
time studies could be used to manipulate reaction to optimise vield of GOS.
According to Lopez-Leiva and Guzman (1995) these GOS8 intermediaies
eventually break down to their component monosaccharides, glucose and
galactose; this was confirmed by the results of experiments in a 1 metre long
CBRS. A means of controliing reaction was also needed to arrest break down of
GOS; raising temperature was identified as a possible means of achieving this
within a CBRS.

This led to the conception of the dithermal chromatographic bioreactor-separafor
(DTCBS), which had two discrete temperature zones: the first zone kepi af &
temperature favouring reaction with the second zone being heaied 1o &
temperature sufficiently high to inhibit further reaction and breakdown of GOS.
Increased temperature, it was thought, should also benefit product separation,
Pilot experiments on a 1 metre column length showed that the temperaiure
selected for the separation section, 82°C, was sufficiently high to reduce reaction

rate considerably.

The method of operation was designed such that GOS levels were allowed to
reach a peak while leaving the maximum possible length of column for purification.
The CBRS was operated at a high flow rate over the 1 metre long reaction zone,
giving a residence time which enabled GOS8 concentrations to reach a maximurm,
A step change in flow-rate, down to the normal CBRS separation flow-rate, wag
then imposed, accompanied by an increase in temperature, such that further
reaction was inhibited and product separation was promoted.

It was estimated that a 3 metre long separation section would give adequate
purification of GOS8, making an overall length of 4 meires, which was the practioal

upper limit of column length. Repeated sfired baich experiments were fhaen

performed to amass & significant volume of GO&-rich product mixiure; pulses af
this mixture were subsequently applied to the 3 mefre long column io @%m@ﬁ%‘i‘f&%ﬁ@
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its ability to purify the GOS ‘fractiongAlrsé/,’ sufficient volumes of GOS were
generated to permit GPC analysis and confirmation of the purified material as
being GOS. . ‘

The 4 metre long x 1.5 cm i.d. dithermally operated chromatographic bioreactor-
separator (DTCBS) was then designed and built. The DTCBS was shown to
produce pure GOS, whereas isothermal operation did not.
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2.2 Thesis Structure

Chapter 1 describes the background to the thesis and introduces the initial

research objectives.

Chapter 2 describes how the experimental programme evolved, together with an
outline of the thesis structure. Because of extensive coverage by previous Aston
researchers a brief review of chromatographic bioreactor-separators is presented
at the beginning of the thesis report; the reader is also referred to the extensive
literature reviews presented by Taddei (1994) and Shieh (1994). Relevant
literature is then incorporated into the appropriate chapters, reflecting how the

focus of the thesis changed from the original objectives.

Chapter 3 is concerned with the detailed design of the chromatographic

bioreactor-separator system used by the author.

Chapter 4 describes the core experimental methods and materials used

throughout the research.

Chapter 5 focuses on optimising CBRS operation, The chromatographic
bioreaction and separation process was broken down to its component processes,
such as substrate pulse injection, bulk mixing between the substrate and the
enzyme eluant, reaction, mass transfer and product separation. These processes

were considered in isolation, together with their combined effects.

In Chapter 6, the focus of the research changes to oligosaccharide production,
using the experience gained in the CBRS optimisation studies to design and build

a dithermally operated chromatographic bioreactor-separator.

In Chapter 7, the conclusions of the research are laid down, followed by

recommendations for further work.

The structure of the thesis report is described diagramatically overleaf.
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Chapter Thr’:e,‘e‘* ‘

Designing the Chromatographic Bioreactor-Separator System

Scope of Chapter

In this chapter, the design of the chromatographic bioreactor-separator system
is discussed. Reasons are given for the for selection of key components, and
routine operational features are described. Since the reaction to be studied in
the chromatographic bioreactor-separator is the hydrolysis of lactose in the
presence of the enzyme B-galactosidase, the interaction (with the stationary
phase) of the enzyme, lactose and the hydrolysis products glucose and

galactose is considered.
3.1 The Stationary Phase

3.1.1 Choice of Matrix

The principal reaction studied was the enzymic hydrolysis of lactose to glucose
and galactose in the presence of the enzyme p-galactosidase. Separation of
galactose from the reaction zone may be beneficial since galactose has been
shown to inhibit this reaction (Friend & Shahani 1982). Glucose and galactose
are difficult to separate Chromatog/raphicalzly due to their low separation factor
(1.2-1.4). The chromatographic matrix chosen was a strongly acidic cation
exchange resin. The resin was a styrene-divinyl benzene polymer type, which
was 8% cross-linked. This degree of cross linkage was selected to give a
compromise between selectivity and mechanical strength. Selectivity is
favoured by low cross-linkage while mechanical strength improves with
increasing cross-linkage. Before use, the resin - was converted to the calcium
form. Galactose forms a complex with calcium ions on the resin and is retarded
(Angyal 1973). Glucose, however, does not form such a complex, so glucose
and galactose are separated. Providing there is significant separation of
galactose from the reaction zone during the time scale of reaction, yields and

rates may be improved by chromatographic bioreaction and separation.

3.1.2 Resin Particle Size
In previous work at Aston, Taddei (1994) and Shieh (1994), used a -similar”rési'n :

which had an average particle size of 150-200 pm. In order to im“p\ro{‘/\é the 5

resolution of glucose and galactose, a resin of smaller average“ particle
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diameter was chosen for this work. The paﬁible~ size of the resin was stated by
the supplier to be 38-75 um when dry-and in the hydrogen form. lon exchange
resins tend to swell to varying degrees when wet and resin volume may change
with ionic form. The particle size of the resin was therefore determined, using a
laser scattering particle size analyser (Malvern instruments). In early
experiments, it became apparent that the resin could not be readily suspended
in aqueous solution; the particles settled too rapidly during the laser analysis,
leading to inconsistent results. Resin samples were therefore prepared for
analysis by suspension in 20% w/v calcium nitrate. This minimised the density
difference between resin and suspending liquid, so that the Stokes settling
velocity was insignificant when compared to the time-scale of the analysis. 90%
of the resin particles were found to lie within the size range: 57-99 um and this
was found to be consistent when comparing different batches of resin. The
median value, based on this range is 78 um; since the size distribution curve
appeared normal over this range, this value was used for calculation purposes.

The size distribution is shown in Figure 3.1

Percentage oftotal population

211.2 1366 -98.6- 744 57.4 446 345 27 21.1
Wet Particle Diameter (um)

(Mid-range values of size-bands)

'Figure 3.1 Particle Size Distribution of a Typical Batch of lon Exchange
Resin. Size was determined by a laser scattering particle size analyser. 90% of

the resin particles were found to lie within the size range: 57-99 pm.

3.1.3 Interactions With The Column Packmg

The molecular weight  exclusion limit- of the resin was stated by the
manufacturers to be 1000 for globular proteins. The molecular weight of lactase
from Aspergillus oryzae is 90,000 dalton (Gekas and Lopez-Leva,1985). The

enzyme, therefore, will not enter the pores of the resin and is not likely to. be

retained. However, glucose and galactose, having a molecular weight of 180,
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will be able to enter the pores of the résih:!zDis;a‘ccharides and oligosaccharides
will be separated from glucose and galactose by size-exclusion dominated
mechanisms. Any immobilisation of the enzyme, however transient, would have

a bearing on the chromatographic reaction:

The interaction of the enzyme and sugars with the column packing was
investigated in a 1 m long x 1.5 cm i.d. column. Pulses of glucose, galactose,
lactose, dextran 2000 kd and enzyme solution were added to the column and
eluted at 2.1 cm® min™. The residence times were measured and mean values

are presented in Table 3(a).

Table 3(a) Residence Times of Pulses Added to the 1 m long x 1.5 cm i.d
Column. Pulse sizes were equivalent to 1.25% of the volume of the column
when empty. Experiments were performed in triplicate and varied by no more
than 0.1 minutes from the mean in each case.
Enzyme Dextran 2000 kd Lactose Glucose | Galactose
30.6 min 30.7 min 34.5 min 38.7 min 43.2 min

Within experimental error, the residence time of the enzyme pulse was identical
to that of Dextran 2000 kd, which is not retained due to its size. The calculated
residence time of the 1 metre long co/lumn is 29.3 minutes at the flow rate used
in these experiments. It can be deduced, therefore, that the enzyme does not
interact significantly with the column packing. This means that enzyme
immobilisation is unlikely in this system and that reaction can be assumed to

take place exclusively in solution, within the inter-particle voids.
3.2  The Chromatographic Column

3.2.1  Selection of Column Components

In selecting the column, the ability to withstand high operating pressures was
essential, due to the small diameter packing which was to be used. Also, to
enable comparison, -geometric similarity to previous systems was sought
(Taddei (1994) and Shieh (1994) used a column of 1.96 cmi.d.).

Process visibility was also considered important, due to the possibility of gas
break-out and microbial fouling with their adverse effects on separation.
Additionally, packing the column is easier if the column can be viewed

internally. For these reasons, borosilicate glass was selected as the material of

construction. Columns were supplied (Omnifit, Cambridge, UK) in 1 metre
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lengths of 1.5 cm internal diameter, with an external thread at each end to allow
attachment of end-pieces. Two-metre long columns were formed by fusing two
one-metre columns which had been supplied by the manufacturers with a
thread at one end only. By using combinations of one and two metre lengths, 1,

2, 3 and 4 metre-long columns could be constructed.

The maximum feasible operating flow rate was 10 cm?® min™, this limit being the
maximum output of the pumps. The maximum pressure drop that would be
encountered across the 4 metre long column was estimated to be 5.5 Bar (550

KPa) using the Carmen-Kozeny equation (Holland and Bragg 1995):

180 . (1-8)> . n. L. u

AP =
(e® . dp?)

Voidage (¢) was estimated at 0.35 (see Appendix A-2 for calculation). The

manufacturers stated that the columns could withstand an operating pressure
of 20 bar (2 MPa).

PTFE tubing and fittings were used for the necessary connections. Small
internal diameter tubing (0.8 mm 1.D.) was used for inter-column connections,
so that plug flow conditions were encoUraged. Connectors were chosen which
minimised dead volume, thereby reducing the likelihood of mixing. Experiments
involving the introduction of glucose and galactose pulses demonstrated that
the 2 metre length of tubing used to connect columns had no effect on the
degree of dispersion. This was shown by there being no difference in NTP
values when the 2 metre length of tubing was inserted between the column exit
and the detector. The residence time in the connecting section was negligible
(1.7 seconds) compared to that for the column (29.3 min per metre of column

length) at a volumetric flow-rate of 2.1 cm>min™".

3.2.2 Column Sanitation
Occasionally, microbial growth was seen on the column packing, in some of the
early experiments, indicated by pink colouration of the resin. A means of

sanitation was therefore required. Three eluant treatments were considered:

39




(i) Sodium:azide
(i) 20% ethanol
(i)  Sodium bisulphite (150 ppm).

Sodium azide is commonly used to store HPLC columns during shut-down
periods. However, it was thought unsuitable for these experiments due to its
high toxicity, thus creating handling hazards. Also, it is not suitable for use in
what could feasibly be a food grade process. Sodium bisulphite is frequently
used as a food preservative ingredient and, like ethanol, presents no toxicity

problems at these concentrations.

The efficacy of the latter two treatments was evaluated as follows. A sample of
infected column packing was taken and stirred to ensure homogeneity of
contamination. Three 5 g samples of resin were placed in three sterile, screw-
capped bottles. One sample was suspended in 3 ml 20% ethanol, and another
in distilled and deionised water containing 150 ppm sodium bisulphite. 3 ml
distilled and deionised water were added to the remaining sample. The three
samples were then left on the bench for 48 hours, simulating a weekend shut-
down period. 5 ml sterile saline were then added to each bottle and mixed by
shaking. 0.2 ml saline was then aseptically removed before spreading on
aerobic and anaerobic nutrient agar. The plates were next incubated at 37°C
for 3 days. One yeast colony was seen on the aerobic ethanol plate while no
growth was seen on the plates from the bisulphite treatment. 150 ppm sodium
bisulphite was added to all distilled and deionised water passed through the
columns in later experiments. No further problems of microbial growth were

experienced.

3.2.3 Pre-column filtration
Although the enzyme solution had been centrifuged, some particulate material
was visible. In order to protect the column paéking/’against fouling, a 10 cm long

x 1.5 cm i.d. guard column was fitted in line after the eluant pump.

3.3 Hydrodynamic Considerations
3.3.1 Flow Rates Employed

The operating flow rates chosen for the experiments were dictated by the pump

output range and the ability of the column and associated plumbing to
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withstand the accompanying back—pré‘ss/u/}r‘é’fsi;j Reen particle size combined with
interstitial liquid velocity influenced the flow patterns generated within the
column; in particular, the degree of axial dispersion. Some axial dispersion is
needed for the substrate pulse to mix with the enzyme solution so that reaction
can take place; excessive axial dispersion, however, would result in poor
chromatographic separation. Flow conditions must be close enough to plug flow
(as defined, for example, by Levenspiel, 1972), to enable chromatographic
separation, but with sufficient axial dispersion to allow intimate contact between

enzyme and substrate. Hydrodynamics will be considered further in Chapter 5.

3.3.2 Pressure Drop Measurement.

Prior to packing the column, the system was pressure tested using deionised
water. It was necessary to partially close off the valve at the column exit in order
to generate the desired pressure. Pressure was indicated by two Budenberg
gauges, one placed after each HPLC pump, indicating the pressure drop across
the column. A sudden drop in pressure indicated a leak, while pressure

pulsation was symptomatic of pump malfunction.

3.3.3 Reynolds Number

For the range of flow rates and temperatures used, Reynolds numbers ranged
1 to 15 (based on interstitial velocity); these values fall within the laminar
region. The method of calculation used, together with the significance of these

values will be discussed in detail in Chapter 5.

3.4 Injector Systems

The chromatographic reaction/separation injector systems used in this work

are described in Figure 3.2. The injection assemblies were constructed from

PTFE. The sinter injector was used exclusively in chromatographic bioreactor-

separator experiments in this work. Liquid entered the column via a 1 mm

diameter orifice, passing immediately through the frit. The frit was stated by the

manufacturers (Omnifit, Cambridge, UK) to have an average pore size of

70 pm and a voidage of 0.53. The needle injector system was constructed so

as to mimic the injector types used by Taddei (1994) and Shieh (1994). This

enabled comparison of the flow patterns generated by each injector using -

Magnetic Resonance Imaging (which is discussed in Chapter 5).




Figure 3.2 Injection Assemblies (a) Needle Injection Assembly. The
terminus of a 3 m long x 0.8 mm i.d. PTFE tube formed the needle through
which both pulses and eluant were injected into the column, about 3 cm along
its packed length.(b) Dispersed Flow Injection Assembly. The injected liquid
was dispersed by a porous frit composed of compressed PTFE fibres, which
was placed on top of the column packing.

3.5 Description and Operation of Pumps and Valves.

3.5.1 Pump Description

The pumps used in this system were as follows:

Pump 1 (P1) HPLC pump (Alltech Model 301, Carnforth, UK)

Pump 2 (P2) HPLC pump (BioRad Model 1330, Watford, UK)

Pump 3 (P3) Peristaltic proportioning pump (Technicon Auto Analyser (London,
UK).

Pumps 1 and 2 were standard HPLC pumps, selected for accurate, pulse free '
delivery against high back pressures. Pump 3 was fitted with two lengths of

peristaltic tubing, each taking 0.8 cm® min”' from the column effluent flow.
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The locations of pumps and valves areshownlnFlgure 33
3.5.2 Valve Description and Operation

Valve 1 (V1) was located about 10cm from the injector. It could be switched to
direct eluent flow on to the column (elute position), or, alternatively, to its purge
position. In the purge position, flow could be recirculated to the eluant tank or,
more commonly, to the 50 cm® burette which was used to check flow rates. V1

was electronically operated, controlled by a switch at the base of the column.

Valve 2 (V2) was positioned on top of the injector. In its pulse position it
allowed substrate pulses to flow on to the column. In its purge position it
enabled the line to be purged with sugar solution right up to the injector itself.
V2 was operated manually and, while in its purge position, prevented accidental

introduction of carbohydrate solution on to the column.

Valve 3 (V3) was situated directly (about 10 cm) before V2. In its pulse position
it allowed substrate pulses to flow on to the column. In its purge position it
enabled the line.to be purged with sugar solution right up to V2. V3 was
operated electronically and controlléd from the same control box as V1, at the

base of the column.
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Figure 3.3 Pump and Valve Layout for the Chromatographic Bioreactor-
Separator. Pumps are labelled P1 to P3 while valves are labelled V1 to V3. -
Valve conditions are summarised in Table 3(b) overleaf.. ; 0




Table 3(b) Summary of Valve Conditions

OPERATION VALVE 1 ~ VALVE?2 VALVE 3
Line Purging Purge Purge Purge
Elution Elute Purge Purge
Pulse Introduction Purge Pulse Pulse

Flow paths through the valves are shown in Figures 3.4(a) and 3.4(b).

COLUMN
SPARE
PULSE / ELUANT IN
() RECIRC / PURGE
SPARE
PULSE IN
» RECIRC
/ PURGE
ELUANT IN —d
A 4
(b) COLUMN

Figure 3.4 Flow paths through the electronic valves V1 and V3 (a) and the
manual valve V2 (b). In each of the electronic valves, the two spare valve
outlets were not blanked-off. This meant that if either valve was accidentally
switched to either position, the pump would not be forced to operate against a
dead end.




3.6  Column Heating and Temperature‘Measurement

The heating system consisted of an i/‘ns/uflzate/d ’éteel tank with a stirrer-type
thermostatic heater. Heated Watér was circulated thrbugh the reactor heating
jackets via a central-heating type pump (Gundfos Selectric), together with
copper piping (1.1 and 2.2 cm i.d.). Temperature was monitored by a series of
four thermocouples (R.S. Components), linked to an eight channel selector
(Comark 2508), which was, in turn, connected to an L.E.D. indicator (Comark
2501).




Chapter Four
Core Experimental Methods and Materials

Scope of Chapter

Column packing is discussed, along with preparation of carbohydrate and
enzyme solutions. There then follows a description of the sequence of
operations involved in adding a pulse of sugar solution to the column. The
process is almost identical for both characterisation experiments and
bioreaction-separations. The only significant difference is that degassed and
deionised water is substituted for enzyme solution when characterising the
column. The means of monitoring column effluents are described, as are the

methods of sample collection, quenching and analysis.

4.1 Column Packing

The resin was mixed with distilled and deionised water to form a slurry then
washed five to six times to remove fines. The column end-piece was removed
and the column filled with resin by pouring the resin slurry from a beaker while
stirring the resin constantly. The column end-piece was replaced and deionised
water pumped through the bed at a flow-rate of 3.0 cm® min™". The level of the

resin was then marked and flow continued,until the resin level was constant.

Supernatant liquid was removed via a syringe with a 0.5 m length of silicone
rubber tubing attached until a depth of approximately 5 cm of supernatant
remained. The top 5 cm of packed bed was mixed with the supernatant before
adding further resin. This mixing reduced layering due to gravity sett‘ling. The
resin addition process was repeated until the column was filled to around 2 cm

below the top of the column.

4.1.1Conversion of Resin to the Calcium Form .

The resin was converted from the hydrogen form (as supphed) to the calctum
form prior to use. The conversion was. performed in_situ by passmg the
equivalent of four void volumes of 10% w/v calctum nitrate through the column
at a flow rate of 2.1 cm’min”. The resin was then eluted overmght with
degassed deionised water at 55°C and a flow rate of 2.1 cm mm ThIS step
served not only to remove excess calcium nitrate, but also to evacuate alr'

bubbles trapped in the voids of the bed. In order to maintain optimal column; -
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performance, the ion exchange resin wasregenerated periodically, typically
after ten enzymic runs. Regeneration involved repetition of the process by

which the resin was converted to the calcium form.

4.2 Eluant Preparation

4.2.1 Distilled and Deionised Water

When the column was not being used for simultaneous bioreaction and
separation, the eluant used was deionised and distilled water. This water was
used to make up enzyme and carbohydrate solutions. 150 mgl'1 sodium

bisulphite was added to prevent microbial growth on the column packing.

4.2.2 Preparation of enzyme solutions

Water was degassed by heating to 100°C and placed in a volumetric flask. The
flask was then filled to its lip, to allow for liquid contraction on cooling to 20-
25°C. The appropriate quantity of enzyme was weighed out and just enough of
the degassed water added to form a thin paste. This paste was ground with a
plastic stirring rod until no enzyme particles were visible. The remaining
degassed water was then added and the mixture placed on a magnetic stirrer.
The pH of the enzyme solution was adjusted from, typically, a value of 6.2, to
pH 5.2, the optimum pH for enzymic reaction. Sodium acetate buffer was then

added to give a final concentration of 0.0001m.

4.3 Preparation of Carbohydrate Solutions

Carbohydrate solutions were prepared by weighing out the appropriate amount
of carbohydrate and dissolving in degassed deionised water. Solutions were
then heated to 100°C while stirring, thereby expelling any air introduced while
adding the carbohydrate powder. The carbohydrate solutions used in this work

were prepared from powders on a percentage weight / volume (% w/v) basis.

4.4 Characterising the Chromatographic Columns.

Characterisation enabled values for HETP, N, Kd and Separation Factor (see
Appendix A-1) to be obtained under conditions representative of those of the
experiments. Pulse volume was equivalent to 1.25% of the total empty column
volume (TECV) and the pulse concentration was 2% w/v sugar. Low sample
volumes and concentrations were selected so that characterisation could be

carried out under conditions of infinite dilution. The eluant used was distilled ~

and deionised water, which had a pH of around 5.5. The eluant ﬂow-rate .
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chosen was 2.1 cm™ min™, selectedsuchtatltwas representative of the flow-
rates to be used in the planned CBRS‘/ efkﬁefiments. Characterisation was
carried out at 559C, the normal operating temperature of the chromatographic

bioreactor-separator.

4.5 Operation of the Chromatographic Bioreactor-Separator.
The layout of the Chromatographic Bioreactor-Separator system is illustrated by

Figure 4.1 overleaf.
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Figure 4.1 Flow Diagram Depicting the Chromatographic Bioreactor-
Separator system. Showing the layout of key components A detailed
description of pumps and valves is given in Chapter 3. "




In preparation for pulse addition, Valve 2waSSWItched to the pulse position and
Valve 3 was switched to the purge position. Pijmp 2 was then turned on and set
to deliver 3 cm® min’', allowing the feed line to be purged right up to the place
where the substrate pulse entered the column.

When the refractive index (as measured by a portable RI device) of liquid
exiting the recirculation line matched that of the feed in Tank 2, pulses could be
initiated. Pump 2 was switched off while Valve 2 was switched to the pulse
position. Once the refractive index monitor at the column outlet produced a
stable base-line, Valve 3 was switched to purge/recirculate. Next, Pump 2 was

switched and set to deliver the desired flow rate.

To introduce a pulse to the column, Valve 3 was switched to the pulse position
while simultaneously switching Valve 1 to recirculate / purge. Immediately after
pulse initiation, the timer was started. At the same time, the marker button on
the refractive index detector was pressed, marking the introduction of the pulse
on the chart recorder trace. The feed was then delivered for a time interval
corresponding to the volume of the pulse being injected (at the elution flow -

rate).

When the bleeper on the timer was /heard, Valve 3 was switched to recirculate
/ purge while  simultaneously switching Valve 1 back to the elution position. The
switches operating Valves 1 and 3 were placed about 10 cm apart so that they
could easily be operated at the same time. Valve 2 was switched back to
recirculate / purge, effectively isolating the pulse line from the column. '

To conserve carbohydrate solution, the feed pump was then turned off until

another pulse was introduced.

4.6 Monitoring of Column Effluents

Column effluents were continuously monitored using a refractive index detector
(Bio-Rad U.K.), which was linked to a chart recorder (Rikadenki). The traces
produced by this apparatus were used in colgmr) characterisation experiments.

Also, refractive index was used to indicate the bfesence of enzyme, 'S'nbé the

enzyme solution had a higher refractive index than that of the degassed and |

deaerated water which formed the eluant in between enzyme runs.




4.7 Sample Collection and Qu.e‘n‘c/h.‘,‘ g 4
At the column-outlet, a T-piece was fvitted.,/ splitﬁng the eluant flow between a
Pump 3 and a loop of tubing which rose above the top of the column, thereby
balancing the hydrostatic head. At Pump 3, a further T-piece divided the flow
between two lengths of pump tubing, each taking 0.8 cm® min™ from the column
effluent. Samples were collected into test tubes which contained 1.2 cm?®
0.05m sodium hydroxide. This ensured an end pH of around 12, which had
been shown to quench the enzymic reaction as effectively as boiling while being
more rapid (see Appendix A-4). Also, this served as a dilution step, providing a
sample volume adequate for HPLC analysis. The dilution factor was noted and

incorporated into spreadsheet calculations (see Appendix A-6).

4.8 Analysis of Saccharides

20 pl of each sample was injected on to the HPLC column (7.8 mm i.d. x 300
mm long) (Model HPX 87C) (BioRad, Watford, UK) via an automatic injection
device (Model ASI-3)(Talbot Scientific, Alderley Edge, Cheshire, UK). Samples
were then eluted at 85°C with a flow rate of 0.5 cm® min™'. The column was
supplied pre-packed with the same ion exchange resin as was used to pack the
experimental columns: 8% cross-linked cation exchange resin in the calcium
form (BioRad, Watford, UK), except the particle size was smaller (7-10 um).
The column was protected by a guard column (Hibar-Lichochart Cartridge, BDH
Chemicals,; Atherstone; Warwickshire, UK). - '

The detection and integration system comprised a refractive index monitor
(Model 1755) (BioRad, Watford, UK) linked to an integrator (Model SP 4270\)1.”?
(Spectra Physics, St. Albans, Herts., UK). The HPLC system was calibrated by
the use of standard solutions (1% (w/v)) of glucose, galactose and lactose. A

set of three standards was analysed after evétyfﬁﬁe‘en samples.
4.9 Materials Used for the Experiments

Enzyme

The enzyme used in this work was a fungal lactase from Aspergillus oryzae. Its

pH optimum is pH 4.5-5.5 and its temperature optimum is 55° C. Enzyme

activity determination is described in Appendix A-3. The materials used in this

project are listed in Table 4(a) overleaf.




Table 4(a) Materials Used in thlSPI'Oj

Product

Specification |

‘Supplier

City/Country

B-galactosidase

Biolactase
(Food Grade)

Biocon
Biochemicals Ltd.

Cork/Ireland

Buffer solutions General purpose BDHLaboratory Poole (UK)

pH4 and pH7 reagent Supplies

Calcium nitrate General purpose | Fisons Scientific Loughborough(UK)
reagent Equipment

Cation Exchange | Dowex-50WX8 Sigma-Aldrich St. Louis / USA

Resin Av. dp 75um Chemical Co.

Dextran 2000kd | mw approx Sigma-Aldrich St. Louis / USA
2000kd Chemical Co.

Galactose General purpose | Fisons Scientific Loughborough(UK)
reagent Equipment

Glucose General purpose | BDH Laboratory | Poole (UK)
reagent Supplies

Hydrochloric acid | General purpose | BDH Laboratory Poole (UK)
reagent Supprliie:s,%

Lactose Analytical gfadé BDH: Laboratory Poole (UK)
reagent 1 -Supplies -

Sodium acetate General purpose | BDH Laboratory Poole (UK)
reagent Supplies

Sodium hydroxide | General purpose | Fisons Scientific Loughborough(UK)
reagent Equipment ' :

Sodium bisulphite | ACS reagent Sigma-Aldrich St. Louis / USA

Chemical Co:.




Optimisation of the Performance of a Chromatographic Bioreactor-Separator

Scope of Chapter

The aim of the work reported in this chapter was to optimise the performance of a
Chromatographic Bioreactor-Separator (CBRS). The processes involved in
chromatographic bioreaction and separation namely: injection, mixing, reaction
and separation were examined and the individual and combined effects of these

processes considered.

In Section 5.1 the separative power of the CBRS was evaluated. The effect on
separation of reducing the particle diameter of the column packing was first
gauged. The system was then evaluated in terms of its ability to enable complete
conversion of lactose with simultaneous separation of the products galactose and

glucose.

In Section 5.2, inlet design was considered in terms of its effect on mixing
between enzyme and substrate as pulses of substrate are injected. Hydrodynamic

calculations were used, supplemented by magnetic resonance imaging (MRI).

Section 5.3 is concerned with the factors affecting enzymic reaction in a CBRS.
Initially, the time scales involved in reaction and separation were compared. The
approach taken by the author was to operate the CBRS at different residence
times. This resulted in a range of lactose conversion values, so that the progress
of reaction could be studied. The effect of reactor loading was then investigated, in
terms of both substrate concentration and pulse volume. Mixing between enzyme
and substrate was also studied, providing estimates of the enzyme concentrations
reached within the reaction zone. Finally, attention was turned to the influence of
dispersion and chromatography on chromatographic bioreaction and separation.
This involved consideration of the flow characteristics of the bulk liquid, together
with the relative time scales involved in the processes of reaction, mass transfer,

adsorption and desorption.
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Section 5.4 examines the effect tern between enzyme and
substrate, in particular the difference bet troducing components over a
period of time as in a CBRS, and almost instantaneous mixing as in a

conventional stirred batch reaction.
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51  Assessment of Bioreactor-Separator Performance

Having made changes in Chromatographic Bioreactor-Separator (CBRS) design,
with the goal of optimising its separative capability, experiments were performed to
establish whether this aim had indeed been achieved.

5.1.1 Assessment of Separative Performance

Introduction

The design improvements described in Chapter 3 enabled the CBRS system to be
operated with a packing material of smaller diameter. Zafar (1986) and Taddei
(1994) were constrained by the column material of construction (PYREX glass);
while robust in terms of withstanding temperature fluctuations, the columns could
not be operated safely at high pressures. This, as was pointed out by Zafar
(1986), restricted the overall length of columns. Taddei (1994), nevertheless,
extended column length from 2 metres to 4 metres, increasing the number of

theoretical plates (N) for glucose and galactose from around 500 to about 1000.

Shieh (1994), in a collaborative study with Taddei, further increased column length
to 7.8 metres, gaining an improvement in number of theoretical plates (N) from
1000 to about 1200 for glucose and galactose. Shieh’s column was constructed
from stainless steel which allowed higher pressure operation but process visibility
was lost. The borosilicate glass column material used by the author enabled a 4

metre long column, of similar internal diameter to that used by Taddei (1994), to

be operated with a smaller particle size packing, with the goal of iﬂmproving_;’
separation. This pressure-resistant column material also gave greater flexibility to
the system, allowing operation at flow rates up to the maximum pump setting of

|
9.9 cm®min™.

As described in Chapter 3, HPLC pumps were adapted for use with the CBRS

system. HPLC pumps were not only able to cope with the higher back-pressures

developed with a smaller particle size Systehﬁ, but they were also capable of more
accurate and consistent delivery than the peristaltic pumps used by previous
workers (Taddei 1994, Zafar 1986). : :
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Experimental ‘
The 2 metre long x 1.5 cm i.d. CBRS was characterised by injecting separate 4.4
cm® pulses (representing 1.25% of the column’s volume when empty) of 1% wiv
glucose and galactose and operating the CBRS at the normal temperature and
flow rate, 55°C and 2.1cm®min™'. From the resulting refractive index traces, values
were obtained for N, HETP and Kd, these being calculated as described in
Appendix A-1.

The separative performance of the the 2 metre long x 1.5 cm i.d. CBRS was then
evaluated by injecting a 4.4 cm® pulse of a 20% w/iv equimolar mixture of glucose
and galactose and operating the CBRS at the normal temperature and flow rate.
Samples were collected and analysed by HPLC to produce an elution profile from

which the resolution of the two sugars could be calculated.
Results and Discussion

Characterisation

At 55°C and a superficial velocity of 1.16 cm min-1, values of the equilibrium
distribution coefficient (Kd), number of theoretical plates (N) and theoretical plate

height (HETP) were found for glucose and galactose at infinite dilution (see Table

5(a)).

Table 5(a) Results for Characterisation of the 2 m long x 1.5 cm i.d. CBRS.

Run |N-gluc/2 m [H-gluc (mm) |Kd-gluc |N-gal/2m |H- gal (mm) Kd-gal
No.
1 2724 072 017 3056 0.64] 021
2 2645 076] 012 2592 077 018
3 2655 0.75| 015 2600 0.77)  0.31
4 2860 070 o015 2812 071 022
5 2833 071 022 2788 072 015
Mean 2743 073 o016] 2770 = 072] o021

The mean value of N was 2743+ 43 for glucose and 2770+ 93 for galactose (per
2m bed depth). Taddei (1994) and Shieh (1994) obtained values of 532 for N

(glucose) and 481 for N (galactose) respectively in a 2 metre long x 1.96 cm i.d.
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CBRS packed with a resin of mean particle OOpm The CiBR,S used in this
thesis was packed with a resin of mean particle size 75um. So, by reducing the
resin particle size by 62.5%, an approximately 5.5 -fold increase in the number of

theoretical plates was achieved with respect to the two monosaccharides.

According to Giddings (1965), theoretical plate height (H) is approximately

proportional to the square of particle diameter:
H < dp2

So, reducing particle diameter from 200 um to 75 um should, theoretically, have

given the following reduction in H:

C%j = 0.375% = 0.14 x reduction in H.

Taddei (1994) quotes theoretical plate height of 4.16 mm for galactose and 3.76
mm for glucose. Applying the above calculation to these figures gives predicted H
values of 0.58mm for galactose and 0.53mm for glucose with the 75 um particle
diameter resin used in this thesis. ‘Th/es,/e figures éorre/spond to N values of 3448
and 3774 for galactose and glucose respectively. Given the fairly. crude
simplifications made of Giddings’ equations, the values obtained for the 2 metre
long x 1.5 cm i.d. CBRS were acceptable when compared to those which theory

predicts.

Separation of Glucose and Galactose

The elution profile for the separation experiment is presented in Figure 5.1. For

comparative purposes, an elution prbfile (Figure 5.2) has been reproduced from

the thesis- of Shieh (1994). Separationfcr).f;glr':u‘t/:bsefand galactose was,«,im'proved
significantly by reducing particle diamete/r"f’r‘b"fanOO pm{to. 75 um. Resolution was
increased from 0.58 to 1.82 for apbrbxif/n/étely;ihé{ s/a{nﬁe/ pulse size, despite sugar

concentration being increased from 10% w/v to 20% w/v.
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Physical Separation of‘G!ucose/aﬁ, | Galactose in a 2 metre long
Chromatographic Column (dp 75 um)
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Figure 5.1 Separation of Glucose and Galactose in a 2 metre long x 1.5 cm
i.d. CBRS with a Packing Particle Diameter of 75 pum. Pulse volume was
equivalent to 1.25% of the column volume when empty and pulse concentration
was 20% wiv.

Physical Separation-of Glucose and Galactose in a 2 metre long
Chromatographic Column (dp 200 pm)
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Figure 5.2 Separation of Glucose and Galactose in a 2 metre long x 1.96 cm
i.d. CBRS with a Packing Particle Diameter of 200 um. Pulse volume was
equivalent to 1.5% of the column volume when empty and pulse concentration
was 10% w/v. ~ f : ,
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Giddings (1965) stated that resolution'is in ) ,.Fﬁ.onal to the square root

of plate height.

o ()

He also reported that plate height is proportio/nal to the square of particle diameter.

So, combining these two expressions:
Rs o (_1__)
\/dp?—
Rs o (__1_)
dp

Theoretically, therefore, on reducing particle diameter from 200 pm to 75 pm,
resolution would be expected to increase as follows:

or:

1
(20
200

Taking Taddei's resolution value of 0.58 (from Figure 5.1) for glucose and

RS75 pm < X RSZOO pum

galactose gives a predicted resolution of 1.55 for the 75 pm particle diameter
CBRS system used in this work (with a 2 metre long column). So, like the H and N
values, the theoretically predicted glucose-galactose resolution was close to that

experimentally obtained.

5 1.2 Demonstration of Complete Lactose Hydrolysis with Product Separation

Introduction o ;

Having demonstrated that improved separatlonwasachxeved by reducing the
particle size of the column packing from 200 pm to 75 pm, it was necessary fo
show that complete conversion of lactose, together with separation of glucose and

galactose was achievable in this system. Only a limited number of experiments
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rtaken by Taddei (1994) using
a CBRS system which, apart from the size of ion exchange resin used to pack the

were performed, in view of the amount of

column, was similar to that used in this thesis.

Experimental
A 1 metre long x 1.5 cm i.d. chromatographic bioreactor separator was assembled
and attemperated to 55°C. The CBRS was then operated at a flow rate of 2.1

cm’min”, under the following conditions:

Pulse Volume 4.4 cm®
Puise Concentration 2% wiv
Enzyme Activity 30 Ucm™

Results and Discussion

As can be seen from Figure 5.3, complete hydrolysis of lactose was achieved, no
lactose being detected at the column outlet.

0.35
0.3 +

0.25 —a— [Glucose]

02 | —#— [Galactose]

0.15 +
01 +

Concentration (%w/v)

0.05 +

20 25 30 35 40 45 50 55 80 65 70 75 80
Time (min)

Figure 5.3 Elution Profile Showing Complete Lactose Conversionrin the

1 m long x 1.5 cm i.d. CBRS with Product Separation. Complete conversion of
lactose was achieved, together with reasonable separation of glucose and
galactose, a resolution of 0.82 being measured. :
This improvement becomes yet more significant when it is considered that

Taddei's figure of 0.6 was measured while operating the column in purely
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separative mode, that is to sa\

lucose and galactose and

eluting with distilled, deionised water.

So, it would appear that the CBRS ‘system could be used to\ completely hydrolyse
lactose and separate the products. This was demonstrated by the fact that a
slightly improved separation was ach_ilefvéqi:ig:aicho/lfumn_o/f half the length of that
used by Taddei (1994). This result ,wa:s not sur,p,,r,isin;q whén considered in the light
of the increase in the number of theoretical plates demonstrated in the previous

section.
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5.2 The Effect of Injector Type on \Chrox: /ﬂrfa‘phl'c Bioreactor-Separator

Performance

Introduction

In this thesis, it'was thought that the means by which pulses are injected on to
the column may have implications with respect to overall CBRS performance.
On a visit to Unilever Research, a demonstration of magnetic resonance
imaging (MRI) techniques raised the question: “Could MRI be used to study the
CBRS injection process?”. As a consequence, an experimental programme

was proposed and completed at Unilever Research, Port Sunlight.

Magnetic resonance imaging (MRI) is an established diagnostic tool in
medicine, where its non-invasiveness enables images of internal organs to be
produced, pinpointing abnormalities, such as tumours. It has been realised that
MRI has applications in chemical engineering, in particular in the non intrusive
study of the behaviour and distribution of liquids. Current and potential
applications of MRI in chemical engineering have been extensively reviewed by
Gladden (1994). Two main types of injector have been used in

chromatographic bioreactor-sepafga,tgr sVstemKS,& a needle type, as used by

Taddei (1994), where substrate is injected Jet-like into the column packing and
the sinter type (as used in this thesis) wherethe flow of substrate is dispersed,
giving a fairly uniform velocity profile across the column dlameter Sinter type
mjectors were a!so used by Shieh (1994).

It was thought that the type of injector used may influence CBRS performance.
In"order to compare the two injection systems, MRI was used in an attempt to
visualise the flow patterns generated in each case. The dynamics of injector

systems  have been examined /ipreviouély/,‘é:*i/n/?‘fthé field of analytical

chromatography by Knox et al (1976) who used polarographtc detection to

study radial and axial dispersion in a chromatographlc column. Due to the

intrusiveness of this technique, howeve/r,/f:/dlspersaon“behavmur could only be

inferred from measurements made éffe?‘fhéff’cblumn» outlet, rather than

monitoring events taking place within the chromatographic column. MRI has -

also been used to follow the progress of a chromatographic band by B‘aye\rr'et\éls _\ .

(1989), who produced images at 37, 63 and 110 minutes after injection.




Experimental :
The experimental methods used are de: detail in a paper presented at
the 5" world Congress of Chemical Engineering, San Diego U.S.A. (see
Appendix + A-7). Briefly, a miniaturised version of the chromatographic
bioreactor-separator was placed within the probe of an MRI apparatus. Pulses
of lactose were then injected while i lmagmg the rnjectlon area. The two injector

configurations are illustrated i in Frgure 5. 4

/ \ f
—_— b / r-—'____._.__’ (@)
/ — - /
v
3
—b
—
_ ] —Pp
e _._g | (b)
— .

ly Types and (b) Sinter. The two
types of lnjector are hkely to create differ terns, which will, in turn
affect the concentration proflle ‘ ‘

¥

The sinter |njector used consisted of a composrte PTFE frrt about 2 mm deep,
placed about 1 mm after the inlet orifice, which has a diameter of 1 2 mm. Flow

of liquid from the orlflce was likely to be dlspersed by the tortueus pores of the

the mtemal dlameter of the
* 'f08 mm id, whrch
‘ »ltself formed the

sinter, giving a falrly flat velocity proﬁle acros 5t
column. The needle injector cons
was inserted 2 cm into the top}j
needle. The needle was likely te n'f,,'{reSUIting in’a
velocity profile where the quu’i: C antty greater than
at the column walls. In both cas S the column inlet,

so both eluant and pulses entered through




Results and Discussion
As can be seen from Figure 5.5, the needle injection process was successfully

imaged, showing the time course of events from the first ingress of lactose to

the stage where fully developed flow is seen.

Figure 5.5 MRI lmages Deplctmg the Progress of a pulse of Iactose over .
a 44 second time period. - .




The position of the imaging window with respect to the needle is presented in
Figure 5.6, which shows the extent of flow pattern development around half-
way through the pulse injection period. The épparent curvature of the tube
walls was also observed by Fernandez et al (1996), who explained this
phenomenon as an artefact due to the column extending into the non-linear

region of the magnetic field gradients.

Flgure 5.6 MRl Image Taken at 20 Seconds, Approxnmately Half—Way'
Through the Injection Period. A drawing of the needle injection assembly
has been superimposed to show the posmon of the MRI "viewing window’.

The contacting pattern resulting from needle injection was shown to give,a
dispersed pulse. This shape of pulse will have ‘a;- greater int‘erfaciayl surface area
over which diffusion can take placea’ﬁd"ﬂm/ benefit enzymic reaction. This
‘ i, ographically, WHere, a step-

/ sion. Imaging of the —sihtér

injector configuration was inconclusive. A low int: 2 S!ty image resulted which, at
the time was thought to have been due‘ to hlghly effec’uve dtspers;on of ﬂow
However, further study of lmages revealed that the small lncrease ln tmage
intensity was not sugnlﬂcant when constdered in the light of normal

\expenmental vanat|on Fernandez et al (1996) have shown, using MRI that a.

flat velocity profile results from injection via a sinter-like distributor, giving a




step-like input. This was conﬁrm‘éﬁ’_{’b,y who demonstra‘ted the

benefit of this type of injector in terms of resolution. The expected pulse
behaviour for the two injector configurations is summarised schematically in

Figure 5.7

T1
T2 b
T3 >
T3 ELUTION
PROFILE
SHAPE

“ELUTION
PROFILE

= _ SHAPE |

T3

Fiqure 57 Predlcted Pulse Behavnour from f(a): Slnter Injectlon and (b)ﬁ
Needle Injectlon at T1 (start of mjectlon),”TZ (end of lnjectlon), and T3 “

the likely shape of the eiutlon profa!e is shown.




The step-like input from the sinte i re desirable in terms of
pulse results in loss of
chromatographic reactor efficiency (-S'c‘h‘weich; and Villermaux '-(‘198?2’): However,

the jet-like injection from the needle injector may have advantages in terms of

chromatographic separation while ab

enzyme-substrate mixing. As was shown in Figure 5.7, needle injection is likely
to give a dispersed pulse, which will provide a greater interfacial surface area
over which diffusion can take place and may benefit enzymic reaction. In order
to help judge the likely impact on mixing of each type of inlet, Particle Reynolds

Numbers were calculated according to the following equation:

where: Uq = Superficial velocity (cms™)
dp = particle diameter of column packing (cm)
p = liquid density (gcm‘s)

p = liquid viscosity (gcm'1s'1).

Particle diameter was taken as 75um, liquid density as 1 gcm'3 and viscosity as
0.005 gcm’ 's” (based on data for water) assummg the dllute enzyme solution
to have similar propertles A local Reynolds number was calculated for liquid
exiting the needle, as it was thought that here flow characterrstlcs may dlffer
significantly from those seen in the bulk of the packed bed. Calculated values

are shown in Table 5(b).

Table 5(b) Variation of Reynolds number with Volumetric Flow rate for

Liquid exiting the Needle and for the remaining Bed. Values were
calculated based on the standard CBRS ope ratmg temp_erature of 55°C.

Q (cm’min’) Re(Uo dp)@55°C BED L“cal Re(Uo dp)@55 c NEEDLE |
1.1 0.02. : ‘ -
21 ' 0.03

3.0 0.04

4.0 ~_|o.06

5.0 = ooz

6.0.cii 2008

L0iiciiouii 040

8.0 a0

190 . |0A5..

99 ~ lo1a




Over the this range of Reynolds Num g to data presented by

Gunn (1968), Peclet numbers vary iit;tal_e*fa‘fh’ are low (around 0.5). Peclet
Numbers give an indication of whether mixing is likely to be dominated by
convective effects due to liquid flow, or by diffusion effects and are calculated

thus:

Udp
Pep = —
P DL
where: U = Interstitial velocity (cms™)

dp = particle diameter of column packing (cm)

D, = Longitudinal diffusion coefficient.

Westerterp et al (1983) define the Particle Peclet number (Pep) as the ratio
between the transport rate by convection and the transport rate by dispersion.
As Peclet Numbers approach zero, liquid-liquid mixing is dominated by
dispersion (diffusional) effects, while as Peclet Numbers approach infinity,
convective effects become more dominant. Referring back to Table 5(b), for the
needle injection zone, Reynolds numbers are about 300 times higher than in
the bed, as a consequence of the high exit velocity of liquid leaving the needle.
Peclet numbers for liquids do not show significant change until Re>100 (Gunn
1968) and this means Dy is proportional to U, the interstitial velocity. Clearly
there will be some effect of convectioh at the higher flow rates. Reynolds
numbers were re-calculated with a particle diameter of 200um, as used by
Taddei (1994) and are presented in Table 5(c). '

Table 5(c) Comparison of Particle Reynolds numbers Obtained for Two i
Packing Particle Diameters, 75 um and 200 pm. Calculations were based on
the Superficial velocity of Liguid exiting the Needle.

Q (cm°min )|Re(Uo,dp)55°C (dp=75um) |  Re(Uo,dp)55°C (dp=200 pum)
1.1 aa55l j 146
2.1 04 . 27.9|
3.0 ' oAl 139.8|
4.0 EEnEeE
5.0 ’ -7 o . b3l
6.0 caa290 0 - 796
7.0 . A8 e
8ol z e e
9.0 0 aas - 94
9.9 ' 49.3 = SFEE




Reynolds numbers ranged fror being calculated

for the normal operating ﬂow»raté of t ;1 /mé’hiin'( This Reynolds

number falls well within the iaminar,flow'»‘%eglon,. t is not likely therefore, that
use of a needle type inj\egtor\h‘aé\a éignif,i/ca,ntf effect on \m"ixing between enzyme
and substrate; even when used mconjunctlonW:tha larger particle size column
packing. The sinter type of injector:is ,I,,ik/,e‘l,y to;pro,druce a uniform velocity profile,
resulting in a more step-like input, which is desirable in terms of
chromatographic separation.-Consequently of the two injector types examined,

the sinter type of inlet was judged to give the best all-round performance.




5.3 Factors Affecting Enzymlc
Separator.

1romatographic Bioreactor-

Having desrgned and built a chromatographic broreactor-separator wrth improved
ability to separate the products of lactose hydrolysrs attentlon was turned to the
reaction process, with the aim of identifying the factors which affect reaction. This

was expected to provide design lnformation’/\?vhich,’l‘tog/ether with knowledge of how

to improve separation, could be used ?tof—obtiniiéé the overall chromatographic

bioreaction-separation process.
95.3.1 Following the Progress of Chromatographic Reaction

Introduction

Although other workers had looked at factors affecting the reaction, little attention
has been given to the relative time scales of the processes of reaction and
separation. The aim of this section was to elucidate the progress of hydrolysis
under conditions which were representative of chromatographic bioreaction and

separation.

Experimental
The approach used was to operate a (CBRS) of fixed length (1 metre) at
progressively higher volumetric flow rates resultlng in shorter residence times.

This was intended to give a picture of the progress of reaction along the column.

n the first set of experiments, lactose pulses of concentratron 5% wiv and volume

concentration profiles, the degree of conversion was determrned The experlments' ‘

were then repeated with a pulse volume of 35. , cm®. The pulse volumes injected,

17.66 cm” and 35.3 cm’, were selected becaus - they are convenient fractions (5%
and 10%) of the total empty column volume (T ECV) of the full scale 2 metre long x
1.5 cm i.d. CBRS (353 cm®). The experrments were then repeated with the same
pulse volumes, but with a lactose concentratron of 10% WiV, By this time, the

practical operating limits of the CBRS system had been expanded to encompass a

17.66 cm® ‘were rnJected on to the column. The CBRS was then operated at each-” -

of the following flow rates: 2. 1, 3.0, 5.0, 7.0 and 9.0 cm’min’’ F.ro:m the resultant .

greater range of flow-rates, giving a wider range of resrdence times. The flow: rates/‘"'_’ .
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used in the experiments are show g with the corresponding

residence times.

Table 5(d) Flow Rates Used in Reaction Progress Experiments. The 1 metre
long x 1.5 cm i.d. CBRS was operated at the range flow rates: 1.1 to 9.9 cm®min™’
which corresponded to the practical operating limits of the system.

Q (cm’min”) 1.1 1.7 2.1 30 |50 7.0 9.0 9.9

T (min) 559 |362 |293 |205 |123 |88 |68 |62

Enzyme activity was 26 Ucm™ (8g/litre).- This is around half the activity used by
Taddei (1994). The enzyme acﬁvity, Wés éét ét ar l‘O\VNerfeve| as it-was thought that
a range of lactose conversions would be observed, giving more information about
CBRS behaviour than if, as in previous work at Aston, complete lactose

conversion was sought.

Results and Discussion
From Figures 5.8 and 5.9, it is interesting to note that for both column loadings,

the degree of conversion nears its final level after around 10 minutes.

Relationship Between Dég[éé of Léptggge Conversion and-Column
Residence Time

—a— 10% TECV/5%w /v (1.779) Pulse
- —8— 5% TECV/5%w:/v (0.88g) Pulse

% Conversion
(92

‘ : Sy !
T T = T T

0 5 10 15 220 - 05 30
Column Residence Time (min)

Figure 5.8 Progress of Reaction er:a'jLacto’séf;Céﬁf,:jénffafti‘on of 5% wiv.
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% Conversion

—— 5%TECV/10%w /v (1.77g) Pulse
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Figure 5.9 PngreSs of Reaction for a Lactose Concentration of 10% wiv.
From the 10% w/v, 5% TECV curve, it can be seen that hydrolysis is complete
by around 15 minutes.

During this time (as can be seen from Figure 5.10) there is negligible product

separation.
4.5
3 g —e— [Glucose]
'3 —g— [Galactose]
§ 25 1 —a—[Lactose]
il 3 :
1.5
‘| ik
0.5 +
0 5 10 157 & 90 25
Residence Time (min) '

Figure 5.10 E utlon Proflle for CBRS Run, Lactose concentratlon = 10% w/v
flow rate = 9.9 cm®min”', Enzyme activity = 26 Ucm® , pulse volume = 17 7 cm’,
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Figure 5.11 Elution Proflle for CBRS Run Lactose concentration = 10% w/v,
pulse volume = 35.3 cm®. flow rate = 9.9 cm®min™' There was negligible separation
of galactose from the reaction zone over the processing time.

The slightly longer retention times seen in the larger pulse volume experiments
(Figure 5.11) were likely to be due to the longer pulse delivery time. When
analysing the data from which Figures 5.8 and 5.9 originated, it was realised that
the same mass of lactose (1.77g) was injected in each of the two series of
experiments, but in a different pulse volume. Also, it was noticed that the rate and
degree of lactose conversion were different according to the pulse volume
injected. To make comparison easier, the two reaction progress profiles were

plotted on the same graph, shown in Figure 5.12.

Relationship Between Degree of Lactose Conversuon and Column Residence
Time for a 1 77g Lactose Pulse e
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hlgher for the low pulse volume / hlgh pulse concentratlon comblnatlon T

Refemng to Flgure 512, it is notlceable ‘thatrthe rate of lactose convers:on was .



suggested that the'rate of mixin mei and substrate may be

important in chromatographic biOEeaetlon,, and that the smaller pulse volume is

likely to mix more rapidly than the lafger pulse volume.

Kinetic Study of Reaction Progress =

The integrated kinetic rate equation fdeve_lgpéd/ina Subsection 1.3 was used to
predict the progress of reaction in the CBRS. Mixing between enzyme and
substrate was considered by making use of local enzyme concentrations

estimated from conductivity data.

vmax .t = (1-52) @ -1+ (5 el k) i

The Km and Ki values used were taken from Tack’s analysis (1997) and are

comparable with other literature values:

Km = 154 mM
Preliminary estimates of Vmax~/were ba’s”edibn ],eeel //ehzyme concentrations
estimated from conductivity daté/ in S,,u'bseet/ionf’c‘e5i33;>3.«/ Vmax.t values were
computed (using “Excel 77) for eeihversfons :frerﬁ 0-30%. The 10% w/v lactose

pulses corresponded to an initial lactose ’cohcentration [Llo of 2924 mM

were computed for conversions from 0 95% :usmg the kmetlc model. Values oft |

were then estimated from Vmax wh|c/ '/depends on the local enzyme |

concentration. The batch - denved Vma /3/mMmm (obtamed with
an enzyme concentration of O 53 /g/l)?wa adjusted acc :
concentration estimated from conductlwty data Slnce ;max = K [El]o, the eﬁect of

a change in [E]o on Vmax could be readlly calculate

_xpenmentally observed fractional conversions and batch reactlon tlmes were .

used to estimate Vmax giving an average value of 113.3 mMmin”. Vmax t valuesf;

mg to the local enzyme, A .

’max was estimated using

both the average enzyme concentratlon and that expected in the centre of the, ‘_

lactose pulse. For example, for the 17. 7 cm® lactose pulse an average enzyme

concentration of 5.7 g/l was estimated from conductivity experlments
75




V max = 1133x(0573) 12185 m
Similarly, a Vmax value of 684 mMm:iﬁfj; Was estimated using the enzyme
concentration expected in the centre of the pulse. The process was repeated for
the 35.3 cm® pulse volume, giving Vmax values of 897.8 mMmin™' and 85.5
mMmin”, based on the average? and centre-béééd ehiyme concentrations
respectively.

Predicted and experimental data are presented in Figures 5.13 and 5.14.

Relationship Between Degree of Lactose Conversion and Column Residence Time
(17.7 cm3 pulse)

100 T S mea et e TR &
01 IR S ::_'_":“,'.',"_'.‘:.:'..*.1::::: ........
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Figure 5.13 Predicted and Expenmental Progress ef Reaction Plots for a
Lactose Concentration of 10% w/v and a Pulse Volum off17 7 cm®. Predictive
data was produced consndenng both the expected—/average enzyme concentranon
and that anticipated at the core of the pulse.




Relationship Between Degree of Lactose and Column Residence Time
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Figure 5.14 Predicted and Experimental Progress of Reaction Plots for a
Lactose Concentration of 10% w/v and a Pulse Volume of 35.3 cm®. Predictive
data was produced considering both the expected average enzyme concentration
and that anticipated at the core of the pulse.

These plots confirm that reactien’isjapidi over the first five to ten minutes. Also, in
the case of the larger pulse (see Figure ,5.:1'4,):,/, it is clear that the progress of

reaction is sensitive to the extent of mixing between the enzyme and-"substrate: the

experimental data falls between the predictive plots based on the two extremes of

local enzyme concentration.

The conversion-residence time plots for the /CBRS show that the time-scale for
complete reaction is of the order of 10 mmutes for a pulse size of 17.7 cm® and

considerably longer (~100 min.) for a puIse ssze of/ 35 3 cm The time scale of

minutes compares with that of seconds for thj

onsequehtiy, ’che assumptlon of '

chromatography, as discussed in Iater secttonsf;

rate processes mvolved in .

instantaneous equilibrium between componeis in ’the mobile and statlonary

phases holds when reaction is taking place |n other words the rate of reac’uon WIIIV‘; i

not be affected locally by the adsorption- desorptlon process.

i




Also, because the reactio Yy h'mi,ted time for

chromatographic separation ‘Q lacte t gll}cjose and galactose.
€ coupled ‘and considered
imed for the CBRS - reduced

product inhibition by galactosgggng;;tg;?ggﬁafr;ajjéhéggfgglaIac;tose from the reaction

This means that r,ﬁe.agtigrj\_asar\)d\i}];’s\e\h
separately. In additiug_jn., \idn,eg,b,fe,nsﬁ;*

zZone - is not-observed.




5.3.2  Effect of Reactor Load:in\.g U se Conversion

Introduction ‘
Results presented in the prewous section (5.3.1) suggested that a time-related
factor such as mlxmg becomes more significant as the system hmlts are explored.
To investigate this further, experiments iwe/re designed which examined the
combined effects of pulse volume ah:dI?b’ljIsé%é;jnc/ént‘ra‘tion in terms of degree of
lactose conversion attained over the notional 8 minute residence time of the

1 metre long x 1.5 cm i.d. CBRS when operated at a flow rate of 9.0 cm’min”".

Experimental

The 1 metre long x 1.5 cm i.d. CBRS was operated at a temperature of 55°C and
a flow rate of 9.0 cm’min™. This flow rate was chosen as it corresponds to a
calculated mean residence time of 6.8 minutes for a pulse of lactose in the
column. Since the post column piping had a measured residence time of 1.2
minutes, a notional residence time of around 8 minutes was assumed. In the
previous section, it was demonstrated that reaction is almost complete after this
time. Lactose concentration was fixed while the pulse volume was varied, covering

a range of pulse sizes which were equivalent to 5 to 90% of the column’s void

volume (see Table 5(e)).

Table 5(e) Pulse Sizes Injected Expressed as Actual Volumes and as a
Percentage of the Void Volume of the 1 metre long x 1.5 cm i.d. CBRS used
in the Reactor Loading Experlments o
%TECV |Pulse Volume (cm?) |Percentage of Void Vqume of
2 metre Column) 1 metre Column .

0625 . ... - P2
125 |aa
10

| ;éed by Bridges (1'990)
’,a not apphed to this set of results ‘

The experiments were designed by a factor al
However, in this thesis, full statlstlcal analy

due to the small number of factors vaned It was thought that in these' .

experiments, due to the small number of factors vaned any effects or trends- '
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should be highlighted by plot?_ting?t y two factors were varied,

pulse concentration (expressed as % w/ tose), and pulse volume, expressed
as a percentage of the volume of the 2 metre long x 1. S cm ld CBRS in its
unpacked form (%TECV = Percentage of Total Empty Column Volume) At the
time of these experiments, there were .n,o*plans to extend the CBRS beyond its
then two metre length, so pulse Vo,luméé’ :Wéréfrelated to the 2 metre column

volume.

Factorial Experimental Design o Pl frsie
The factors chosen were denoted by a capital letter:
A = Pulse Volume (% TECV) and B = Pulse Concentration (%w/v)

The levels were represented by a numbered subscript:

A1 =0.625 A, =125 A3=5.0,A;,=10.0, A5 =15.0
B1 = 20, Bz = 50, B3 =15.0

The following combinations were used, giving a total of 15 experiments:
A1 B1 Az B4 A3 B+ Aq Bl

A1 B> A, Bo A3 B> A4 Bs
| A Bz A, Bg Az Bs A4Bs =

Results and Discussion

On examining Figures 5.15, 5.16 and 5“’/17;(65\ierlééf) , it appears that mass transfer

limitations have a more pronounced effect as concentration increases. For each of .

the initial lactose concentrations studied, 2, 5 and 10% w/v, the effect of lncreasmgf

pulse volume was to reduce percentage conversion achieved dunng a reS|dence .

time of 8 minutes. This effect became more pronounced with mcreasrng lmtlal.*

lactose concentration, and it is demonstrated by the mcreased divergence of the

“Mass Injected” and ‘Mass Converted” ’proﬁles as lactose pulse concentratlon was

increased. The difference is greatest W|th the hlghest (10% wlv) lactose

concentration. This could be due t ?’oonvertable mass of -

lactose being approached.
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Figure 5.15 Relationship Between Mass (g) Injected and Mass Converted for
a Lactose Concentration of 2% wiv. -
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Flgure 5.17 Relatlonshlp Between

Mass Converted for |
a Lactose Concentration of 10% wlv .

The actlwty of the enzyme was 26 Ucm 2 whlch/means 26 pmoles of Iactose could -

be hydrolysed per minute. So, in 8 minutes, 61 x 26 X 8 x (10 ) moles of Iacto”’"

81




could be hydrolysed, which is 4.6 g the mass of Iactose. injected

at the largest pulse volUme/pu‘iS‘e: concentratio o'mb;ination‘ (see Figure 5.17).
Lactose conversion is more mixing- dependent in this case, the hmnt of potential

conversion being approached

This type of graph may be a useful toolf’f,or‘,furiher studies where, for example,
mixing improvements are sought; So, approacn‘ing, the limits of the system, the
relationship between percentage conversion and reactor loading becomes a
sensitive indicator of the key factors influencing reactor performance. It was
concluded that mixing between enzyme and substrate is a significant factor when
considering CBRS performance. This mixing is likely to be due to the existence of
zones of increased axial dispersion before and after the injected pulse, which act

as mixing zones, as illustrated in Figure 5.18.

Formation of Axial Mixing Zones

MAIN BODY OF INJECTED PULSE

AXIAL MIXING ZONES

Figure 5.18 Formation of Axial Mlxmg Zones in the CBRS As pulse size |s‘,,
reduced, the volume of the axial mlxmg zone es relatlve to the total pulse

The length of these zones is Ii/k,elfy/to be consta for the two series of pulse

volume : concentration combination experiments, since the same range of liquid

velocities was used, resulting in similar Peclet numbers. As the volume of pulse is

reduced, the size of the mixing zonee wi g ase relative to the volume of the{‘a

pulse “slug”, resulting in more intimate contact between enzyme and substr "




The converse is likely as p of reducing the

rate and extent of e,n\zymé . substra c,om_panying reduction in

conversion over a given residence




5.3.3 Mixing between Enzyme and Su

Introduction v .
The experlments in Sectlon 5.3, 2 thch investigated the effect of CBRS Ioadmg
upon lactose conversion, suggested that mlxmg/between enzyme and substrate is

important in chromatographic bloreactlon and {separatlon In this section, the

nature and degree of enzyme : substrate mlxmg is stuched by monitoring changes

in the conductivity of the column effluent.

Experimental

The conductivity of the column effluent was monitored during CBRS operation,
using an in-line conductivity detector (‘Econo-Gradient’ Model, Bio-Rad (UK). The
conductivity cell had a dead Volume of 8 pl, so it was unlikely to have any effect on
the flow pattern due to back-mixing. The enzyme solution had a conductivity of
about 40 S and it was noticed that the conductivity of enzyme solution decreased
as the reaction products emerged from the column outlet. Conductivity was used,
therefore, as a sensitive indicator of the arrival of carbohydrates at the column

outlet.

It was noticed that the shape of the conductwnty proﬂle was very similar to that of

the concentration profile of sugarsff,.,,%; ‘ CBRS Since the minimum

conductivity was recorded at the retention timé /’/uf’th‘/e carbohydrates, it was

ythought that conductivity may be decreasmg as sugar solutions (conductwnty 5 uS): .

mtxed with the enzyme solution. Serial dilution experiments showed a Imea
relatlonshlp between enzyme concentratlon |n a glucose so!utlon and conductlwty..g
Expenments were performed whsch |t was:hoped . would mdlcate the nature and




Factorial Experimental Design
The following factors and levels were chosen
A = Pulse Volume (cm) B Flow rate (cm’min- )
A =177 em® Ap= 353 cm®

Bi=11,B, =17,Bs=2.1,B4= 3., Bs—f”’

The following comblnatlons were used g|

. Bs=7.0,B;=9.0,Bs = 9.9

g ato al of 16 experiments:

ArB; |A1B, |AiBs |ABs |AiBs |ABs |AB, |A B
A; By A;B; |A;Bs |A;Bs |A2Bs |A;Bs |AB; |A;Bs

Results and Discussion
A typical enzyme conductivity / sugar concentration plot is shown in Figure 5.17,

from the combination A, Bs.

i

—8— Cond/1 0

o

4.5
4 B & = = =) £

3.5 4
3+ —e— [Glucose]

2.2 —g— [Galactose]

15 . ;;;—*—~[Lactose] . J
1 1L :
5
0

Residence Time (min)

Figure 5.19 Typical Enzyme Conducti
conductivity was measured in micro SI
divided by 10 to enable plotting agamst th
concentratlon (measured by HPLC) F
was 35.3 cm -

ity/Elution Proﬂle, CBRS efflu
1s (1S). Conductivity values were
ame Y axis scale as carbohydrate

9 cm’® mm putse volume

Referring to Figure 5.19 ltxsapparent /e: of the mimmum

conductivity increased with dec S suggested that at

the centre of the pulse/slug, the e ith the sugar solutlon

whereas, ‘movihg outwards to the p ulse the enzyme becameﬁ

more mtxmately mixed with the sugar solutlon shown by a gradual retum toeath



conductivity of the pure enzyme solui es the V»t"hye‘oryv ,prabosed- in

section 5.3.2 that zones of axial-m’ixing_f.ei(i' t at the éxt,re.mities? of the pulse/slug.

Estimation of Degree of "Enz\yme Mixing
For each pulse size, the degree of dﬂutlon of enzyme due to mixing with-the
carbohydrate pulse was estimated thus subtractmg the baseline conductivity of

the degassed and deionised water u,/sed,—rto/makecupsugar and enzyme solutlons.

(Conductnwty Minimum— Basehne Conductivity

x 100 =% Dilution of Enzym
Enzyme Conductivity — Baseline Conductlwty) o Dilution ‘ot Enzyme

The resulting enzyme dilution values are presented, together with conductivity data
in Tables 5(f) and 5(g). It should be noted that this is really a measure of enzyme
concentration at the centre of the pulse, representing the reduction in enzyme
concentration at the centre of the pulse relative to the bulk enzyme concentration.
The average concentration of enzyme throughout the pulse was also estimated, by
measuring the area of the (negative) conductivity peak as described in Appendix
A-5.

Table 5(f) Estimated Enzyme Dllutlon for Pulse Volume 35.3 cm® for the
Range of Flow Rates: 1. 1 10 9.9 cm ’min’’ ~

Pulse Volume [Q(cm’min™) Conductwuty
(cm3)
35.3
0 858|
Geiig58
35.3
35.3
35:3
35.3
353

~ [Enzyme Dilution |

Au R

o=

Lomwm'w?e%l;\,

©

For the 35.3 cm® pulse expenments the mean/mmlmum fﬂuent conductivity: was
2.0 £ 0. 4uS, giving a mean enzyme dllu‘uon'of: ;/Smce concentratlon inthe

eluant was 8 gI’' enzyme this suggested thats enzyme concentratlon was around,'f"jif: 'l




(0.05)x 8 = 0.4 gl at the centre of the

1€ u se The average enzyme
concentration throughout the puls.‘ew,asfe.et mats

das béi‘ng; (0.52)x8=4.2gl".

Table 5(g) Estlmated Enzyme Dllutron for Pulse Volume: 17.7 cm? for the
Range of Flow Rates 1.1 to 9.9 cm’min”’

Pulse Volume|Q(cm min™) Conducttvrty'mrn‘ Enzyme
(cm3) (x 10° ) - Dilution
= - (%)

17.7 11 Ay 3.9 28.2
17.7 175 Pvosss T Q9 & 3.9 23.1
17.7 2.1 ¢ slane o A} oo 4 25.0
17.7 3 ¢ 2.1 , 4.1 51.2
17.7 5 1.8 4 450
17.7 7 2.1 4.1 51.2
17.7 9 2.2 4.4 50.0
17.7 9.9 2.1 4.3 48.8

For the 17.7 cm® pulse experiments, the mean minimum effluent conductivity was
1.7 £ 2uS, giving a mean enzyme dilution of 40.3+3.5%. Since concentration in the
eluant was 8 gl'1 enzyme this suggested that enzyme concentration was around
(0.40)x 8 = 3.2 gl'1 at the centre of the carbohydrate pulse. The average enzyme

concentration throughout the pLji/sffeﬂﬂW:as/'es,timatedias :b,,e,thg ~(O.71)x 8=57gl"

So, it appeared that, compared to the 353 rcm pulses the 17.7 cm’ pulses

became more intimately mixed with the en :me solutron This Iends further

support to the theory proposed in section 5 3 2, that zones of axral mrxmg exrst at'_ .

the extremmes of the pulse/slug This would also result in dtfferences rn the rate of‘;'

reactron over the length of the pulse, these zones becoming larger in relatlon to\\\f .

the total pulse volume as pulse size is deoreased This, in turn, explained the

greater degree of mixing of enzyme wrth the smaller carbohydrate pulse shown in

the conductivity tracer experrments



5.3.4 The Effects of Dispersion an ixing Between Enzyme

a nd Substrate

Introducton

‘ iCIe'ar that mixing 'between the
as |mportant in both CBRS

design and operation. This mlxmg anses in part from the hydrodynamlc mixing

From the experimental programme SO ar,

enzyme solution and slugs (pu!se

processes associated with flow through ‘the packed bed and in part from the

chromatographic processes taking place in the column. In this section a
quantitative assessment is made of the relative importance of these two mixing

mechanisms.

Mixing Due to Dispersion

The hydrodynamic mixing processes can be characterised in terms of a Peclet
Number and the particle Reynolds Number. For the experimental conditions used
in this chapter, the particle Reynolds Numbers (Rep) range from 0.016 to 0.14. The

particle Peclet Number is calculated as follows,

where U is interstitial velocity in cms and D;_ |s the longltudmal dispersion |
coefficient. Pe, has a constant value of about 0. 5 for hqu:d systems in this reglon .
(Westerterp 1983), which means that for a constant par’ucle dlameter dp of -

0.0075 cm, D, can be calculated thus:

Q0TS e i
Do xilliomis |-

As shown in Table 5 (h) overleaf, thecalculated n éfficients range from

tose of 5 x 10° cm?s’.
iechanism for mlxmg |s

statxstucal dlSperSJOI'] arising from ﬂow cf hqwd through the packmg

&



Table 5(h) Character!satlon of Mlxm.
the range of operatin ﬂow ratest. 1‘t0 9;\1

lues were calculated for

Volumetric Flow Rate Q (cm°min) Too

Re, (based onmld velocity, Uo.) 0.016 012
Dispersion Coeﬁan-, 1_ l 7W1~0f4!— 6.2x10”
External Mass Transfer Coefﬂc:ent Ke (cmsx)’/’im | 0.0 0.0108
External Mass Transfer “Rate Constant’; kea (s ) — 275 5.70
Intraparticle Mass Transfer Coefﬁc;ent k. (cms ) 38 x 10 3.8x 10°

The dispersion effect can also be interpreted in terms of the number of theoretical
plates (N) using the relationship:

s
2D,

UL
where D is the axial Peclet Number.
L

For a column of 1 metre length, N is about 3300; which means that the height of a
theoretical plate is 0.03 cm, equuvalent to four partlcle dlameters More importantly,
these figures confirm that flow was plug like under all condmons used in the

experimental programme.

A rough estimate of the penetrati’on: depth ‘é'@ér side of the eluant solution' /

substrate solution boundary can be made by treating d|spersmn as a classuc:,_ -

diffusion process. Accordmg to Beek and Muttzall (1975),

D
Penetratton Depth =2, ’IE(U’J L2

UL
Since —

5 is constant, there;wiﬂ ;bg_no,_dif'-’féfejn

range of Particle Reynolds Numbe:rs usedmt ' nments Forl = 100 cm, the:
penetration depth is about 4 cm either side

length of packed column occupied by the s‘t/é:nd‘a/rd pulses (17_.7v_crn and 3,54.3: cm_.) f

in pe Qtrétion d‘ept’hy,j over th_e; .

;ulsefof substrate solution. The



is 30 cm and 60. cm reS‘pje‘cti"\/ély;aA: likely to be fa‘dto‘rs other

than statistical dispersion involved in the mixir nzyme and substrate.

Mixing and Chfdm\atograp’h\ic’: effects

First, attention will be given to the relat;:, rate sf:of extemal mass transfer and
intraparticle diffusion processes. The numencal value of the external mass transfer
coefficient between the mobile and stationary phases can be estimated from the

correlation:

Sh = 1095 033 5033
€

for the range of Reynolds Numbers used in the experimental work. Using the

following physical properties for lactose at 55°C:

p=1.0gcm>
= 0.005 gcm™
D= 0.48 x 10° cm?s”

it can be shown that ke, the external/fmass,transfer'ceefﬁment ranges from 0.0052

to 0.0108 cms’' (see Table 5h). Knowmg the: bed vo:dage (0 34) and average

partncle size (O 0075 cm), the interfacial area per unit bed volume is found to be -

528 cm’ecm”®. As a consequence of this high value, the kia va}ues are such thatf\"\f
the time scale for mass transfer is of the order of seconds. .

ki, the intraparticle mass transfer Qé/eﬁiciéhii;;:;débéﬁidéﬁéﬁ;;mg‘}goula‘r diffusivity (Deg)

within the gel-like ion-exchange resmpartlclesEstlmate of Derr can be made from

the relationship:

b
Deﬁ ~ ‘T—Dm

where &, is the particle voidage and T is e rfio,s,l: y/ff;aig/,qr; -




A conservative estimate of Des 5 and 5 respectively,

suggests

I?eﬁ‘ & ﬁ :

This leads toa value for k; of 3.8 x 10“‘cms1usmgthe formula suggested by Storti
et al (1993): - .

. - 8Der

'odp BTG

Once more, this value indicates that the intraparticle diffusion step, like external
mass transfer, will be relatively rapid and so it is reasonable to conclude that
mass-transfer steps will not be rate-controlling in the overall chromatographic
process. This is in agreement with the findings of Wilhelm and ‘Riba (1989), who
studied the chromatographic separation of D-xylose and D-mannose on an ion
exchange resin which was very similar to that used in this thesis. They found that

internal diffusion was very fast and could be neglected.

Having established that adsorptlon desorptlon phenomena control = the

chromatographic process, it xs posmble to examme thelr effect on mixing between

the enzyme solution and the substrate Iactose in the ,CBRS If it is assumed that
equilibrium is rapidly achieved between substrate m the moblle and statuonaryf

phases (and that there is a linear adsorptlon |sotherm) expenmental data can be

interpreted in terms of the classic Kd: approach. This enables estimates to be”\\"’\\f

made of the relative residence time dlfference between an adsorbed componentfi\\

and a non-adsorbed species:

1 o =
m:m@+~ﬁK@.
S

In the case of lactose relativ.e/tb theenzyme Ja;;fjta;se

tractose ~ 1.1X trenzyme-




It is then possible to estimate the r n these key components

and hence the relative penetratton or mixing. - leans that the size of the axial
mnxmg zones as descnbed in subsectlon 5. 3 2 can be estlmated For example, at
the mlnnmum operatmg ﬂow rate of 1 1 cm , the tramng edge of the lactose
: e admg edge of the following
‘.,8?cms This means that, as'
the trailing edge of the lactose siug will 6nly travel 91.9 cm. There will therefore be
100 - 91.9 = 8.1 cm of overlap ‘Which will enhance the hydrodynamscally-mduced

mixing due to statistical dispersion.

As pointed out by Villermaux et al (1993), extracolumn factors can also affect peak
broadening; these include non-ideal pulse form, flow in connecting pipes and the
detector characteristics. However, these factors were considered with great care

when designing and operating the system so as to minimise their effect.

Concluding Remarks

Because of the complexity of the

and the enzyme-based eluag

give the best picture of the pu[se What has been,

established is that statistical d;isp /graphrc effects are keyi ,

factors in the overall mixing process.




5.4 = Effect of En‘zyme';-;ssu b's:tiraf: on Enzymic Reaction

Introduction :
In earlier expenments the performance of a plug flow chromatographlc reactor

was' compared with that of a well- mlxed stirred tank reactor. The basis for

comparison ‘was the degree of lactese‘conversuon attamed over a nominal
residence time of eight minutes. Given the attendant mixing limitations of a plug-
flow reactor, ‘it was surprising to ~see-,an.,,—lmpr,evement in lactose conversion

performance when compared to that in a well-mixed batch reactor.

It was hypothesised that this improvement in lactose conversion rate could be due
to the contacting pattern between lactose and enzyme solution. In a stirred batch
reactor, the enzyme is almost immediately contacted with the entire charge of
lactose, while in the CBRS, the lactose charge is introduced as a pulse which is
added over a period of typically 4 minutes. If performance is shown to depend on
the type of contacting pattern used, then differences in the initial enzyme to
substrate concentration ratio could mean that substrate inhibition is the limiting
factor. Therefore, a high initial lactose concentration (20% w/v) was chosen for
the experiments, so that this effect, if present ‘would be magmﬂed to the point

where any performance drfferences were measurable Slnce in the earlier

experiments, conditions were not comparable ;_ﬁterms of reactor volume and

contacting pattern, a set of expenments was es:gned based on the same pulse '

volume : void volume ratio as in a CBRS.

_ Standard stired batch reactions were performed in parallel with fed batc: .
reactions and reactions in the CBRS. As far as possrble conditions were made ‘
comparable, with the aim of estabhshmg whether/ the contactmg pattern between

ance in terms of lactese

enzyme solution and substrate had any effect /on erfo
conversion rate. If this were so, there weu|d'
performance in general, since beneﬁts ever
the separation of reaction comp{ene
performance differences could be due t  the

exposed to the substrate gradually rathe' than encountenng the maX|mum; |

\«concentratlo\n ‘at the start of reaction. In mt_roducmg the eharg;eﬁgnag‘

ns for the study of CBRS
stems are att'ribeted?éte -
_bn zone. \H'oweVer -
the CBRS the enzyme is .



concentration reduces during the,u’n; at the enzyme does not

encounter the substrate concentration | eet at the start of a stirred batch

reaction:

Experimental

Since the chromatographic reacto,r»wee op izr:ééd;iiﬁﬁ*~n,q,nesepa,rative mode, it could
be regarded as a conventional,p!ugiﬂbvﬂ\/li riefatj:fter'—i(PFRj);;The 1 metre long x 1.5 cm

.d. CBRS was operated at 40°C ~in;‘t/hejrru/'arrj/{rjer deepriped in Chapter 4; a flow rate

of 9.0 cm®min™ was used and a 35.3 cmsipul/se' orf/520% w/v lactose was added

over a period of 3 minutes 55 seconds.

In the absence of knowledge of the degree of mixing between enzyme and
substrate, it was difficult to mimic the concentration of lactose and B-galactosidase
when designing the stirred batch experiments. The void volume of the column is
61 cm®, so it was assumed that the lactose pulse is diluted in this volume of
enzyme solution over the length of the column. The initial lactose concentration
was calculated such that mixing resulted in a concentration of 20% w/v. So, the

concentration of the lactose charge prior to mixing was:

61
= 9
20x353 34.6% wlv.

In the stirred batch reactions, 35.3 jcr~r1f“°”£t§)f/34 69 ///vﬁflaete’s;e ‘Was:.addéd td:

61-353 =257 cm®

of enzyme solutlon while stirring, so that ,mlxmg couid be assumed to be*” .

instantaneous. In the fed batch expf, jments thea,.samei volume of lactose was'» f

added by placing the tip of the/pump;outle u e”neck of the ﬂask and"'

running the pump at the flow rate used for th

rate and the simultaneous lactose concentration eduction due to reactlon Due t0;,

reactlon dunng the pulse introduction period coupled W|th mlxmg related d:l\ i

94

'penmyents that is 9 0




the lactose concentration encountere any time ?‘Wasflikely to be

lower than that experienced in the stirred ba actor where the full lactose

charge was added instantaneously at the start of the run.

Results and Discussion

Progress of reaction profiles from the//ibatc , versus fed batch experiments are

presented in Figure 5.20. The data is alz'sfétzpréséﬁteﬁdiin/ tabular form in Table 5(i).

Comparison of Batch Versus Fed Batch Lactose Conversion
24.0
22.0 -
20.0 -
16.0 - —e— % Conversion(FedBatch)
14.0 - - %Conversion (Batch) .
12.0
10.0 - : . . : .
4 4.5 5 5.5 6 6.5 7 7.5
Time (min)

Figure 5.20 Comparison of Batch and Fed Batch Lactose Conversion Over a
7.5 Minute Reaction Period at 40°C. This residence time. approx1mates to-that of
the 1 metre long x1.5cmi. d CB

Table 5(i) Data from Batch Vs //,/Fed
5.20.

Time (mln) %‘Conversion(FedBatch)
‘4 5: 2 2 - 17{’5;
AR oy / 20,
75 23;8? e

ihtal variance:
fien comparing Iactose -
ch and PFR reactlons The
: CBRS experlments resulted in a mean Iactosé conversmn of 249+ 1 25% ' |

conversions after 7.5 minutes for the iba h, ed




So, the contacting pattern had e , on e‘iaetor performance. [t

appeared that the enzymic 'r'ejia,ctiohj’.Waszra‘p‘l 4 ough to compensate for the fact
that'in the fed batch fen‘d\x CBRS experiments, the complete lactose charge had not

been introduced until about 4 minutes after the start of reaction’.;\by contrast, in the

stirred batch experiment, it had been ,intrio;d: "‘fourr‘minutes-' earlier.

In the CBRS, similar conversion Ievets ‘:‘,ached/to those seen in the stirred
batch reactions. This suggested that reactron was not restricted by mixing
limitations imposed by gradual introduction of the substrate. Depending on the
degree of mixing and hence dilution, the local enzyme concentration reached in
the reaction zone of the CBRS could range anywhere between 1.25 gl (not
mixed) and 0:53 gI"' (fully mixed). In the batch and fed batch experiments; the final
enzyme concentration was 0.53 gt'1. The fact that a similar level of conversion was
reached to the batch and fed batch experiments implied that a similar enzyme
concentration was reached in the reaction zone of the CBRS. Results from
Subsection 5.3.3 suggested that the average enzyme concentration would be 52%

of that in the bulk solution, about 0.65 gI™.

When the batch and fed batch expenments were desrgned it was thought that

substrate inhibition was possrble m”th | /
experimental results produced by T;fa ,,der (199 4) |
lactose conversion was still mcreasmg Ilnearly wrth a 16% wiv lnmal lactose —'
concentration. So, in retrospect, based on initial rate data, lactose oonversron rate.--\
was unlikely to be suppressed by substrate inhibition even at the h|ghe,, itial

lactose concentration of 20% w/v encountered by the enzyme m the strrred batch‘.’

experiments.




5.5 Conclusions

Experiments which showed the likeilytp‘rogress of reaction/a'IOng the length of a
CBRS revealed that there was negligible chromatographic separatton over the
column length occupxed by enzymic reaction, so that reaction and separation
could be de-coupled and considered mdependently Progress of reaction plots

showed reasonable agreement WIth the,/; :;g‘predtcted by an integrated rate

equation, reflecting the effect Qf:pulse;yqtume/,on;:mtxlng between enzyme and

substrate.

The effect of inlet design was stu/died, and it was concluded that use of a needle
type injector was unlikely to improve mtxing rbetw/een the enzyme solution and the
substrate pulse at normal CBRS operating flow-rates. Also, use of the needle type
injector was thought likely to have detrimental effects on chromatographic

separation. The sinter type injector was judged to give the best overall CBRS

performance.

Tracer experiments, using the inherent conductivity of the enzyme solution, gave
an insight into the degree of mixing between enzyme and substrate. It was
proposed that zones of axial mlxmg exist at the extremltles of an injected pulse of
substrate; these zones prowdlng adequate contact between enzyme and
substrate. The influence of these m|xmg zones was predlcted to diminish with
increasing pulse volume. Similar convers,ton leyels to those seen in stirred batch
__reactions were reached in the CBRS, sugges’ttng that reaction was not restriCted - .
by mlxmg limitations imposed by gradual introduction of the substrate \'

\Supenmposed on this effect appeared to be one of ohromatographlc mlxmg,“ﬁ
brought about by retention of the subst;ate relative to the enzyme. This would

increase the amount of enzyme whieh: ch’gS/,intej:cbntaet\t\tith lactose molecules.

In CBRS operation, there is an apparent contradlctlon Plug flow: eondmons may -

be assumed in such a column when packed I d;ameter sphencal"t

axial dlspersmn to prowde adequate contact between enzyme a
. 97




However, as pulse size is increase ing becomes a limiting

factor on enzymic reaction.

Attention was turned to the relatrve // mfluence of mass transfer and

chromatography on chromatographrciblore ‘nd separatron This involved

consideration of the flow characterlstlc of he bulk thrrd? together with the relative

time scales involved in the processes of re/ tion, mass transfer adsorption and

desorption. The main m|x1ng mechanlsm |t:was decrded was that of statistical
dispersion of lactose due to flow of I|qU|d through the column packing. The relative
retention of enzyme and lactose molecules appeared to srgnn‘lcanﬂy increase the
degree of mixing between enzyme{':and rsUbs't/rate. Mass transfer pro'cesses

appeared to be very rapid and not rate-controlling'.

Finally, it was shown that the contacting pattern between enzyme and substrate in
a CBRS, where the pulse of substrate is introduced gradually, does not confer any
advantage over that of a conventional stirred batch reactor, where the substrate is

introduced at the start of reaction.




Design and Constructlon ofa Chromatographlc Bloreactor-Separator for
_ The Production of Ollgosaccharldes ”

Scope of Chapter . '

During the experiments described in Sectlon 5 31 in which the progress of
reaction was studied in a 1 metre Iong CBRS small amounts of higher
oligosaccharides were detected. On surveylng the hterature it seemed likely
that these oligosaccharides ‘were galactoollgosacchandes (GOS). These
sugars are galactose-containing oligomers with a chain length of 2 or more
monomer units. GOS were detected and identified as early as the 1950's by,
for example, Aronson (1952), Roberts and McFarren (1953), and Pazur et al
(1958). Until recently, GOS have been regarded as nuisance by-products of
the enzymic hydrolysis of whey lactose (Betschart and Prenosil 1984).
However, over the past decade GOS have attracted much commercial interest,
particularly in Japan; where in 1995, annual production of GOS was around
15,000 tonnes (Crittendon and Playne, 1996).

The reason for this high demand for ’GOS lies in their populanty as food

mgred|ents which are purported to have chealth beneflts ,, 08 are recogmsed ‘
on .J“d C,Roberfrovd (1995) as:
“microbial food supplements that beneﬁcnally affect the host by |mprovmg its

as being probiotics, which are defmed

intestinal microbial balance”. Their action involves an increase in number of

bacterial groups such as Bifidobacterium and Lactobacillus in the gut (lto el a/ -

11993). Such microorganisms are commonly incorporated into ‘%nvéf yoghurts .
Other applications of oligos'accharideé /f‘a‘:féﬂ*’éurrently ‘under investigatiOn
including the treatment of bacterial mfectuons by mterfermg With the adhesion of
human pathogens (Zopf and Roth 1996) 4 )

Because of the growing |mportance of ohgosa"’ ;h,,/ ;lt/’%was decided to

change the original research objectwe ,E_on ohgosacchande_ .
production rather than on lactose hydro ys 7 chapter descnbes studlesa |
undertaken to optimise the yleld of ohgosacehandes cutmmatlng in the desngn ;T .
fconstruct:on and evaluatnon of a dithermal chromatographnc bloreacto

\ separator.



The chapter is arranged aé follows

Section 6.1 covers work wrth a 1 metre long x 1.5 cm i. d ehrorﬁatographic
bioreactor-separator (CBRS) whrch supplemented by st:rred batch studies,

aided the choice of operating condrt!ons:/;” \€

eaction zone of the dithermal

chromatographic system.

Oligosaccharides are mtermedaates WhICh are formed en route to complete

lactose hydrolysis, in the presence of the enzyme pB— galactosndase
LACTOSE = [OLIGOSACCH] = = GLUC + GAL

So, to maximise the yield of oligosaccharide, it was necessary to control
enzyme activity. This was achieved by changing the operating temperature
along the length of the bioreactor-separator. The results of this work are

presented in Section 6.2.

Attention was then turned to the separation of the components of the reaction

mixture. Since it was first necessary to produce a relatively large amount of this

mixture, the opportunity was also taken to generate pure. ohgosaocharlde
fractions for detailed analysrs Informatron about both chromatographrc

separation and analysis of the ohgosaccharrdes |s recorded m Seotlon 6.3.

Finally, Section 6.4 describes how -use’Was *made of the earlier work to desi‘gn. .

and construct a so-called “Dithermal Chromatographic BroreactorASeparator

for the production and separatron of ohgosaccharldes Prelrmmary results'\

confirm the feasnbxhty of this: processmg app




6.1 Development of the R‘e"a‘etio} metre fl'oh:g x 1.5cm

i.d. Chromatographic Bioreaic:tor-:S'e‘p.a rator.

Since the chromatographlc columns used in thls work were convemently

divisible into 1 metre lengths in terms of temperature control jacketing, it was

proposed that the first metre of column would, act as the reaction section,
having an independent heating curcwt to the separatlon section. A series of
experiments could then be used to optlmlse the performance of-the reaction

section.

6.1.1 Time-Course of Oligosaccharide Formation

Introduction 4

Stirred batch experiments performed in collaboration with P, Tack of this
laboratory showed that oligosaccharide = concentration reached a peak at
around 7 minutes, after which oligosaccharides were broken down to their
component monomers. Experiments were performed to study the time course
of oligosaccharide formation in a 1 metre long x 1.5 cm Chromatographic
Bioreactor Separator (CBRS). This would enable selection of the optimal flow-

rate for the reaction section.

Experimental

The approach used was to operate a _CBRS ’of’ﬁxed length (1 metre) a

progresswely hlgher volumetric flow rates, resultlng in shorter restdence times.

ThIS was expected to |nd|cate the progress of reaction along the colu

w/v lactose pulses of volume 17.7 cm® and 35 3 cm’ were lnlected on to th
column. An enzyme concentration of 8 gl A was selected giving an activity of 26
Ucm™. The CBRS was operated (at 55°C) at each /f’the/ followmg flow rates:
1.1,241,3.0,5.0, 7.0, 90and990 nin” . Thi i 1 fesidence times
iolyig,osacc';heridev -




for the reaction section. The :likev;tliy tim ’h‘a"r‘ide formation in

a CBRSis shown in Figure 6.1. -

Variation in Oligosaccharide Concentration with Residence Time - .

12 = e e T
=10 | —a— Olig(%TotSug)35.3cm3Lac
= P B | l | —=—Olig(%TotSug)17 7cm3Lac -
5 8 \ % | e e
€ / e | ; f
3 4 o
c
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N
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Residence Time (min)

Figure 6.1 Progress of Oligosaccharide Formation with Residence Time
in a 1 metre long x 1.5 cm i.d. CBRS. Concentration is expressed as a
percentage of total sugars in the product mixture.

Studies performed by Lopez Leiva and Guzman (1995) suggest that GOS are
formed almost instantaneously. In this thesis however, it was not possible to
monitor GOS formation earlier than 6.2 mmutes since thls was the minimum

residence time of the 1 metre long X

6.1.2 Effect of Initial Lactose Concentration

Introduction

Having selected the operatlng flow rate for the reaction seo‘uon the effects of

temperature and initial lactose concentration were studied. ThIS weuld assmt .

selecting conditions for operating the CBR,{S.,; .

Experimental

The 1 metre long x 1.5 cm i.d. CBRs:wés::o*é}’étéa the standard way, as

detailed in Chapter 3, at a ﬂow—ratel’of 9.1 cm—/ mi h in the literatu'ﬁe,:,;;

initial lactose concentrations fo{;eu to
selected (5, 10, 15 and 20% (w/v)), bearmg m 1

separative system in terms of concen /a’uon ioadmg The enzyme : -

ed, a range was

,,,nbwn Iimitationé ofthe

concentration selected was 1.25 g/, gavmg an actlwty of 4 Uom ThlS ‘would
enable compansons to be made with the stirred batch studies of Ta , , 199
and Iwasaki, Nakajama and Nakao (1996)

3

who each used the same enz)




as used in this thesis, anlacto errlllus oryzae at a

concentration Wthh gave about the same enzyme activity.

Two temperatures 'We’rfe,,,-,studied,, contrasting reaction at the 'Clom’riiﬁgnly used
literature oligosaccharide formation temperature ;;of*.40°C with the temperaturé
used for the complete lactose hydrolyéié féxbengié’ntsl 55°C. A pH of 5.2 was
chosen for the experiments, correspohdihg épprbx'ifm/é‘te/ly to the optimum pH
for the enzyme’s hydrolysis activity. The enzyme concentration selected,

1.25 gI”", gave an activity of 3 Ucm™ at 40°C and 4 Ucm™ at 55°C, in terms of

lactose conversion.

Results and Discussion
The results of the experiments in which lactose concentration was varied are

shown in Table 6(a).

Table 6(a) Variation of Oligosaccharide Production with Initial Lactose
Concentration. The oligosaccharide concentrations shown represent mean
values of duplicate experiments.

[Lac], Yowlv Oligosaccharide ' Oligosaccharide

as % of Total Sugars (40°C %Total Sugars (55 °C

5

20] s - 12.8]
These concentratlons are, on average, 40% lower than those attamed by Tack. .

discrepency could be attributed to ma/ssjran;sfer limitations in the plug flow

reactor (see also Chapter 5).

existed between
/tra‘uon (see Flgure ,

6.2) overleaf. This is in agreemen et él (1996)

(1995) in stired batch reactions performed under similar conditions. ThIS\
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Figure 6.2 Variation of Degree of Lactose Conversion with Initial Lactose
Concentration at 40°C and 55°C. The experiments were performed in
duplicate.

As can be seen from Figure 6.3, at both 40°C and 55°C the proportion of
lactose converted to oligosaccharide increased with initial lactose

concentration. This trend was also highlighted by Yang and Tang (1988).
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Figure 6.3 Relationship Between Ollgosacch: duction Eff|c1ency'
and Initial Lactose Concentration at 40°C;and 55°C There was a marked
tendency towards improved ohgosaccharlde productlon efﬁc:ency operatmg at
55°C: / .

Overall, the 1 metre long x 1.5 cm |d column fbehaved in a snmllar way to: .
\ sttrred batch systems descnbed in the literature. This meant that useful desng 1
mformatton could be extracted from results of the stirred batch studles Wth

have been used almost exclusively by /charﬁwgrkars. The perfo,rmance,; .Qf: .th_(—;g}_ -




column suggested that the condi

the reaction section of the\D’i,the‘rrn,a

There was a marked tendency\\towards |mproved ollgosacchande productlon
efficiency operating at 55°C, so this was sele” ed as the reaction temperature

for oligosaccharide production.

An initial lactose concentratton of 5% (w/v) at 55 C resulted in a high level of
oligosaccharide formation (as % total sugars) However the actual mass of
oligosaccharide produced w/ouldrberl:ow. Roberts end Pettinati (1957) and
Lopez Leiva and Guzman (1995) recommended dsing the highest possible
lactose concentration to maximise GOS production. It was decided to operate
the CBRS with a lactose pulse concentration of 15% (w/v), since, from
experience, it was known that above this concentration the upper limit of CBRS

loading was approached, with detrimental effects on chromatographic

separation.




6.2 Evaluation of the Us ature to Control the

' Production of Oligosaccharide metre long x 1.5 cm i.d.

Chromatographic Bioreactor-Separator.

Introduction

According to Lopez Leiva and Guzman (19 j |gosacchandes are formed as
intermediates which are broken down to n10nosacohar|des In stirred batch
experiments, Tack (1995) observed S|gn|f|cant break down of oligosaccharide
over 90 minutes. Since this corresponded to the resrdence time of the
proposed 3 metre long separation s:ectj,on,; ar means of reaction control was
sought. Also, if the reaction zone ie relatively short, broducts are not being
formed along the whole column Iength.r This is beneficial in terms of
chromatographic separation. On examining Figure 6.4, Shieh's data (Shieh
1994) shows that lactase activity is optimal at 55-60°C, after which it falls
sharply to 60% of this activity at 65°C. It was hypothesised, therefore, that

temperature could offer a means of reaction control.

Variation of the Activity of Aspergillus oryzae Lactase with Temperature

100 +
90 +
80 -
70 +
60 |
50 + A
40 )
30 + ‘

Relative Activity(%)

suggested that Iactase actlwty; L
the temperature to around 80°C.

e.g:/l/igrb,{!exlevels by rarslng '

Extrapolation of Shieh's data (dashed line ug: sted that actrvrty should’ be

neghgrble at approxrmately 80°C and that a temperature rn excess of 8 ’
would be suitable for limiting further reaction as the reactron mlxture ente

the separation section.




Experimental :
Stirred flask experiments d‘emenstrat'e‘d nzyme preCIpltated at 85°C,
shown by turbidity of the enzyme solutlon This would be undesnrable in the
chromatographic reactor-separator due to the likelihood of column blockage.
82°C was therefore selected as the »te:mpex;atupeizz;fo\r the separation section. The
performance of the 1 metre long x 150m|dCBRS Qat;82°C was then compared
with that seen at 40°C and 55°C. The aim was to test the effectiveness of the
proposed separation section in terms of controling the formation of
oligosaccharides. The CBRS was operated at three temperatures:40°C, 55°C
and 82°C, with a lactose pulse concentration of 15% (w/v)-and-a pulse volume
of 35.3 cm®. Although under the proposed separation conditions, the separation
section was to be operated with a flow rate of 2.1 cm® min”, the actual
experiments were carried out at a flow rate of 9.0 cm® min™ giving a contact
time of 6.8 minutes at 82°C. This represented a "worst case’ situation where
the enzyme had only limited contact time with the high temperature section (in

the actual separation section contact time was to be 88 minutes).

Results and Discussion

Variation of Ohgosacchande Productio! Efﬁcxency and Degree
Lactose Conversion with Temperature for an Initial ,
o  Concentration of 15% (w/v).
100 ; — |
i :8 1 —#— (gOligo prod/g Lac|
] Hydrol)x10 - ;
701 %
60 + 1
50 + B
40 + 1
30
20 +
10 4+
0
30 ‘ - B
Témperatqief(pé’gc

Flgure 6 5 Varlatlon of Ohgosaccharlde Productlon Eff1c1ency and Degree
of Lactcse Conversion with Temperature. lmtlal lactose concentratlon wa
5%(w/v) : .




Oligosaccharide production efficien h;_e;;tem’p.eratu,re range

studied: while degree of lactose con ecreased. These trends mirror
those seen by Iwasak’i\et al (1996)‘ Yang and Tang (1988) rep’orted that up to
an initial lactose concentration of 15% (w/v) little difference in the extent of

ange 8°C to 50°C.

oligosaccharide formation was seen over. th’

At 40°C and 55°C, oligosaccharide’bbuld,'be‘pdeUCed in- concentrations
comparable to those predicted by stirred batch experiments, that is, around

10% of total sugars (see Figure 6.6).

Effect of Temperature on Degree of Lactose Conversion and Percentage
Oligosaccharide in the Product Mixture

60 .
50 —o— Oligo(% Total Sugar) |
40 \\ —4g~= % Conversion s
% 30 \
20 \\a
18 & —_—
30 40 50 60 70 80 90

~ Temperature (Deg C)

Figure 6.6 Effect of Temperature on ,;;Lactose  Conversion and
Oligosaccharide Production. The 1 metre Iong x 1.5 cm i.d. Column was
operated at a flow rate of 9.0 cm® min’!

A pseudo rate of GOS formation was calculated as a means of quantlfylng the

effect on GOS produc’uon of raising temperature from 55°C to 82°C. Thlsl\@*"

involved dividing the mass of GOS formed by 6 8 mlnutes the residence time

of the column at the flow rate used 9 O cm mm / -

At 55°C, the mass of GOS folrmed;vskaéfo;'sjfi ﬁd;qiig’ pseudo rate was:

991 _ 0.075g min’
6B

At 82°C the mass of GOS formed was 0. 15 + O 059 so the pseudo rate was

0. 1 5 A2
re 0.022g min




duced to 29.3%
sed ée a percentage
\\from\ 9 87+ 0. 79% to

\ 2°C temperature of the

So, by raising the temperatu
of the rate at 55°C. The amount of G
of the total sugar eojnc\_e_]h\tréﬁthn
2.56+045%. It was concluded, there

”'ent,to slo do;'n the react;on enough to

separatien section should be SLiffi

enhance separation and hence punty of’the:GOS pr/oduct?’: &




6.3 Stirred Batch Preparation \arides Followed by

Purification in a 3 m long x 1.5 cm parative Chromatographic

Column

Introduction

Having designed the reaction 'sectie'ﬁ’{:/fbf";ﬁfé’ Dithermal Chromatographic

Bioreactor-Separator (DTCBS), attention was tUrned ‘to the separation section.

This was to be a 3 metre-long x 1.5.cm i.d. section of chromatographic column,
of the type described throughout the thesis so far. The main aim of the
following experiments was to ensure that it would indeed separate a typical
pulse of reaction mixture as it emerged from the reaction section. Also, there
was a need to generate pure samples of oligosaccharide, so that Gel
Permeation Chromatography could be used to elucidate the chain length of the
oligomers. The approach taken was similar to that of Yakult Honsha (1987):
stirred batch GOS production followed by chromatographic separation. A 1 litre
batch of reaction mixture was produced from multiple stirred batch reactions.

This was diluted 50:50 to give a concentration suitable for separation in the 3

metre column length used here, mimicking the separation section of the 4
metre long DTCBS. .. = |

Once the separative ability of the column had been conﬂrmed HPLC analysis
was used to identify a cut which would gi/\rie:éhigh purity oligosaccharide
fraction. Repeated pulses were then injected on to the column until around 100
cm? of oligosaccharide fraction had been generated, sufficient forGPfQ analysls

and acid hydrolysis. It was hoped that these anatyses in combination ~with'\ -
mass balance-derived information, would conflrm{the ohgosacchandes to be

galactooligosaccharides. Also mformatlon wouj'

e,yle!ded on the structure of

the oligosaccharides and the stoichiome s producing them.

6.3.1 Preparation of Oligosaechggdee -

Experimental

S’urred batch reactlons were performed as described in Chapter 5 The reactton-
condmons and analytlcal results are shown overleaf in Table 6(b). The productf

of 10 reactions were bulked to give 500 cm’ of heat-quenched reac‘uon muxture

Precipitated enzyme was removed by /eehtfrifugatten for 10 minutes at -‘2,,8..QQ; -




rpm, followed by filtration through a ! The aim was to give a
‘clean’, stable solution for the prep‘ara'tlve"cﬁ‘r”omatograp‘hic purification runs

which were to follow.

Table 6(b) Typical reaction eondrtlons for a Preparative Stirred Batch
Reaction. The concentration of Oligosaccharide attalned was comparable to
values reported by Tack (1995).

Initial Lactose Concentration (%w/v) 20.00
Enzyme Concentration (gl”) 1.25 Initial (0.53 on mixing)
Temp (°C) 55.0
Reaction Time (minutes) 8.00
Percentage Conversion (of lactose) 25.24
Oligosaccharide Formation(as % of total sugars) 16.15
Final Oligosaccharide Concentration (% w/v) 0.36

6.3.2 Preparative Chromatographic Purification of Oligosaccharides
Introduction

A complete elution profile was generated from the 3m long x 1.5cm i.d.
Chromatographic  Column, demonstrating the production of a pure
oligosaccharide fraction. From this profile, a time period was selected over
which to sample further preparatlve runs so that samples were taken up until
just before the point where the appearance of lactose was first detected. The
samples were then bulked, giving sufflcrent sample volume for Gel Permeation

Chromatography.

Expenmental : .
The ollgosaccharlde -containing product mixture generated in Section 6. 3 2 was
diluted 50:50 to give a sugar concentration of about 10% w/v. 17.7 cm® pulses
of product mixture were injected on to the colump this volume representlng 5%

of the empty column volume of the planned 4 metre Iong x 1.5 cm id.

Dithermal Chromatographic Bloreactor—Separator (DTCBS);, Approxrmately ten

runs were performed, samples bemg ‘collected at ”15mmuire lntervals over the

period: 83 to 88 minutes inclusive. The resu/;/”ng HP:‘:C proﬁles were then
examined, confirming the composmonal cons;stency of the preparatrve cuts »
The samples were then bulked, “giving around 10 cm® of sample for each of the

1 mlnute sampllng mtervals




Results and Discussion

A typical elution profile from a preparative run is shown in Figure 6.7
f

Elution Profile Showing the Preparative Purification of Oligosaccharides in‘a
3 metre long x 1.5 cm Ld. Chromatographic Column

/ —e— [Glucoses}
E —a— {Galactose]
—a—{Lactose]
——[Olig}

-
o

i

T

Concentration (% w/v,
o =2 N W s DN O

80 85 90 95 100 105 110 115 120
Time (min)
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Fiqure 6.7 Elution Profile from a Typical Preparative Purification of
Oligosaccharides in a 3 metre long x 1.5 cm i.d. Chromatographic
Column. Purification of oligosaccharide is visible from around 84 to 88
minutes.

Resolution values from two typical preparative runs are shown in Table 6(c),
from which it can be seen that veriability between runs was low, The good run-

to-run reproducibility can be attributed to accurate flow delivery and use of

electronic valves.

Table 6(c) Resolution Values from Two Typrcal Preparatlve Runs on the 3
metre long x 1.5 cm i.d. Chromatographic Column. Run-run reproducubrhty\
enabled multiple cuts to be bulked for later analysis.

Pulse |lac rsGa- rstluc- rsGluc-  |rsGal-OS|rsGluc- rsLac-
Vol. Concn. |Lac  |Gal Eaci e 0S  |0s
(cm®)  |[(%whv) X s |
17.7 10 0.98 [0.46 056  |1.51 142  [055
17.7. . 10 j0.95 0. 45”“,‘ i 058 11

)

So, resolution was good and purrﬂcatron of ollgos_ fé‘_ les was successful,

13.4% of total oligosaccharide bemg recovered It was concluded therefore

that the 3 metre long separation section of the DTCBS should glve adequate

purification of oligosaccharide. It was decrded to apply 17 7 cm® pulses to the'

, DTCBS whrle mcreasmg pulse concentratron to 15% (wlv) This would lmpose a

greater loadlng upon the reaction and separation system, which would make lt”]
more sensitive to the effects of dithermal operation.




6.3.3 Analysis of Oligosaccharides
The preparative oligosaccharide cuts wer i&}sed, using a combination of

HPLC and Gel permeation Chromatography.

6.3.3.1 HPLC Analysis. .

HPLC analysis using the system used /tth.Ughoui,the thesis (described in
Chapter 4) resolved the oligosaccharide fraction as a whole, but was unable to
resolve the individual oligomers. ‘In the absence of an oligosaccharide
standard, lactose was used as a standard to quantify oligosaccharides detected
in the product mixture, which is common practice in the literature (e.g Jeon and

Mantha (1985)). A typical HPLC profile is shown in Figure 6.8.
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Figure 6.8 HPLC Elution Profile 'sﬁd\‘iv”i‘ﬂg?bétééiiafﬁfaﬁiig’o,s'accharides;
The oligosaccharide peak eluted, typically 1-2 minutes earlier than the lactose
peak. ) , ' - ?

Bonn (1985) achieved  resolution of aliggfsfa‘é?hatideg with chain lengths
spanning the range 1-12 by linking three HPLC columns. Since only a single-
column HPLC system was available during the completion of this thesis, an

alternative method was used, Gel Permeation Chromatography.




6.3.3.2 Gel Permeation Chromatog

Introduction

Oligosaccharide fractions collected from the 3 m long x 1.5 cmid.

Chromatographic Column were analysed by Alta Biosciences, based at The

University of Birmingham. From mass balar ‘analysis an estimate was made

of the ratio of glucose to galactosé in the oligosaccharide fraction. This
estimation was made with the assumption that glucbse and galactose not

detected as free monomers must be incorporated as oligosaccharides.

Experimental

3 columns were connected in series: 30 cm long x 0.8.cm i.d., packed with
Biogel P2 (400 mesh size). The columns were housed in a thermostatically
controlled oven which allowed them to be maintained at 70°C during operation.
The eluant consisted of HPLC grade distilled water, degassed by an in-line
boiler. Eluant was pumped at a flow rate of 0.24 ¢cm® min™ via a Constametric
I Pump. Samples (200 ml) were injected via a Waters WISP 710B injector,
without pre-treatment. On emerging from the column, the effluent was mixed at
a 1:2 ratio with reagent and heated to 90°C for 5 minutes in a PTFE tubing
reaction coil. The reagent cons‘iéjted,:0f;s3,;8,,,g orcinol dissolved in 2.5 | conc.
sulphuric acid. The reacted mixturfjefft‘ﬁéh’p’ééééd tHrbUgh the 1 cm flow cell of a
Cecil CE 1010 UV/NVIS spectrophotometer, set at a w.avelength of 440 nm.
Peaks were then integrated (VG Minichrom).

Results and Discussion

Results of GPC analysis are summarised in Table 6(d) overleaf. It was noticed

that over 90% of the preparative cut was comp -oif:/{r{mers and tetramers. A

very crude estimate of the relative proportions of oligomers can be made from

the percentage composition vgjﬁ 2 € rléaf but this applies only
to the cut itself and does not féﬁr’é /he overall reactton stmchnometry This

would require GPC analysis over the whole elutlon proﬂle and could not

account for dimers unless some means g/f%g;ffgggg;tlat;ng lactose from other

dimers was available.




Table 6(d) Results of GPC Analys: - _each.oligomer detected
are listed. The sample times shown representvthe times at which collection of 1
minute samples was started.

SampIeTlme (Min) Monmr Dimer |Trimer [Tetramer Pen_t_am_er :Hexamer
o 04 23] 450/ 400 68 11

85 al 22| 5200 360] 5:5] sunso. 07

86 04f 41 590 300[ 4.0 0.5

87 02| 65| 650 24.0] 27 0.2

Sum of Masses 1.1 151] 2210 1300 19.0 2.5
%Composition 0.3[ 3.9 56.9} 334 4.9 0.6

As can be seen from Table 6(d) and Figure 6.9, a fraction comprising trimers
and tetramers was obtained which was of about 90% purity. There is evidence
of some resolution of the oligosaccharides on the 3 metre long column. The
concentration of tetramer decreased across the sample period of the cut,
implying that its maximum occured before that of the trimer, whose
concentration increased across the same time period. Likewise, the
concentrations of pentamers and hexamers decrease across the preparative
cut. Overall there is evidence of separation by size, as would be expected with

the material used to pack the 3 metre long column.

GPC Analysis of a Preparatxve C/ t Taken Between 84 and 88 Minutes from
a 3m Long x 1.5c¢m i.d: Chromategraphic Column —

Hexamer
(7 Penatamer
40,047 |~ tramer

Percentage
Composition

Time (min)

o

Figure 6.9 3-Dimensional representation of Preparattve Oligosacchari de' .

Cut. Over 90% of the saccharides present were either trimers or tetrame
dimers could be lactose, lactulose, galactobiose or ce!lobxose ;




6.3.3.3 Estimation of Reaction Stoichiometry for Oligosaccharide Production

Introduction ,

An estimate was made, from mass balance data, of the likely stoichiometry of
the reaction for oligosaccharide production. Results fbr 15 reactions performed
in the 1 metre long x 1.5 cm i.d. CBRS wérgzanalysed and the concentrations
of unconverted lactose, glucose; /gélaétase énd ~oligosaccharide were

normalised by dividing by the mass of lactose injected in each case.

Despite the initial lactose concentrations varying between 5% (w/v) and 20%
(w/v), the relative proportions of the above saccharides remained fairly
consistent throughout. For each saccharide therefore, the normalised
concentrations were averaged to give a summarised reaction mixture analysis.
The following average mass balance was estimated from the mass balance
data, suggesting that more galactose than glucose was incorporated as

oligosaccharides:

1 Lac — 0.46 Gluc + 0.28 Gal + 0.24 Oligosacch.

6.3.3.4 Hydrolysis of Oligosaccharides
A sample of the oligosaccharide fractions analysed by Gel Permeation
Chromatography was refluxed in 5m Hydrochloric acid at 100°C for 2 hours.

Additionally, a sample was incubated at 55°C with 60 Ucm™ lactase for 6 hours.

Results and Discussion

Neither the acid hydrolysis or the 55°C enzymic treatments were successful,
although the enzyme treated sample hydrolysed completely at room
temperature (~20°C) after being left on the bench overnight. The fact that the
severe acid treatment was unsuccessful éuggésts: that in proposed
nutraceutical applications (e.g. Matsumoto et a/ 1993), ;;hese oligosaccharides

are likely to survive the comparatively mild acidity of the stomach.

The purified oligosaccharides were shown t’o:fcontain galactose and glucose in

the ratio 1.7:1, so that, in terms of the dominant component, they could be

classed as galactooligosaccharides. There is no obvious explanation for the

discrepancy between this analytically derived ratio and that estimated from

mass-balances.
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‘ as so far, prevented
sil et al (1987) have studied

this reaction, highlighting in so doing the compliééted nature of the problem.

Lack of detailed knowledge cf)f;’:(: er

elucidation of the kinetics of GOS formation. Preno

pB-galactosidase catalyses both hydrolysis and transfer reactions (Matsumoto et
al 1993) which, in itself, makes modellmg dlfﬁcult Complex:ty increases yet
further when mutarotation is cons:dered Flaschel et al (1982) pointed out that
b-galactose can undergo mutarotatlon to the a—form, which has 12 times the
competitive inhibitive effect of the B:-anomé/r. /Consequently, mathematical

modelling of this reaction system has not been attempted in this thesis.




6.4  Construction and Evaluation of the . tre l,ong x 1.5 cm id

Dithermal Chromatographi\cv"Bioreactor:Separator

Introduction

Reference to the work of Tack (1995), combined with the results of pilot
experiments in the 1 metre long CBRS presented in Section 6.1, suggested
that there would be significant degradation of GOS over the residence time of
the 1 metre long reaction section (if it was operated at the normal CBRS
separation flow rate of 2.1 cm3min"1). It was decided, therefore that in addition
to a step change in temperature over the column length, there would also be a
step change in flow rate, so that the residence time of the reaction section
corresponded to the time at which GOS concentrations approached peak

levels.

From the results of Section 6.3, it was decided to apply 35.3 cm® pulses to the
DTCBS while increasing pulse concentration to 15% (w/v). This would impose
a greater loading upon the reaction and separation system, which would make
it more sensitive to the effects of dithermal operation. The performance of the
DTCBS could then be compared to an isothermal system operated under

otherwise identical conditions.

Experimental ,

A 4 metre long column was assembled such that the heating circuit of the first
metre was operated independently to that of the remaining 3 metres. As a
control experiment, the column was first operated isothermally at 55°C
throughout. The column was then operated dithermally with the first metre of
column operated at 55°C and the remaining 3 metres operated at 82°C. The
resultant 4 metre long x 1.5 cm i.d’.‘;ditnernﬁally‘ obe‘re’red chromatographic

bioreactor-separator is shown in Appendii A-8.

A 35.3 cm® pulse of 15% (w/v) lactose was rnjected on to the column in each

case: The column was operated at a ﬂow rate of 9.0 cm®min’! for 6 minutes 30 ‘
seconds before stepping the flow rate down to the separatlon ﬂow rate of 2.1

cm’ mrn . The stepprng down process took 30 seconds, giving a resndence tlme

of about 7 minutes in the reaction section. The reacted pulse then entered the:. ‘f

3 metre long separation section.
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Results and Discussion

Typical elution profiles from isothermal and dithermal operation are shown in

Figures 6.10 and 6.11 respectively.

Elution Profile from:the 4m long x 1.5cmii d.
Chromatographic Bioreactor-Separator
Operated at Isothermally
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Figure 6.10 Typical Elution Profile from the 4 metre long x 1.5 cm i.d
CBRS. Operated Isothermally (at 55°C). A 35.3 cm’® pulse of 15% w/v lactose
was injected and flow rate stepped from 9.0 to 2.1 cm *min”

Elution Profile from the 4m I/ong x1.5cm id.
Chromatographic-Bioreactor- Separalor
Operated Dithermally
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Figure 6.11 Typical Elution Profile from the 4 metre Iong x 15 cm id
CBRS. Operated Dithermally (at 55°C and 82°C) A 35.3 cm® pulse of 15%
(w/v) lactose was injected and flow rate stepped from 9.0 to 2.1 cm’min’, as in
the isothermal experiment (see Figure 6. 10) ~
Figures 6.12 and 6.13 show a magmﬂed view of the section: 80 to 100
minutes, demonstrating the improvement in oligosaccharide purification WhICh

was gained by operating dithermally. In the isothermally operated
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chromatographic ;bioreacto,r%-'s‘epafa'to‘ _ oligosaccharide was

recoverable (see Figure 6.12).

Galactooligosaccharide Formationin a 4m Long x 1.5cm Isothermal.
Chromatographic Bioreactor-separator
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Figure 6.12 Elution Profile for the Production of Oligosacchari_des in a 4m
long x 1.5 cm i.d. Chromatographic Bioreactor-Separator Operated under
Isothermal Conditions. For reasons of clarity, the profile has not been shown

beyond the oligosaccharide peak. No pure oligosaccharide is visible here, due
to the co-elution of lactose

8.3% of the oligosaccharide produced was recovered as pure product in the

dithermally operated chromatographic bioreactor-separator (see Fig. 6.13)

Oligosaccharide Formationin'a 4m Long x 1;5cm i.d. Dithermal
Chromatographic Bioreactor-Separator
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Figure 6.13 Elution Profile for the Production of Oligosaccharides in a 4m
long x 1.5 cm i.d. Chromatographic Bioreactor-Separator Operated
Dithermally. Pure oligosaccharide can be seen emerging between 83 and 88
minutes. S
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The Dithermal Chromatogr‘aph“iéi Biore tor ’éppeared to have
performance advantages over a Conv.entiénélf'i:/s:/;:)f{ﬁérmélly operated system in
terms of its ability to produce pure oligosaccharide. It should be possible to

apply this principle to similar enzyme reactions where intermediates are

desired products.




6.5 Conclusions

Pilot experiments using a 1 metre-long x 1.5 cm i.d. CBRS enabled operating
conditions to be selected for the reaction and separation sections of the 4

metre-long x 1.5 cm i.d. Dithermal Chromatographic Bioreactor-Separator.

A 3 metre-long x 1.5 cm id. chromatogfabhic column was constructed and
used to predict the separative capability of the 3 metre long separation section
of the proposed 4 metre long x 1.5 cm id. Dithermal Chromatographic
Bioreactor-Separator. The 3 metre long column was able to resolve the product
mixture sufficiently to enable pure oligosaccharide cuts to be taken. Preparative
cuts were analysed, confirming them to consist of oligosaccharides ranging

from dimers to hexamers, trimers and tetramers being the dominant oligomers.

The purified oligosaccharides were shown to contain galactose and glucose in
the ratio 1.7:1, so that, in terms of the dominant component, they could be

classed as galactooligosaccharides.

Finally, a 4 metre long x 1.5 cm i.d. Dithermal'Chrromat/ographic Bioreactor-
Separator (DTCBS) was construc/ted./ The DTCBS appeared to have
performance advantages over a coh/vén/tiéh‘él‘, ri:sgtrhérrﬁal/l/y operated system in
terms of its ability to produce pure oligosacChaﬁdé; It should be possible to
apply this principle to similar enzyme reactions where intermediates are desired

products.




C‘haptéf/ Seve

Summary Findings, Conclusions and Recommendations for Further Work

7.1 Summary Findings and Conclusions

Process Optimisation
The preliminary aim was to optimise the performance of a
Chromatographic Bioreactor-Separator (CBRS), taking the enzymic
hydrolysis of lactose to glucose and galactose as the reaction of study.
The processes involved in chromatographic bioreaction and
separation namely: injection, mixing, reaction and separation, were
examined and the individual and combined effects of these processes
considered. The system was evaluated in terms of its ability to

separate the hydrolysis products galactose and glucose.

Separative Performance

The number of theoretical plates (N) for glucose and galactose was increased
by reducing the particle size of the stationary phase, and modifying the CBRS
to tolerate the resultant high back-pressures. By reducing the packing particle
diameter from 200 to 75 pum, N was increased from about 500 to about 3000

for glucose and galactose in a 2 metre long x 1.5 cmi.d. CBRS.

Inlet design

Inlet design was considered in terms of its effect on mixing between enzyme
and substrate as pulses of substrate are injected. Magnetic Resonance
Imaging (MRI) was used in combination with hydrodynamic calculations for the
experimental studies. MRI proved to be a valuable, non-intrusive tool for

studying the flow patterns.

It was concluded that use of a needle type injector was unlikely to improve
mixing between the enzyme solution and the substrate pulse at normal CBRS
operating flow-rates. Also, use of a needle type injector may have detrimental
effects on chromatographic separation. The sinter type injector was judged to
give the best overall CBRS performance, since this gives plug-like flow during

injection; while providing adequate mixing between enzyme and substrate.
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Time-Scales of Chromatographic Bioreactio ;_aﬁ’ajSeparat’ion

The time scales involved in reaction and séparation were compared. The
approach taken by the author was to operate the CBRS at different residence
times. This resultedin a range of lactose conversion values; so-that the
progress of reaction could be studied. Progress of reaction plots showed
reasonable agreement with those predicted by an integrated rate equation,

reflecting the effect of pulse volume on mixing between enzyme and substrate.

Comparison of progress of reaction plots with CBRS elution profiles revealed
that there was negligible chromatographic separation during the column
residence time during which enzymic reaction takes place, so that reaction and
separation could be de-coupled and considered independently. To exploit
potential CBRS behefits such as improved yield of desired products in product
inhibited and equilibrium reactions, bioreaction and separation would need to
be dynamically linked so that products are separated from the reaction zone as

they are formed.

Mixing and Mass Transfer

Mixing between enzyme and substrate was studied. This was achieved by
performing a series: of tracer-type experiments which exploited the inherent
conductivity - of - the enzyme  solution, giving an  estimate of enzyme
concentration in the reaction zone. This gave an insight into the degree of
mixing between enzyme and substrate. It appears that zones of axial mixing

exist at the extremities of an injected pulse of substrate. With smaller pulse

volumes, there is sufficient axial dispersion to provide adequate contact
between enzyme and substrate. As pulse size is increased, the degree of axial
mixing becomes a limiting factor on enzymic reaction. A study was then made
of the chromatographic- bioreaction and separation;pfocess, examining the
relative - contributions - of bulk liquid mixing and internal and external mass

transfer to the rate of the overall process. This involved prediction of the flow

characteristics of the bulk liquid, together with the relative time scales involved

in the processes of reaction, mass transfer, adsorption and desorption. The

main mixing mechanism, was that of statistical dispersion of lactose due to ﬂovx(;

of liguid through the column packing. Mass transfer processes appeared to’ be '

very rapid and not rate-controlling.
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Chromatographic Effects ‘ _/
Attention was also given to chromatograp‘ﬁic’ effects on mixing between
enzyme and substrate, brought about by retention of the substrate, lactose,
relative to the enzyme. Calculations suggested that this effect would be
significant in this system, resulting in penetration of the trailing edge of the
lactose pulse by the enzyme solution which follows it. This would increase the
amount of enzyme which comes into contact with lactose molecules. Mixing
between enzyme and substrate in a CBRS is likely, therefore, to be enhanced

by chromatographic effects.

Effect of Contacting Pattern

The effect on reaction of the contacting pattern between enzyme and
substrate was investigated; in particular, the difference between introducing
components over a period of time (as in a CBRS) and the almost
instantaneous mixing as seen in a conventional stirred batch reactor. Similar
conversion levels to those seen in stirred batch reactions were reached in the
CBRS, suggesting that reaction was not restricted by mixing limitations
imposed by gradual introduction of the substrate; or by substrate inhibition
effects due to the enzyme encounterihg the entire pulse of lactose aty the start
of reaction. So, the contacting pattern between éhzyrhe and substrate in a
CBRS, where the pulse of substrate i/s intfodbcéd@radua!ly, does not confer
any advantage over that of a conventional stirred batch reactor, where the

substrate.is intrqdu,oed at the start of reaction.

Oligosaccharide Formation ;
It was during studies. concermed with factors which affect enzymijc
reaction in . a _chromatographic bioreactor-separator (CBRS),. that
oligosaccharides . were  detected. . ,Thesé Qf[gosaccharides are
commercially important. Consequently, emphasis Waé changed from the |
end products of lactose hydrolysis, glucose and galactose, to maximising
the “yield of oligosaccharides, which form as intermediates in this
reaction. The approach taken was to perform a series of pilot
experiments, culminating in-the design, construction and evaluation of a

dithermal chromatographic bioreactor-separator.
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Reaction Control

Because the desired oligosaccharides are intermediates in a series of
reactions leading to complete lactose hydrolysis, it was necessary to control
enzyme activity during product separation. If reaction was allowed to take place
during separation, oligosaccharide vyield would be reduced and
chromatographic separation adversely affected. Pilot experiments, using a 1
metre long x 1.5 cm i.d. CBRS, enabled operating conditions to be selected for
the reaction and separation sections of a 4 metre long x 1.5 cm i.d. Dithermal
Chromatographic Bioreactor-Separator. These were to operate the 1 metre
long reaction section at a flow-rate of 9.0 cm®min™ and a temperature of 55°C;
with the flow-rate being changed to 2.1 cm’min™ and the temperature
increased to 82°C in the remaining 3 metres of column (forming the separation

section).

Purification and Analysis of Oligosaccharides

Consideration was then given to the separation of the components of the
reaction mixture. Since it was first necessary to produce a relatively large
amount of this mixture, the opportunity was also taken to generate pure
oligosaccharide fractions for GPC analysis in order to determine the chain
lengths of the purified oligosaccharides. Also, hydrolysis, followed by HPLC
analysis, made it possible to name the oligosaccharides, in terms of the most

prolific monomer unit,

The 3 metre long column was able to resolve the product mixture sufficiently to
enable pLjre oligosaccharide cuts to be taken. Preparative cuts were analysed,
confirming them to consist of oligosaccharides ranging from dimers to
hexamers, trimers and tetramers being the dominant oligomers. The purified
oligosaccharides were shown to contain galra/cto:sewar/\‘d‘ glucose in the ratio
1.7:1, so that, in terms of the dominant component fhéy could be classed as

galactooligosaccharides.

Dithermal Chromatographic Bioreaction and Separation

A 4 metre long x 1.5 cm i.d. Dithermal Chromatographic Bioreactor-Separator
(DTCBS) was constructed and operated first isothermally, then dithermally.
The DTCBS appeared to have performance advantages over a conventional,

isothermally operated system in terms of its abilty to produce pure
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oligosaccharide: In particular, ~a'gjreatér<}q C /Qf«p/l]fr:e GOS was seen with
dithermal operation (operating at 55°C for reaction and 82°C for separation),

than when the CBRS was operated isothermally at a temperature of 55°C.

7.2  Practical Considerations

Tubular bioreactor-separator systems operated under conditions of plug flow
are inherently flexible. In principle, both contacting and processing patterns can
be controlled to optimise overall performance. For example, an enzyme (or a
series of enzymes) could be immobilised in the tubular system with the reaction
and chromatographic sections spatially separated. This approach is similar to
that used by Hashimoto et al (1983). Such a hybrid system could also be
operated in a similar way to the Dithermal Chromatographic Bioreactor-
separator described in Chapter 6. The separation sections could be operated
at a temperature and flow-rate which favoured separation while the reaction
sections could be operated at the optimum temperature for the enzyme and

with a liquid velocity high enough to minimise mass transfer effects.

The CBRS as used in the author’'s work has a major disadvantage: the enzyme
solution is continuously fed to the column without provision for re-use. It would
be ‘possible to recycle the enzyme solution providing the rate of enzyme
deactivation was characterised and fresh solution provided at suitable intervals.
Also, there is the need to remove enzyme from the product stream. Enzyme
immobilisation could prove to be more cost-effective. However, there are
additional costs involved with the actual immobilisation process and practical
problems  such as the need for periodic removal of the packing for

regeneration.

Advantages of simultaneous bioreaction and separation such as reduced
product inhibition require dynamic linkage of the reaction and separation
processes. This can be difficult to achieve, particularly, as in the case of

hydrolysis of lactose using p-galactosidase, where the reaction is very fast.




7.3 Recommendations for FurthefW

e Carry out a more detailed study of GOS formation and derive reaction rate

equations.

¢ Perform further experiments to derive a mathematical relationship between
pulse volume and enzyme concentration profile, enabling existing models of
the CBRS to be developed and tested.

e Construct a mathematical model for lactose hydrolysis, which incorporates

an experimentally estimated enzyme concentration for the reaction zone.
e Model the production of oligosaccharides in a DTCBS.

e Extend initial studies to confirm efficacy of dithermal chromatographic

bioreaction and separation.
e Use the multi-enzyme approach to custom-synthesise oligosaccharides.

e Apply the principle of operating a CBRS with more than one temperature
zone to other enzyme reactions where intermediates are the desired
products. This approach could be applied to sequential reactions inna CBRS
or an immobilised enzyme reactor. Use of more than one enzyme would be
possible, each éniyme having a different optimum temperature for activity.
Also, temperature control could be used to dynamically link bioreaction and
separation, exploiting CBRS benefits é’uch as improved yield of desired

products in product inhibited and equilibrium reactio/ns./

e Scale-up the dithermally operated chromatographic bioreactor-separator
(DTCBS). B

e Scale down multi-enzyme systems for potential use in chemical analysis and

. artificial organ construction.
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Chromatographic Terms Used in The Thesis

This theory treats the chromatographic bed as a series of well mixed equilibrium
stages. Drawing an analogy to distillation theory, Martin and Synge (1941) defined
HETP (height equivalent to one theoretical plate as the thickness of a layer (in a
chromatographic column) over which the solute issuing from it is in equilibrium with
the mean concentration of solute in the stationary phase throughout the layer.
They also said that the value of HETP could be taken as a constant through a
given column, except when the ratio of concentrations of the solution entering and
leaving the plate differs greatly from unity. It was assumed that the diffusion of
solute from one plate to another must be negligible. Also, it was assumed that at
equilibrium, the distribution ratio of one solute between the two phases must be
independent of its absolute concentration and the presence of other solutes. The

column packing is visualised as a series of well-mixed equilibrium stages.

van Deemter (1956) developed an expression for plate height which takes into
account the relative importance of physical factors involved in separation, such as
the influence of the particle diameter of the column packing and its impact on axial
diffusion. HETP can be calculated by dividing the column length by the number of
theoretical plates (N):

L
HETP = N

where L is the length of the column and N is the number of theoretical plates.




Number of Theoretical Plates (N)
The number of theoretical plates is calculated using the following equation, which

was developed by Gleukauf (1955):

NG = 8|

W,
Ve

where: N = total number of theoretical plates with regard to specified solute
tr = retention time of specified solute
h = solute peak height

e = base of natural logarithm

h
The peak width (W) is measured at /e to reduce inaccuracies due to baseline
height fluctuation. N is a useful measure of column performance, indicating the
degree of peak broadening. In chromatography, narrow peaks are desired, since

this reduces the likelihood of overlap between neighbouring peaks.

Resolution
Resolution (Rs) is a measure of the degree of separation between two adjacent

peaks and is given by:

tr2 —1r1
Rs = 2(vv1+ wzj

where: tr2 = retention time of peak with higher retention time
tr1 = retention time of peak with lower retention time
W1 & W2 = width (at base) of peaks

The larger the value of Rs, the better the separation. A value of between 1.2 and

1.5 is considered ideal (Braithwaite and Smith 1996), whereas a value of 0.8 or

less indicates a poor separation.




Equilibrium Distribution Coefficient (Kd

The equilibrium distribution coefficient (Kd) ‘i‘s /c;‘é]/cufated as follows:

Vi - Vo
Kd = -
( Vi —Vo)

where: Vi = Elution Volume of solute
Vo = Elution Volume of non-retained solute
(Elution Volume = retention time x flow rate)

Vt = Volume of column

Separation Factor

The separation factor gives an indication of the ease with which two components
can be separated. The lower the separation factor, the more difficult it is to
separate the two components chromatographically. It is the ratio of the Kd values

of two components; here, components y and z:

_ Kdy
% T Kdz

Where component y has the higher Kd value. So éeparat’ion factor will always be

greater than unity.

Measurement of Chromatographic Peaks

Measurement of chromatographic peaks is described diagramatically overleaf.
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Calculation of Col,tihl.n deidage

In order to calculate the pressure drop across a CBRS, or where knowledge of the
effective column volume (void volume) was needed, it was necessary to measure
the column voidage (¢). Voidage is the proportion of a packed column which is not

occupied by packing.
If the volume of the column is V, the void volume can be obtained as follows:

Void Volume = V. €

Residence time (1) is calculated thus:

Ve
Q

So, re-arranging,

g= 2°
Y

Volumetric flow-rate (Q) and column volume (V) are known, leaving residence time
(t) to be measured experi'mentally. This was achieved by injecting a pulse of a
component which was not retained by the column packing. In this thesis, dextran
2000kd was used, which was too large to enter the pores of the ion exchange

resin used to pack the CBRS. The residence time was obtained by measuring the

elution time of the resultant peak.




Apper
Determination of Enzyme Activity

Throughout this thesis, enzyme activity is described in terms of Units per cm’
(Ucm“3). Enzyme activity is defined as follows:

B-galactosidase Enzyme Unit Definition
1 Unit (U) is the amount of enzyme which converts 1 pmole of lactose in 1 minute

at the stated conditions of pH and temperature.
Method of Activity Determination

(i) 2 cm® of 1% (w/v) lactose was attemperated at the stated reaction

temperature.
(i) 2 cm® of a 1:10 dilution of the test enzyme solution, previously
attemperated, was added to the lactose solution (I) and whirlimixed

while simultaneously starting the timer.

(iiiy  The reaction mixture was incubated for exactly 5 minutes before

quenching.

(ivy 1 cm® distilled and deionised water was added prior to analysis by
HPLC.

(v) Enzyme activity was calculated, taking dilution factors into account.
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Append

Quenching EffiCiéncy -

In order that samples taken at the CBRS outlet did not undergo further enzymic

reaction prior to analysis, it was first necessary to quench the reaction.

Previous workers, for example, Taddei (1994) and Shieh (1994) used boiling as a
means of reaction quenching during sampling. However, the apparatus required is
cumbersome (requiring a boiling water bath) and there would be practical
difficulties in quenching samples taken at 1 minute intervals. Also, some delay

may be introduced as the samples are heated to 100°C.

For these reasons, an alkali quenching method was evaluated. This had the
added benefit of eliminating the need for an additional dilution step, which would
have been necessary to give sufficient sample volume for HPLC analysis. The
HPLC vials held approx. 1.5 cm® and additional volume was needed for flushing

the syringe used to fill the vials).

During chromatographic bioreaction-separation experiments, samples were
removed from the column effluent stream by a peristaltic pump, set at a flow rate
of 0.8 cm®min™. Sample volumes were thus either 0.8 em® or 1.6 cm®, depending

whether samples were removed at 1 or 2 minute intervals.

Samples were collected drop-wise into glass test tubes containing 1.2 cm® of
0.05m Sodium hydroxide. This meant that from the first drop of sample collected a
pH of 12-13 would be encountered by the sample. Generally, samples would
contain sugars and would therefore be more dense than the Sodium hydroxide
solution, so that mixing was unlikely to be a limitation. As an additional precaution,
the sodium hydroxide-containing tubes were chilled to around 5°C prior to sample

collection, then frozen immediately afterwards.

The appropriate dilution factor was calculated and incorporated into the

spreadsheet calculations used to analyse HPLC results. The efficacy of this
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method was compared to that of the conventional boiling quenching method. A
sample was taken during a s’firred: batch 'fégctifc;)‘h and immediately divided into
three portions. One portion was added to a tube immersed in a boiling water bath,
another was added to an appropriate volume of chilled sodium hydroxide \and

frozen.

The boiled sample was analysed immediateiy, while after 30 minutes, the frozen
alkali sample was thawed in the normal way (immersed in warm water), then
analysed immediately. This sample was then left on the bench for 16 hours,
simulating the effect of being the last sample on the HPLC auto-analyser carousel,
before being re-analysed. An identical degree of lactose conversion was seen in
all three samples, so it was concluded that the alkali quenching method was as
efficient as boiling and had certain operational advantages. The alkali quenching

method was consequently adopted for all following experiments.
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Calculation of Average Eniyfme«C.éncentrati'on

In calculating the average enzyme concentration in a pulse of lactose, it was
assumed that if the enzyme was not diluted by sugars, the amount of enzyme in
the area occupied by the pulse would be represented by the area of the square

AB. The shape of the pulse was approximated to that of a triangle (A).

Conductivity

A

Ve - om

v
'
»
'
'
3
v

.

Time

Area B = Area AB - Area A

So,

AreaB

Av. Enzyme Concentration in Pulse = Area AB

x Enzyme Concentration in Eluant
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Spreadsheet Cé‘lculations

Spreadsheets were created in 'Excel 7-Microsoft which enabled concentration

profiles to be plotted from peak areas generated by HPLC analysis.

A histogram/Simpsons Rule-type method was used in calculating peak areas from

individual points resulting from discrete samples taken at the outlet of the

chromatographic reactor.

Concn.

Time

Mass balance calculations were incorporated into the spreadsheets relating the
total mass of products eluted to the mass of lactose injected. Close agreement
was shown generally; which suggests that this estimation method was sufficiently

accurate.
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~ Appendix A

Magnetic Resonance Imaging

Overleaf is a paper presented at the 5. World Congress of Chemical Engineering,
San Diego CA. This paper describes the Magnetic Resonance Imaging MRI
techniques used (in Chapter 5) to support this thesis. This paper is followed by
photographs of the MRI apparatus.
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