
Scaling Up an Immobilized Enzyme System 

The development of an immobilized enzyme system for 
commercial application involves a series of decisions and 
compromises beginning with the choice of enzyme sup- 
port and ending with the decision on operational mode. 
Each step is dependent on the other steps, and all the steps 
influence the overall economics of the final process. 
Compromises need to be made about the support, meth- 
od of enzyme attachment, reactor type, kinetic behavior, 
and operating strategy. Selection of the enzyme carrier 
and its composition will have a major effect on the pH 
optimum, metal requirements, and overall performance 
of the immobilized enzyme system. The reactor type and 
its behavior will also affect performance. For commercial 
applications the fixed-bed reactor is generally the reactor 
type of choice. Knowledge of the appropriate kinetics is 
necessary to achieve the desired product quality and to 
reduce cost. One important kinetic parameter is reaction 
velocity under real world conditions. Rate expressions 
must take +to consideration back-mixing and mass trans- 
fer limitations, both internal and external to the immobi- 
lized enzyme particles. In addition to understanding 
kinetic behavior, one must devise a proper operating 
strategy for producing the greatest amount of product at 
the least cost, while maintaining constant productivity 
over time. The success of any scale-up will be determined 
by the final processing cost as compared to that of the 
alternatives. 

B ECAUSE OF THEIR ABILITY TO CATALYZE CHEMICAL REAC- 

tions at temperatures from approximately 4" to 80°C and at 
standard pressure, enzymes have been used by man since 

ancient times. T& use of enzymes has gradually been extended into 
a variety of fields including brewing, food preparation and produc- 
tion, textiles, tanning, and medicine. More recently, immobilized 
enzymes have been used to improve control, improve product, and 
reduce cost. Immobilized enzymes are enzymes attached or ad- 
sorbed onto water-insoluble matrices such that they can be separated 
from the liquid medium containing the enzyme substrate and 
product. 

Although Nelson and Gri fk  (1) first reported immobilizing 
enzymes in 1916, there was little interest in their use until the 1950's 
and 1960's when studies by Bar-Eli and Katchalski (2 ) ,  Zittle (3 ) ,  
MacLaren (4 ) ,  and Mitz and Surnrnaria (5) appeared. This activity 
culminated in the develo~ment of the first industrial immobilized 
enzyme process, which was commercialized by Tanabe Seiyaku 
Company, Ltd., Osaka, Japan, in 1967 (6). 

By 1971 when the first Enzyme Engineering Conference was held 
in Henniker, New Hampshire, a large proportion of the conference 
was devoted to immobilized enzymes. During these early years there 
was, understandably, a lack of appreciation for the problems and 

implications of scaling up such systems. Unfortunately, this lack of 
understanding has persisted to a significant degree through the 
intervening years. 

At the second Enzyme Engineering Conference in 1973, 
Havewala and Pitcher (7) presented studies on an immobilized 
glucose isomerase system that for perhaps the first time included an 
analysis of mass transfer, kinetics, temperature effects on activity, 
and stability, as well as other considerations of importance required 
for designing large-scale systems. By 1975 many studies dealing 
with the engineering of immobilized enzyme systems were appear- 
ing. By the late 1970's, immobilized glucose isomerase had become 
a major commercial success, making possible the production of 
high-fructose corn syrup. 

Today most immobilized enzyme systems in commercial use 
consist of cells immobilized or entrapped in a water-insoluble 
matrix, or similarly immobilized cell extracts, or partially purified 
enzymes. In almost all cases these processes use only one enzyme 
even if others are present, as in the case of cell extracts. Table 1 lists 
several commercial and potentially commercial systems that have 
been developed within recent years. 

Because enzymes are catalysts, their cost may be only a fraction of 
the value of the products they make possible. The enzyme market 
(approximately $400 million per year) supports several multibillion- 
dollar industries. Immobilized enzymes constitute only a fraction of 
the total enzyme market. One difficulty has been that the high initial 
cost of developing an immobilized enzyme system cannot always be 
recovered by the enzyme supplier. The strong technical proprietary 
positions necessary to allow higher valuations of such systems have 
frequently not occurred. 

Assuming a proposed immobilized enzyme system has met the 
economic and market criteria, what approach should one follow? 
Developing and scaling up such a system is a large and complex 
optimization problem wherein a number of interdependent deci- 
sions and compromises must be reached to determine the ultimate 
cost and utility of the system. Since the expenditure of the resources 
necessary to analyze the situation is usually not justified, certain 
generalizations and decisions are made on the basis of projections or 
experience. This article explains the critical factors and the practical 
criteria that may be used in reaching these decisions. The key areas 
for examination include the enzyme carrier system, reactor design, 
operating procedure and strategy, and regulatory considerations if 
applicable. 

Selection of an Enzyme System 
In selecting an immobilized enzyme system, three important 

factors must be considered: (i) source and extent of purification of 
the enzyme, (ii) form and composition of the carrier, and (iii) type 
of enzyme attachment. 
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Enzyme choice. Until recently the selection of enzyme source was 
severely limited by the availability of enzymes produced in fermenta- 
tion at sufficient or potentially sufficient levels to be economically 
attractive. Recombinant DNA technology has considerably expand- 
ed the number of enzymes that can be considered for commercializa- 
tion. 

High specific activity is important for economic production. For 
large-scale usage, enzymes should be capable of production at the 
level of grams or tens of grams per liter. The degree of purification 
required is a cost trade-off, with less purification requiring a larger 
bulk of immobilized enzyme. Both high- and low-purity approaches 
have been used. Novo's immobilized glucose isomerase is a cross- 
linked cell lysate, whereas UOP Inc. and the earlier Corning Glass 
Works systems depended on more highly purified enzymes and 
smaller resultant reactor volumes. Cost and reliability of operation 
are the final arbiters of choice. Occasionally, use of higher purity 
enzymes may avoid undesirable side reactions caused by the pres- 
ence of other enzymes or by decreasing residence times. 

Enzyme stability is extremely important for immobilized enzyme 
economics, where long operating life or maximum yield of product 
per weight of immobilized enzyme is critical. In general, stability has 
a stronger temperature dependence [typically 10 to 100 kcal (g 
mo1)-'1 than reaction rate [ 5  to 20 kcal (g mo1)-'I. Normally the 
temperature dependence gives a linear Arrhenius-type plot (loga- 
rithm of reaction rate versus reciprocal absolute temperature) (Fig. 
1) for the operational half-life. In most cases the highest total 
productivity is achieved at the lowest temperature. However, the 
temperature of choice may be dictated by other considerations such 
as contamination and capital costs, both of which increase at lower 
operational temperatures. 

The p H  profile of the enzyme of interest in its immobilized form 
should be one of the first properties investigated since it can 
influence stability and the choice of support material. The p H  at 
which immobilized enzymes operate best may be different from that 
for the native enzyme. Such p H  optimum shifts are the rule rather 
than the exception for immobilized enzymes. An example of a 
typical p H  shift for an immobilized enzyme is shown in Fig. 2. The 
mechanism for the "apparent" p H  shift has been explained by 
Goldstein et al. (8) in their description of microenvironmental 
effects caused by charged support materials. 

The carrier system. If an enzyme carrier is negatively charged, then 
high concentrations of positively charged ions (H') will accumulate 
at the boundary layer between the support and the surrounding 
solution. The accumulated H +  will cause a drop in p H  below that 
observed in the bulk solution. Thus the enzyme will be exposed to 
lower p H  than measured in bulk solution, thus causing an apparent 
upward shift in p H  optimum. The opposite is true for positively 
charged surfaces. It, therefore, is possible to shift the p H  of an 
immobilized enzyme in solutions of low ionic strength by proper 
selection of the carrier. These effects are decreased in the presence of 
solutions of high ionic strength. 

The influence of kinetics is important in the selection of enzymes. 
Since most reactions of commercial significance are run at high 
levels of conversion, kinetic effects such as product inhibition can be 
severe. For example, the p-galactosidase (lactase) from Aspergillus 
oyzae appears to have less product inhibition than the similar 
enzyme from A, n&er. Lactase from yeast also has relatively low 
product inhibition but poor thermal stability. 

The requirement of enzymes for activator ions or ions that 
increase stability or enzyme activity can sometimes be at least 
partially met by the incorporation of the ion of interest into the 
carrier. For example, magnesia incorporated into the porous alurni- 
na support developed by Corning for glucose isomerase increased 
the observed activity by more than 50%. 
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Fig. 1. The effect of reciprocal tem- 1000 4 0 ° C 7  
perature (degrees Kelvin) on the 500 
half-life of glucoarnylase covalently ,300 450c7/' 
coupled to porous silica as deter- 
mined under continuous operating 3 100 
conditions with 40% enzyme- 50 
thinned cornstarch used as a sub- 30 
strate. The actual half-lives were run 
to completion for 70°, 65", 60°, and = l o  60°c 
50°C. The half-life at 45°C was ex- 
trapolated after 2400 hours of oper- 5 65OC 3 
ation. The maximum operating tern- 2.95 3.05 3.15 
perature as determined for most im- 103/T (K-') 
mobilized enzvme svstems after 1 
hour or less bf th&mal exposure may indicate conversion rate versus 
temperature but cannot be used for the determination of final operating 
temperature. The final operating temperature must be determined by a series 
of long-term experiments to determine operational half-lives. These data 
coupled with the rate information allow one to choose that temperature at 
which greatest productivity is achievable. From (7). 

In selecting the form and composition of the carrier, one must 
consider the conditions of operation (pH), the enzyme's molecular 
weight and shape, the reactor design, and the type of enzyme 
attachment. The overriding factors usually are the cost of the carrier 
per unit of observed activity and the suitability of the carrier for the 
reactor design under consideration. Eaton (9 )  has developed a 
decision tree that aids in the selection of the best possible combina- 
tion of carrier properties (Table 2). 

It is instructive to consider the role of carrier pore structure. The 
pore size must be large enough to permit easy entry of the enzyme 
for immobilization and of the substrate for reaction. If the pore 
diameter is too small, the surface area will not be accessible. Surface 
area is inversely proportional to pore size; thus, if the pores are too 
large, the surface area and thus the specific value of the carrier will be 
low. An example is shown in Fig. 3 for glucoamylase from A. nger. 

Table 1. Some applications of immobilized enzymes and whole cells. The cell 
systems use a single enzyme within the killed or attenuated organism. In the 
whole-cell systems, methods were found to circumvent unwanted side 
reactions, thus eliminating the need for enzyme isolation and purification. 
Generally, however, scaling up with a whole cell may require special reactor 
design and larger reactor volumes because of the lower specific activity of 
whole cells as opposed to enzymes. 

Enzyme Process Reference 

Glucose isomerase* 

L-Amino-acid oxidase 
Flavoprotein oxidase 

A'-Steroid hydrogenase 
Ribonuclease 

a-Amylase 
Glucoamylase 

Invertase 
Penicillin arnidase* 

Aminoacylase 

L-Arginine deaminase* 
Fumarase* 
L-Histidine ammonia- 

lyase* 
Aspartase* 

Conversion of glucose to 
fructose 

D-amino acid production 
N-oxidation of drugs 

containing hydrazine 
groups 

Production of prednisolone 
Nucleotide production for 

RNA 
Corn syrup production 
Production of glucose from ( 

corn syrup 
Inversion of sucrose 
6-Aminopenicillinic acid 

production for 
semisynthetic penicillins 

Resolution of DL amino 
acids 

Production of L-citrulline 
Production of L-malic acid 
Production of urocanic acid 

Production of L-aspartic acid 

*Whole-cell systems. 
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This enzyme is oblate-spheroidal with a molecular weight of approx- 
imately 100,000. From this information one can estimate the 
exclusion diameter or the pore diameter at which an enzyme is 
excluded from entering the pores of the carrier; for glucoamylase 
this value is 250 A. Experimentally, the exclusion pore diameter can 
be determined by the use of liquid chromatography or by coupling 

Table 2. Some of the important characteristics for an enzyme support 
material (9) .  These characteristics should be applicable to either an organic 
or an inorganic material. Decisions regarding these characteristics may in 
many cases involve a series of trade-offs and compromises when choosing the 
enzyme support material for final scale-up. 

Pore morphology 
Ease of immobilization 
Chemical desirability of support: effect ofpH, salt, solvent, and other factors 
Convenience of handling 
Compression of strength 
Enzyme loading 
Pressure drop tolerated 

Particle size 
Particle shape 
Flow rates 
Substrate solution viscosity 

Acceptable half-life 
Temperature 
PH 
Salt, solvent, heavy metals 

Storage conditions 
Economics 

the enzyme to supports of different pore diameters. Using the 
second method, one obtains a "breakpoint" at which the enzyme or 

u m - 

0 

a 2 

substrate is sterically prevented from entering the pores. At this 
"critical" pore diameter the enzyme activity drops sharply. In the 
case of glucoamylase, the exclusion diameter is in the region of 300 
A (9). Consequently, for this enzyme a support with an average pore 
diameter above this value was chosen, with 350 as the minimum 
average acceptable value. 

Cawiey compositzon. Carrier composition determines the type of 
enzyme attachment and the durability of the resulting composite. 
The selection of a chemically inert carrier is important from the 
viewpoint of both enzyme survival and product purity. 

Corrosion or dissolution of the support can shorten the enzyme's 
operational half-life by enzyme loss or can cause deactivation of the 
enzyme by inhibition of the catalytic site with soluble corrosion 

0 1 1 1 1  

products. carrier durability can be determined by long-term tests in 
flow systems at the desired operating conditions. These tests can 
sometimes be accelerated if the temperature is increased. 

If  articulate carriers are used. crush resistance and particle size 

I 
I 

I 

are important. For particles of different size the trade-off is between 
diffusion limitations with larger particles and problems with smaller 
particles, such as, higher pressure drop and plugging. Particles in 
large-scale applications have generally ranged from a fraction of a 
millimeter to 1 or 2 rnm in diameter. Broad pore size distributions 
and irregular particle shapes decrease reactor bed void volume and 
dramatically increase pressure drop. For example, at a flow rate of 
2.5 liter min-' in a cross-sectional area of 100 cm2, the.pressure 
drop for a column 3 m long with particles ranging in size from 74 to 
125 pm would be 527 x lo2 kg mp2. Particles of 125 to 180 pm 
would yield a pressure drop of less than 351 x lo2 kg mp2. 

2 3 4 5 6 7  1 I I I I 1 8 1 1  0 
YO0 300 1000 3000 

p H  P o r e  d iameter  t i )  

Fig. 2 (left). The p H  profile of soluble yeast lactase compared with the p H  
profile of the same enzyme covalently coupled to a zirconia-coated glass 
support. The apparent p H  optimum of the immobilized enzyme has been 
shifted 3 p H  units to the acid side. The immobilized enzyme in this case now 
shows 80 to 90% of maximum activity at p H  4.0; the soluble enzyme is 
useless at this pH. Since this system was designed for the hydrolysis of 
cottage cheese whey, the p H  shift brought the enzyme operating p H  into a 
usehlpH range. The choice of carrier can determine the direction and size of 
anypH optimum shift. The ability to controlpH optimum can allow one to 
customize an enzyme system to a set of specific feed conditions, as in the case 
of acid cheese whey. Fig. 3 (right). The relation among glucoamylase 
activity (+), pore diameter, and surface area (a). The higher the surface area, 
the higher the enzyme activity per unit volume until the critical pore 
diameter is exceeded. In the case of glucoamylase, the critical pore diameter 
was experimentally determined as 300 A. At this pore diameter the enzyme 
and substrate can no longer enter the pore (together or singly), thus 
drastically decreasing the available surface area to the externally available area 
around the outer portion of the particle. 

Reactor Types 
Once the enzyme has been characterized and the carrier chosen, 

one must decide on a reactor design. A number of reactor configura- 
tions are available including batch reactors, continuously stirred 
tank reactors, fluidized-bed reactors, and fixed-bed reactors. Most 
reactors are combinations or modifications of these types. For 
example, a series of continuously stirred tank reactors will behave as 
a plug-flow or fixed-bed reactor. The behavior of a fixed-bed reactor 
can be made to simulate either a batch or a continuously stirred tank 
reactor by the simple addition of a recycle loop. 

The batch reactor is perhaps the simplest type of reactor. The 
enzyme or immobilized enzyme is placed in a container with the 
reactants, and the reaction is allowed to proceed until the desired 
level of conversion is reached. Since some stirring or agitation of the 
reaction mixture is usually required, temperature and pH control are 
relatively easy to achieve with rapid response. On the other hand, 
under these conditions inorganic or other rigid enzyme supports 
frequently suffer from abrasion, with resulting losses through 
attrition. Many modifications of the batch reactor have been 
designed to simplify recovery and reuse of the enzyme composite. 

The continuously stirred tank reactor is a stirred tank, operating at 
steady state. Reactants are fed continuously, and product is with- 
drawn continuously. 

The fluidized-bed reactor, in which the particulate enzyme com- 
posite is fluidized by the upward flowing substrate solution, has the 
advantage of low pressure drop and resistance to plugging. Unform- 
nately, the fluid velocities required for proper fluidization may lead 
to residence times insufficient to achieve the desired conversion. 
Increasing the height of the reactor or using a series of reactors are 
possible solutions. Reducing particle size or density also decreases 
the required liquid velocity. Under laboratory conditions, immobi- 
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lized glucose isomerase (1 0) and immobilized lactase (1 1 ) fluidized 
beds duplicate fixed-bed conversion efficiencies at certain bed 
expansions. 

The most widely studied and used reactor for immobilized 
enzymes in large-scale commercial operations is the fixed-bed reac- 
tor. The earliest commercial examples of systems in these reactors 
were the use of aminoacylase bound to DEAE-Sephadex in a process 
for resolving DL-amino acids (Tanabe Seiyaku Compatly) and the 
use of glucose isomerase Clinton Corn Processing Company (1). 
Later systems that also made use of fixed-bed reactors included 
immobilized glucose isomerase (Novo Industri AIS) and immobi- 
lized lactase (Corning Glass Works). This reactor type will almost 
certainly continue to dominate large-scale commercial applications 
because of its high efficiency, ease of operation, and general 
simplicity. Although there are many forms of the fixed-bed reactor, 
the most common is a packed bed of particulate material to which 
enzyme has been coupled. Such packed beds have certain problems. 
Particulate carrier materials are usually porous to provide greater 
available surface area fbr enzyme attachment. Diffisional resistance 
can limit the apparent activity of the immobilized enzyme if the 
carrier particles are too large. Unfortunately, the use of very small 
particles in a packed bed to decrease these problems can result in 
high pressure drops, bed compaction, and plugging problems. 

Thus far in industrial practice, high effectiveness factors have been 
achieved with acceptable particle size, makmg packed beds the most 
efficient and convenient choice for scale-up. Packed beds tend to be 
less expensive and to have higher enzyme loading per unit reactor 
volume than the more open reactor designs, such as tubular reactors. 

Reactor Behavior 
In most industrial applications, high levels of conversion of 

substrate to product are necessary to achieve the desired product 
quality and to reduce cost. Knowledge of the appropriate reaction 
kinetics aids in predicting the performance of certain ideal immobi- 
lized enzyme reactors. Actual reactor behavior will only approach, 
albeit in some cases extremely closely, these theoretical projections. 

From a kinetic standpoint, only the three basic types of reactors 
need be considered: batch reactors, continuously stirred tank or 
back-mix reactors, and plug-flow reactors. The first two of these 
reactor types are assumed to be perfectly mixed at all times. The real, 
as opposed to ideal, performance of continuous reactors generally is 
somewhere between that of back-mix and that of plug-flow reactors. 
Under certain conditions, packed-bed reactors can closely approach 
ideal plug-flow behavior. 

Much of the kinetic data reported in the literature for enzyme- 
catalyzed reactions is initial rate or reaction velocity data. If we take 
the least complicated case applicable to enzymes, simple irreversible 
Michaelis-Menten kinetics as an example, the reaction velocity can 
be written as 

where S is the substrate (reactant) concentration, E is the amount of 
enzyme, k is the rate of enzyme turnover number (product formed), 
K, is the Michaelis constant, and v = - Vs ((dS/dt), where Vs is 
substrate volume and t is time. Since initial rates are of little interest 
in the practical world of high conversion levels, one can integrate 
Eq. 1 from time zero to time t to obtain the following expression for 
a batch reactor: 

Fig. 4. Ratio of back-mix reactor 
volume to ideal plug-flow volume 
required to achieve the same level of 
conversion. The ratio depends on 
the initial substrate concentration 
(So), I<,, and the X fraction of sub- 
strate converted to product. For low 
values of So/I<,, the kinetics ap- 

0.001 0.01 0.1 proach first order. At high values of 
(I-x) SolK,, the kinetics approach zero 

order. For zero-order kinetics the 
ideal back-mix and plug-flow reac- 
tors give the same performance. 

where Vo is the initial substrate volume, So is the initial substrate 
concentration, and the fractional conversion X is equal to 
(So - S)ISo. In an ideal plug-flow reactor where each volume 
element of fluid proceeds through the reactor behaving as an 
infinitesimal batch reactor element without mixing with the adjacent 
fluid elements, Eq. 2 can be rewritten as: 

where Vs/t has become F,  the volumetric flow rate. 
For the back-mix or stirred-tank reactor, a material balance 

dictates that 

where So is the feed concentration and S is the concentration in the 
reactor and at the outlet. If we set the right side of Eq. 1 equal to the 
right side of Eq. 4, we obtain 

which after substituting and rearranging becomes 

Rate equations for other types of kinetic expressions have been 
described by Pitcher (12). By using these equations, one can 
compare the reactor volumes required for ideal plug-flow and back- 
mix reactors to achieve the same conversion (Fig. 4). The ratio of 
reactor volumes for the two cases depends on So /I<, and the extent 
of reaction. For low values of So/I<,, the rate expression (Eq. 1) 
approaches first order and for high values, zero order. 

For zero-order kinetics, ideal plug-flow and back-mix reactors 
give the same performance. In a few cases, such as substrate- 
inhibited reactions, back-mix reactors are superior. More common- 
ly, because of product inhibition of various types the plug-flow 
reactor is the more useful of the two. 

Integrated rate equations such as Eq. 6 can be visualized as curves 
of conversion versus residence time normalized to reflect the amount 
of enzyme present. Normalized residence time can be expressed in 
various ways, Ett/Vs for a batch reactor (E,  is total enzyme activity 
and t is reaction time) and Et/F for a continuous reactor. A 
comparison of data for the same immobilized glucose isomerase 
system from a continuous or a batch reactor is represented in Fig. 5 .  

This type of curve can be determined experimentally or predicted 
from the rate equation, with constants calculated from the initial rate 
data. In practice, it is advisable that one take the empirical approach 
of determining conversion versus residence time over the full range 
of interest. The occurrence of side reactions, although minimized by 
immobilized enzyme systems with low residence times, can still 
cause deviations from predicted behavior, particularly at high 
conversions. Diffusion limitations, temperature gradients, and flow 
nonidealities, such as channeling in packed beds, may cause devi- 
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Fig. 5. Conversion versus normal- 5 0 
ized residence time for a continuous 
(a--0) and batch reactor (0) for ;; 
the same immobilized glucose isom- .;; 4 0 - 
erase preparation. For an ideal plug- 2 
flow and batch reactor with no mass 
transfer limitations, conversion and 5 30 - 
normalized residence time will coin- a 
cide. Practically, this type of cunre 
can be used along with the observed 
conversion level to find the cor- $ 20- 
responding normalized residence - 
time. From this value, if one knows 
substrate flow rate (or elapsed reac- 1 o 
tion time and substrate volume for a 
the batch reactor), one can deter- 
mine the enzymatic activity at the I I I I I I .  
time of abservation. 0 0 .04 0.08 0.1 2 

Norma l i zed  res idence  time 
[(hour) (g enzyme) /m l ]  

ations from predicted behavior. Many of these factors can be 
anticipated and their effects predicted. 

One of these factors, mass transfer limitation, occurs with s d -  
cient frequency to warrant its discussion here. The effects of 
diffusion on observed reaction rates are usually separated into two 
parts, external and internal mass transfer. The effects of external mass 
transfer, diffusion from the bulk liquid to the carrier surface of the 
immobilized enzyme, can be estimated in various ways. The condi- 
tion frequently encountered, laminar liquid flow with very low 
Reynold's numbers, falls outside the range of many correlations. 
Pitcher (12) has reviewed some of the relevant correlations as well as 
other approaches to the problem. Satterfield (13, 14) has suggested 
a simple but useful approach consisting of calculating the height of 
bed required for the necessary mass transfer to occur iffilm diffusion 
is assumed to be the rate-controlling step. This method requires only 
one experimental reactor performance data point (conversion and 
flow rate) and applies to an integral reactor rather than to just one 
point within the reactor. The bed height, Z, can be estimated from 
the following expression: 

where e is bed void fraction, a, is surface area per unit volume, NRe 
is Reynold's number, Nsc is Schmidt's number, TI is mole fraction 
substrate in the feed, and Y2 is mole fraction substrate in the 
product. This method was reported by Havewala and Pitcher (7) ,  
who used it for an immobilized glucose isomerase fixed-bed reactor 
with Z = 12.8 cm operated at a feed rate of 100 rnl hour-' (50% 
glucose solution) yielding 45% conversion. The Z value calculated 
(under the assumption that there was film diffusion control) was 
0.23 cm, much less than the actual Z. The authors verified the 
implied absence of significant external mass transfer effects by 
operating reactors with different Z values at slow rates, which gave 
the same residence time. If conversion does not change while linear 
flow is increased by a factor of 2 or more at a constant residence 
time, then one can eliminate the possibility of significant external 
mass transfer effects. 

Since enzymes are frequently immobilized within porous bodies 
or retained by semipermeable membranes, limitations from internal 
mass transfer or pore diffusion are more frequent than from external 
mass transfer. Simultaneous reaction and diffusion are commonly 
encountered (15). Although rigorous treatment of the problem is 
beyond the scope of this article, we discuss the basic approaches 
involved and give examples of practical ways, theoretical and 
experimental, of evaluating internal diffusion effects. 

When a reaction is promoted by an enzyme immobilized within a 
porous material under steady-state conditions as in a continuous 
reactor, a substrate concentration gradient is established with the 
concentration decreasing as the distance from the surface into the 
porous body increases. The differential equation describing diffusion 
and reaction in a sphere is 

where r is the radius of the sphere, v, is the intrinsic reaction rate 
(usually dependent on substrate concentratioq), and Deff is the 
effective diffusivity of the substrate. Only when vi = k,Sm (where m 
and k ,  are constants) can an analytical solution to Eq. 8 be found. 
Cases involving more complicated rate expressions, such as Michae- 
lis-Menten kinetics, must be solved numerically. 

The ratio of observed or apparent reaction rate to the rate if no 
mass transfer limitation existed is called the effectiveness factor (q), 
which can be calculated from Eq. 8. Various generalized plots 
relating the effectiveness factor to different kinds of general moduli 
have been developed. These moduli are of two types, those depen- 
dent on the kinetic constants and those based on observed reaction 
rate data. Bischoff (16) expressed q graphically as a function of a 
general modulus, M, which can be written in terms of Michaelis- 
Menten kinetic constants where Deff is also constant. For flat plate 
geometry, this modulus is: 

where L is plate thickness and V,,, is maximum velocity; for M 
greater than 2, = l /M. The effectiveness factor plot based on this 
modulus is shown in Fig. 6. A similar approach (12) based on a 
modulus that incorporates observed reaction rates can be used. 
Moo-Young and Kobayashi (17) have developed numerical solu- 
tions for more complex product and substrate inhibition kinetics. 
The complicated and lengthy moduli calculation undoubtedly dis- 
courages the use of their solutions. 

Probably the largest source of error for any of the moduli is the 
effective diffusivity, which is difficult to measure or estimate. There 
are several practical ways of estimating the effects of pore diffusion 
to avoid this problem. One method is to decrease particle size or 
membrane thickness until no further increase in reaction rate is 
observed. This final rate can then be assumed to be the intrinsic rate 
and can be used to calculate the appropriate effectiveness factors. 
Care must be taken to avoid artifacts in these experiments. Crushing 
particles to reduce their size may affect the observed activity by 
plugging or altering pore structure. On the other hand, irnmobiliza- 
tion of enzymes on different-sized particles should be done in 
separate batches to avoid preferential enzyme uptake by the smaller 
particles. 

Another practical way to estimate the effect of internal d i h i o n  is 
to compare the dependence of reaction rate on temperature for the 
immobilized enzyme as compared to the soluble enzyme. If an 
Arrhenius plot for the immobilized enzyme gives a straight line over 
the range of interest with a slope equal to that for the soluble 
enzyme, it normally implies that no resistance to pore diffusion 
exists. Pore diffusion limitations wi4 usually cause a decrease in slope 
at higher temperatures in a plot of this kind. This slope will 
approach one-half that at lower temperatures since the apparent 
activation energy approaches the (relatively small) arithmetic mean 
of the diffusion and chemical reaction activation energies. 

Pore diffusion effects can be reduced in several ways. Enzyme 
loading should be optimized, taking into consideration the trade-off 
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Fig. 6. Effectivenets factor for Mi- 5 
chaelis-Menten modulus A4 q .  kinetics: 9) written A in general terms o , ~  1 \ 
of Michaelis-Menten kinetic con- 
stants assuming that substrate d i f i -  g 
sivity does not vary with concentra- ,$ 0.2 
tion. The effectiveness factor de- 5 
scribes the ratio of observed appar- 2 0.1 !---LL-----L-- 

ent rate to the rate with no difision 0.2 0.5 1.0 2.0 5.0 10 
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limitation. For an immobilized en- 
zyme system, the value should be 
near unity for efficient operation. 

between efficient enzyme use at high loading and larger carriers and 
immobilization cost at low enzyme loadings. Diffision problems 
can also be alleviated by decreasing particle size or by immobili7ing 
the enzyme in a layer near the particle external surface. In real 
reactors ideal plug-flow behavior is never achieved since some 
degree of back-mixing or dispersion inevitably occurs. Correlations 
for dispersion coefficients have been rl~veloped to predict back- 
mlxing effects. Tracer studies can be used to determine dispersion 
experimentally. Unfortunately, channeling and other irregularities 
in liquid-carrier contacting, not readily amenable to accurate analv- 
sis, are frequently more important than back-mlxing. 

Operating Strategy 
Pitcher (12, 15) has discussed the operating strategy for immobi- 

lized enzyme reactors, a question of economic importance. The 
ultimate goal is to minimize total processing cost. In practical terms, 
this usually means maximizing the total product that can be 
produced by a given amount of immobilized enzyme composite. 
The total production P of a reactor during time t, can be related to 
the feed rate F by the equation: 

c~ 

P, = 1 Fdt  
0 

For the most common case, operation at constant conversion with 
exponential decay gives 

where Fi  is initial feed rate and t l l 2  is the immobilized enzyme half- 
life. When this expression is integrated, one obtains 

Such isothermal operation at constant conversion requires decreas- 
ing flow rate to maintain the conversion level as enzyme activity 
faus. This normally unacceptable change in production rate is 
usually dealt with by the use of a multiple-reactor system. Start-up 
or reloading time for each reactor is staggered, with the reactors 
operated in series or parallel. The number of reactors required to 
maintain the production rate within a given range is a function of 
the number of half-lives for which the enzyme is used. Figure 7 
shows an example. Most commercial glucose isomerase systems are 
operated in this manner. 

Another operating strategy is to raise the temperature to compen- 
sate for activity loss at a rate to maintain the original production rate 
and conversion levels. This procedure has been used commercially 
with immobilized lactase where half-lives are long and multiple- 
column systems are an unnecessary complication. Other operating 
strategies may be optimal for other, less frequently encountered 
circumstances. 

Operatin8 costs. In the development of immobilized enzyme 
systems, preliminary cost estimates are a useful tool for determining 
economic feasibility and for identifying problem areas in potential 
systems. The cost can be broken down into several components. The 
first is the cost of the immobilized enzyme, which includes carrier, 
enzyme, and immobilization costs plus labor, equipment, capital, 
and materials. This composite cost can be used with performance 
data to calculate the processing cost attributable to the composite. 
The second cost component is labor, including fringe benefits, 
supervision, and other overhead charges. The third cost component, 
equipment, appears as a depreciation charge. Taxes, insurance, 
maintenance, and other miscellaneous items are commonly estimat- 
ed as a percentage of capital and along with depreciation may in 
some cases exceed 20% of capital annually. Raw material cost must 
be added to these processing costs to obtain the product cost. 
Provision must be made for losses at each processing step. 

Perhaps the least appreciated costs with the highest impact are 
those associated with preparing feedstock and purifying or concen- 
trating product. The costs of other parts of a total manufacturing 
process can dwarf the cost of the immobilized enzyme system. For 
example, in whey hydrolysis the concentration of the hydrolyzed 
lactose is a much more expensive process than the hydrolysis. Even 
concentration and transportation of the feedstock in this case can 
exceed the enzymatic processing costs. 

Although many of the characteristics of immobilized enzymes and 
reactors have been discussed individually, they are not independent. 
Enzyme kinetics, substrate concentration, pH, activators, tempera- 
ture, and carrier size and shape may all affect the rate at which an 
immobilized enzyme catalyzes a reaction. 

Both enzyme loading, the amount of enzyme immobilized per 
unit volume or weight of support material, and the cost of the 
support affect the total processing cost. For inexpensive enzymes, 
high loading is essential to reduce the cost of support material. 
Reactor size is also reduced when the amount of composite de- 
creases. However, if the enzyme is expensive, its efficient utilization 
is important. The greater the amount of enzyme immobilized on a 
given amount of carrier, the less efficiently that enzyme is used. The 
percentage of activity of a soluble enzyme consumed in immobiliza- 
tion that is later observed as activity of the immobilized enzyme 
decreases. Enzyme of higher purity can increase this coupling 
efficiency for a given activity level in some cases. 

During scale-up to pilot plant and commercial plant levels, several 
considerations become increasingly important relative to their sig- 
nificance at the bench level. Feed composition frequently is a critical 
variable in system performance with examples of half-lives ranging 
from 2 to over 100 days for immobilized lactase operated at the 
same temperature with a variety of feeds. Laboratory results with 

Fig. 7. Multiple column system pro- , 20 
duction rate. Operating isothermally - 
at constant conversion would re- 5 loo  

quire decreasing flow rates or pro- .u - 

duction rates to maintain constant E r 
conversion as the enzyme activity ,: - 
decreases versus time. A common Z - 

method of maintaining constant 40 
- 

conversion and productivity is to use L - 

a multiple column approach. Start- 
up and reloading times for individ- o l l i L  

20 6 0  100  140  
u d  reactors are staggered with reac- Time ( d a y s )  
tors operating either in parallel or 
series. The figure shows the production rate (as a percentage of desired rate) 
as a function of time from start-up for a case where the rate from mavimum 
to minimum production has been set at 0.82, the number of columns in the 
system is seven, and the number of half-lives used is two. This system 
operates at constant temperature. 
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reagent grade feedstocks are frequently not repeatable when less 
pure commercial materials are used. Removal of salts, proteins, or 
other contaminants is sometimes justifiable to prolong the operating 
life of the enzyme. In the case of immobilized lactase, where the 
sugar concentrations are 4 to 15%, microbial contamination can 
severely affect performance and can necessitate periodic cleaning. 
Other systems such as glucose isomerase, where sugar levels are in 
the 50% range with 60°C temperatures, have little or no microbial 
contamination. 

Other problems encountered in commercial operations include 
enzyme composite bed compression, which leads to unacceptably 
high pressure drop and further bed compression. Microbial con- 
tamination can aggravate this problem. Carrier attrition upon 
handling may generate fines that are either washed away, which 
decreases the total available activity, or retained in the reactor, which 
causes increased pressure drop. 

Since in many cases the immobilized enzyme composite must be 
used for a relatively long period (several months or more), fail-safe 
controls for temperature, pH, and other parameters that could result 
in catastrophic activity loss should be installed. Failure to consider 
the immobilized enzyme system in the context of the overall process 
may lead to unrealistic expectations for the immobilized enzymes. 

Regulatory Considerations 
Another important consideration when developing immobilized 

enzvme svstems for certain uses. such as in the ~roduction of food 
or pharmaceuticals, is regulatory status (18). In the United States, 
the Food and Drug Administration (FDA) (most other developed 
countries have a similar agency) regulates the use of immobilized 
enzymes in the production of food.- he regulations in the United 
States (21 Code Federal Regulations 17,360) require that the fixing 
agents (term used by the Federal Drug Administration) for imrnobi- 
l&ation consist of substances generally recognized as safe (GRAS) in 
food or (with two exceptions) that the fixed enzyme preparation be 
washed to remove residues of fixing materials. The only two fixing 
agents specifically approved for use for the preparation of immobi- 
lized glucose isomerase for the production of high-fructose corn 
syrup are diethylaminoethyl cellulose and glutaraldehyde. 

At least four petitions for GRAS affirmation were pending with 
FDA at the end of 1985. Corning Glass Works is seeking GRAS 
affirmation (petitition filed 9 March 1981) of a composite prepared 
by covalently bonding p-galactosidase from A. n&er or other - - 
approved organisms to a porous ceramic support via the linking 
agents y-aminopropyltriethoxysilane and glutaraldehyde for pro- 
ducing low-lactose whey. Arnerace has submitted a petition (18 
June 1984) to affirm GRAS status of an insolubilized lactase 
preparation derived from A. oyzae and immobilized with glutar- 
aldehyde and polyethylenimine for use in producing lactose, hydro- 
lyzed whey, lactose-hydrolyzed whey permeate, and lactose-hydro- 
$zed milk permeate.  he FDA ruled-as inadequate a process and 
enzymes described in UOP Inc.'s petition (23 November 1981) 
involving high-fructose corn syrup prepared from corn syrup glu- 
cose by the action of a glucose isomerase preparation derived from 
St~eptomyces olivocb~omqenus and immobilized with polyethyleni- 
mine cross-linked with glutaraldehyde. The same fate has befallen 
Miles Laboratories' petition (25 June 1984) involving the use of 
Flavobacterium a~borescens cells (nonviable), polyethylenimine-ethyl- 
ene dichloride polymer, chitosan, and glutaraldehyde reaction prod- 
uct for use in ;he production of highIfructose corn syrup. FDA is 
also in the process, as of early 1986, of formulating GRAS 
regulations covering a wide range of enzymes, most of which 
are already in use and some of which could be used in immobil- 

ized form if the criteria for fixing agents, discussed above, 
are met. 

Many of the cross-linking or fixing agents that have been reported 
in the literature as useful for enzyme immobilization are not 
approved for use in food. For some of these, sufficient safety data 
may be lacking; others are known to be highly toxic. One problem 
in establishing safety is that cross-linking agents are by nature highly 
reactive and may possibly be toxic. On the other hand, immobilized 
enzyme composites, if reacted to completion and well washed, 
should contain little reactive material and, in many cases, pose no 
hazard. Nevertheless, to meet the food safety requirements, residual 
levels of reactive coupling material should be determined and a 90- 
day feeding study with the enzyme composite should be carried out 
to demonstrate safety. 

Future Developments 
Little progress is likely to come from innovations in reactor 

design except in unusual applications. Enzyme immobilization has 
been progressing toward higher enzyme loading, better durability 
and rigidity of supports, and lower cost with potential for improve- 
ment. Improvements in cofactor regeneration also appear to be 
ongoing. 

Probably the area that will lead to the greatest advances is 
enzymology and new applications of enzymes. Recombinant DNA 
technology brings many more enzymes under consideration for 
production at commercially interesting levels. Enzyme engineering, 
modification of enzymes in a controlled fashion, holds even greater 
promise for designing enzymes for specific uses. 
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AAAS-Newcomb Cleveland Prize 
To Be Awarded for an Article or a Report Published in Science 

The AAAS-Newcomb Cleveland Prize is awarded to the 
author of an outstanding paper published in Sczence. The value of 
the prize is $5000; the winner also receives a bronze medal. The 
current competition period begins with the 3 January 1986 issue 
and ends with the issue of 29 May 1987. 

Reports and Articles that include original research data, theo- 
ries, or syntheses and are fbndmental contributions to basic 
knowledge or technical achievements of far-reaching conse- 
quence are eligible for consideration for the prize. The paper 
must be a first-time publication of the author's own work. 
Reference to pertinent earlier work by the author may be 
included to give perspective. 

Throughout the competition period, readers are invited to 

nominate papers appearing in the Reports or Articles sections. 
Nominations must be typed, and the following information 
provided: the title of the paper, issue in which it was published, 
author's name, and a brief statement of justification for nomina- 
tion. Nominations should be submitted to the AAAS-Newcomb 
Cleveland Prize, AAAS, 1333 H Street, NW, Washington, DC 
20005, and must be received on or before 30 June 1987. Final 
selection will rest with a panel of distinguished scientists appoint- 
ed by the editor of Science. 

The award will be presented at a ceremony preceding the 
President's Public Lecture at the 1988 AAAS annual meeting to 
be held in Boston. In cases of multiple authorship, the prize will 
be divided equally between or among the authors. 
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