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ABSTRACT

An immobilized enzyme, pancreatic ribonuclease immobilized on 
porous ceramic, was investigated for reduction of nucleic acid levels in 
yeast single-cell protein. Using a purified ribonucleic acid substrate, 
the immobilized enzyme gives rapid reaction rates and good stability in 
the pH range 4-8. Residence times of 6 seconds are sufficient for 50 
mole percent product conversion at 25°C. The enzyme half-life at 25°C 
and pH 4.6 is about 120 days. Dependence of enzymatic activity on pH and 
ionic strength between pH 4 and 8 was studied. Reaction rates at pH 7,0 
are about 4 times greater than at pH 4.6. Rate versus substrate concen
tration data were taken at pH 4.6 and 7.0 and fit to standard enzyme 
kinetic models. A novel substrate-inhibition model is proposed to 
explain these data at pH 4.6. Effects of film and pore diffusion on 
reaction rates were investigated. The McCune-WiIhelm model gave the best 
agreement between experimental and predicted values of the film effec
tiveness factor of the standard mass-transfer correlations tested. A 
non-porous or slightly porous enzyme carrier may be more efficient than a 
highly porous carrier given the physical and kinetic characteristics of 
the system.

x



CHAPTER 1

INTRODUCTION

1,1 Background
Concern about.the world food supply and, in particular, the pro

tein shortage now facing many nations has led to the investigation of 
novel sources of protein. Included among these new protein sources are 
soybean, cottonseed, alfalfa, yeast, bacteria, and algae. Yeast protein, 
also called single cell protein (SCP), appears to enjoy several advan
tages in terms of processing and consumer acceptability over the other 
microbial SCP foods, bacteria, and algae.

However, the usefulness of yeast as a protein supplement for 
humans is limited by its relatively high levels of nucleic acid, about 
6 to 8 percent by weight of the cell dry weight (Rose and Harrison, 1971). 
Metabolism of the purine bases found in nucleic acids has as its chief 
end product uric acid (Lehninger, 1970). Uric acid is not very soluble 
in body fluids and as its concentration increases the result may be 
formation of uric acid crystals in joints (gout), soft tissue (tophi), or 
the urinary tract (kidney stones). It has been shown that in order to ■ 
maintain a safe level of blood uric acid, nucleic acid intake should be 
less than two grams per day (Edozien et al., 1970). This would limit the 
consumption of yeast protein to about 16 grams per day whereas the adult 
protein requirement is 50 to 60 grams per day. Therefore, it is



necessary to reduce nucleic acid levels in yeast SCP to improve its use
fulness as a protein source for humans.

Various techniques have been investigated to reduce yeast nucleic 
acid levels. Most of these methods utilize alkaline or acid hydrolysis 
of the nucleic acid polymer coupled with incubation af somewhat elevated 
temperatures to allow the native yeast enzymatic system to further act on 
the nucleic acids. These methods are generally characterized by some pro
tein loss due to the reaction conditions, nucleic acid reduction of 80 to 
90 percent and incubation times on the order of one to two hours 
(Hedenskog and Ebbinghaus, 1972; Castro, Sinskey, and Tannenbaum, 1971; 
Sucher et'al., 1973; Ohta et al., 1971; Zee and Simard, 1975).

During the initial phase of the investigation of single cell pro
tein at The University of Arizona, it was decided to investigate the 
usefulness of the relatively new technique of enzyme immobilization with 
regard to the problem of nucleic acid levels in yeast. We wanted to see 
if an economically viable approach to the problem might result from the 
application of immobilized enzyme technology. Therefore, the research 
reported here is an attempt to elucidate whether or not the particular 
system investigated offers a potentially attractive means of reducing 
nucleic acid levels in yeast SCP.

1.2 Objectives of Research
Several basic research objectives were set. First, it would be 

necessary to develop an immobilized enzyme system capable of acting on 
yeast nucleic acid. Second, we would investigate some of the chemical 
features of the selected system. Lastly, we would obtain detailed



kinetic and mass transfer data on the system and interpret this data in 
terms of standard enzyme kinetic models and the effectiveness factor 
concept. '

The detailed research steps which were planned are as follows:
1. Select an enzyme capable of depolymerizing yeast ribonucleic acid 

(RNA) and a suitable carrier on which to immobilize the enzyme.
2. Select a method of attaching the enzyme to the carrier which is 

simple, fast and gives good yield of enzymatic activity.
3. Select a simple analytical technique, preferably a continuous 

one, which gives information both on the activity of the enzyme 
and the degree of degradation of yeast RNA.

4. Investigate the chemical characteristics of the immobilized 
enzyme including dependence of activity on pH and ionic strength.

5. Investigate the effects of mass, transfer on the observed reaction 
rate,.including the effects of film and pore diffusion.

6. Obtain data on conversion of substrate versus residence time for 
the reactor configuration chosen.

7. Model the observed kinetics with an appropriate theoretical model 
and obtain estimates of the kinetic parameters using a non-linear 
least squares parameter extraction routine, XTRACTR.

8. Determine the long-term stability of the immobilized enzyme in 
terms of half-lives at various operating temperatures for several 
enzyme.carriers.



The research was, therefore, primarily oriented toward obtaining 
useful engineering data and models, and not towards optimization of 
associated chemical techniques.



CHAPTER 2

THEORY AND RELEVANT DATA

2.1 Enzyme Immobilization
An immobilized enzyme is defined as an enzyme which has been con

fined to allow its repeated use in a continuous catalytic process.
Enzymes may be immobilized by physical means such as adsorption on solid 
surfaces, by entrapment in gel lattices, or by chemical means such as 
covalent bonding of the enzyme to solid supports.

Adsorption of enzymes is simple to achieve and does not involve 
chemical modification of the enzyme, but the binding may be reversed by 
changes in solution pH or ionic strength. Such systems have been found 
to have advantages when used in combination with membrane separation 
techniques, where the latter are already deemed necessary for a given 
process.

Enzyme entrapment in gels also involves no significant modifica
tion of enzyme properties, but cannot be used if the Substrate is 
physically larger than the enzyme. Gels are also not particularly 
attractive for industrial use because of the large pressure drops pro
duced and because the gels are susceptible to microbial attack.

Enzymes covalently bonded to solid supports will not be lost due 
to changes in pH, ionic strength, or substrate concentration. However, 
the enzyme may exhibit loss of activity due to chemical modification of 
the active site or the substrate binding site. The possibility for

5



severe diffusidnal limitations on observed enzyme activity exists for all 
three of the methods mentioned above.

Numerous factors must be considered in selecting a carrier for 
enzyme immobilization. Among these factors are cost, resistance to 
microbial attack, surface area for immobilization, pore size (if porous), 
particle size, rigidity, and strength. The new line of porous ceramic 
carriers introduced by Coming Glass Works, Coming, New York, appears to 
meet many of the stated requirements.

2.2 Enzyme Selection 
There are a number of enzymes reported in the literature which 

depolymerize yeast RNA (Barman, 1969). However, undoubtedly the best 
studied of these ribonucleases is bovine pancreatic ribonuclease 
(E.C. 2.7.7.16) (Straus, 1967). Two points should be noted here:

1.' Yeast nucleic acids consist of both ribonucleic acid (RNA) and 
deoxyribonucleic acid (DNA). However, the content of RNA in 
yeast is roughly 50 to 100 times that of DNA (Rose and Harrison, 
1971). Consequently, it should suffice to merely reduce the RNA 
content.

2. The mere depolymerization of yeast RNA will not in itself remove 
the cause of uric acid buildup. Uric acid results from the 
metabolism of the purine bases attached to the pentose sugar ring 
in nucleic acids (Lehninger, 1970). The hydrolysis of 
phosphodiester bonds between nucleotides does not affect the 
purine moiety. However, as the nucleic acid polymer is reduced 
in size it can more easily be removed from solution by



conventional ion-exchange columns or other separation techniques. 
All of the methods proposed in the literature for reducing yeast 
nucleic acid levels share this feature, since none actually act 
directly oh the purine bases.

As mentioned, probably the best studied of all ribonucleases is 
ribonuclease from bovine pancreas, often called pancreatic RNase or 
simply RNase. Also, currently it is the least expensive of all ribo
nucleases per unit of catalytic activity. Since the enzyme is well- 
studied, stable, and relative inexpensive, it was chosen for use in this 
investigation.

2.3 Properties of Pancreatic Ribohuclease 
Pancreatic ribonuclease is a simple protein molecule of 124 amino 

acid residues in a single chain. The enzyme contains 17 separate NH^ 
groups along the chain and 4 intrachain disulfide bridges (Avey et al., 
1967). The ribonuclease molecule is roughly kidney-shaped with dimen
sions of about 38x28x22 Angstroms (Kartha, Bello, and Harker, 1967). The 
principal residues thought to be catalytically active are histidine 12 
and 119, and lysine 41. Pancreatic RNase may be inactivated by treatment 
with a mild reducing agent, but almost complete reactivation occurs as 
the enzyme is gently reoxidized (Venetianer and Straub, 1964). The enzyme 
is also said to exhibit remarkable heat stability at acid pH (Josefsson 
and Lagerstedt, 1961).

The soluble enzyme has a pH optimum of 7.0-7.5 at an ionic 
strength of about 0.1. However, as ionic strength increases, the pH



optimum decreases (Kalnitsky, Hummel, and Dierks, 1959). Ribonuclease is 
inhibited by heavy metal ions such as Cu++ and Zn++ (Breslow and Girotti, 
1966), and also by DNA (Sekine, Nakano, and Sakaguchi, 1969). However, 
the results of inhibition by metal ions are confused and contradictory 
with at least one group of researchers reporting that Cu++ and Mn++ 
actually activate the enzyme up to some optimal concentration, after 
which the enzyme begins to be inhibited (Eichhom, Clark, and Tarien, 
1969). Ribonuclease also adsorbs strongly on water-glass interfaces at 
low solution ionic strength, a fact which necessitates extreme care in 
handling the enzyme (Hummel and Anderson, 1965).

2.4 Ribonuclease Hydrolysis of RNA
The ribonuclease-catalyzed, hydrolysis of.RNA is shown schemati

cally in Figure 1. The enzyme is extremely specific, cleaving only those 
phosphodiester bonds between 3* and 5' ribose sugars in RNA where the 3' 
nucleotide is attached to a pyrimidine base. The main pyrimidine bases 
in RNA are cytosine and uracil. The reaction is essentially irreversible 
with more than 99 percent of the susceptible phosphodiester linkages 
cleaved (Volkin and Cohn, 1953). Also, cellular design would hot permit 
the reverse reaction (the synthesis of polynucleotides from oligonucleo
tides by RNase) to proceed since this would introduce uncontrolled infor
mation flow for protein synthesis. The detailed reaction mechanism has 
not yet been elucidated (Roberts et al., 1969).

Approximately 47 percent of the nucleotide residues in yeast RNA 
are pyrimidine residues (Rose and Harrison, 1971; Chiargaff et al., 1950). 
Therefore, nearly one of every two phosphodiester bridges in RNA are
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Ribonuclease

+
CH,

O'

OH

= Pyrimidine Base: Cytosine or Uracil
K = 1000 eq

Fig. i. Ribonuclease catalyzed depolymerization of RNA.



cleaved, resulting in the formation of oligonucleotides with an average 
length of two or three residues (Volkin and Cohn, 1953).

2.5 Reactor Configuration 
The reactor system chosen for the experimental work is the dif

ferential batch reactor which employs total recycle of the reactant 
stream. The use of this system in heterogeneous catalysis reactions has 
been reviewed by Levenspiel (1962), Carberry (1964), and numerous other
workers. By appropriate adjustments of flow rate, catalyst volume and

<
other variables, the conversion of reactant per pass can be made very
small, hence, the name "differential reactor."

This differential reactor was operated in the packed bed mode.
According to Carberry (1964), turbulent or "plug" flow is assured in such
reactors when the particle Reynolds' number, times the void fraction,
d ellp/y, is greater than 30 and the axial Peclet number, ed u/D , is P P a
greater than 2 where:

dp = the diameter of the catalyst particle, cm;
U - the superficial fluid velocity, based on an empty column, cm/sec

3p = the fluid density, gm/cm ; 
e = the bed void fraction, dimensionless; 
y = the fluid viscosity, gm/cm-sec; and 
D . = the reactant axial diffusivity, cm /sec.

Carberry also suggests that the radial and axial aspect ratios, 
Rr/dp and z/d^, be greater than 5 and 30, respectively, to assure 
turbulent flow, where:
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Rr = the radius of the reactor, cm; and
z = the length of the reactor bed, cm.

However, the assumption that fully turbulent flow prevails in the reactor
becomes less and less important as the per pass conversion decreases and
the reaction rate is independent of position in the reactor bed.

2.6 Development of Kinetic Models 
In the second decade of this century, Michaelis and Menten (1913) 

postulated that an enzyme-catalyzed reaction is of mixed order with 
respect to substrate concentration. In other words, at low substrate 
concentrations, the active sites of the enzyme are not saturated with 
substrate and the reaction rate is linearly proportional to substrate 
concentration. At higher substrate concentrations, the enzyme capacity 
is fully utilized and the reaction rate is independent of substrate con
centration. Therefore, there is an apparent transition from first-order 
to zero-order kinetics with increasing substrate concentration.

Following this type of reasoning, enzyme-catalyzed reactions are 
typically modeled mechanistically as proceeding with the formation of an 
enzyme-substrate complex, ES, which then breaks down into enzyme, E, plus 
product, P. This process is represented by:

K1 K3 ’
E + S j  ES t E + P  ' (2.1)

K2 K4
If the total active enzyme concentration, [Eq], is composed of free 
enzyme, [E], and enzyme-substrate complex, [ES], then it is obvious that
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[E0] = [E] + [ES] (2.2)

Furthermore, we may write the following species balance relationships 
in terms of the individual rate constants:

K2 [ES] - Kx [E] [S] (2.3)

- j p 1  = K1 [E] [S] + K4 [E] [P] - (K2 + K3) [ES] (2.4)

= K3 [ES] - K4 [E] [P] (2.5)

If we assume that the concentration of enzyme-substrate complex does not 
change with time, i.e.,

4 F  " C2.6)

then we may solve for [ES] in Equation (2.4) to obtain:
K [S] + K [P]

[ES] = [E] 1 v ■ + -y (2.7)
2 3

Using this expression for [ES] we may rewrite Equation (2.2) as follows:
K.[S] + K [P]

[E0] = [E] (1 + ■K^-VKg--) C2.8)

Equation (2.7) may also be used to rewrite Equation (2.5) as given below:

d[P] Kp[!3] + K^fP]
= K3 C  k2- + K3 ) tE] - K4[E] [P] (2.9)

Equation (2.9) may be rearranged and [E] replaced with the expression for 
[E] arising from Equation (2.8), to give:

a m  [e0] - k2k4 [p])
dt (K2 + K3) ♦ KJS] + K4 [P] l2-10J
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Now, if we are in the initial phase of the reaction and [P] is small, or 
if it is the case that is negligible. Equation (2.10) becomes:

a m  _ W o H s ]  '
dt (K2 + K3) 4- ^[S] U '11J

Lastly, we may divide through top and bottom by and define the 
following quantities:

Vm a x = K 3lEol <2-12>
and

K + K
S i = 1 '

When this is done. Equation (2.11) may be rewritten in its final form as:

Equation (2.14) is called the Michaelis-Menten equation. Nearly all
enzymes exhibit this type of rate dependence on substrate concentration
over at least some range of [S].

For certain enzymes, at sufficiently high values of substrate
concentration, a further reaction may occur between substrate and the
enzyme-substrate complex as follows:

'

ES + S t ESS (2.15)
K6

This special case of enzyme kinetics is termed substrate inhibition and 
is exhibited by some enzymes. If we again make the pseudo steady-state 
approximation:



and rewrite Equation (2.2) as:
[Eg] = [E] + [ES] + [ESS] (2.17)

then we can rewrite the species balance Equations (2.3) and (2.4) to take 
into account the new source and sink terms and include a species balance 
on [ESS] as follows:

K2[ES] - Kx [E] [S] - Kg [ES] [S] + Kg [ESS] (2.18)

^ 1 =  KX[E][S] - (K2 + Kj) [ES] + K4[E] [P]

- Kg[ES][S] + Kg[ESS] (2.19)

= K5 [S] [ES] - Kg [ESS] (2.20)

The same procedure given previously may be followed by solving 
first for [ESS] in Equation (2.20) and then solving for [ES] in Equation 
(2.19), using the relationship just obtained for [ESS]. Assuming to 
be negligible, the resulting expression for [ESS] and [ES] may be sub
stituted in Equation (2.17) and manipulated to give:

K (K + K ) + K K [S] + K K [S]2
( —   Kg(K2 ' K3) ----

The above equation may be solved for [E] and substituted into:
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On rearranging, this yields:

i d .
[p i rsi

dt (k2 + k3) (2.24)

where

as defined previously. .
These two equations, Equations (2.14) and (2.24), are the general 

models for Michae1is-Menten and substrate inhibition kinetics, respec
tively, and form the basis for analyzing this portion of the research 
work, which is rate versus substrate concentration data.

2.7 Effects of Internal Pore Diffusion 
Resistance on Observed Reaction Rates

In any heterogeneous catalysis system there exists the possibility
that the intrinsic kinetic behavior of the system will be obscured by the 
effects of diffusion. This subject was treated theoretically for the 
case of pore diffusion by Thiele (1939). He introduced the concept of an 
effectiveness factor, n, defined as

I
(2.25):

where
Vj = the intrinsic reaction rate with no diffusion resistance, and 
Vq = the observed reaction rate when diffusion resistance is present.



This problem has since been studied for a variety of situations
by numerous investigators (Aris, 1957; Roberts and Satterfield, 1965; 
Krasuk and Smith, 1965). Let us first consider the effect of internal 
pore diffusion on the observed reaction rate, assuming film diffusion 
resistance to be negligible. For Michaelis-Menten kinetics, the mass 
balance and boundary conditions for spherical porous enzyme carriers are:

5^ = the substrate concentration at the outer surface of the carrier.

(2.26)

B. C. 1 when r = R, S = S^
B. C. 2 when r = 0, dS/dr = 0

(2.27)
(2.28)

where
D = the effective diffusivity of the substrate in the porous 

2 ,carrier, cm /sec;
r = the radial distance from the center of the carrier, cm;
R - the mean radius of the carrier, cm;
S = the substrate concentration at any point in the carrier 

3moles/cm ; and

3moles/cm .

If we define several dimensionless variables and an appropriate
Thiele type modulus, <(> ', as follows:



then Equations (2.26), (2.27), and (2.28) may be rewritten as:

(2.33)

at
Z = 1, Y = 1 (2.34)

(2.35)

Equation (2.33) must be solved numerically. The effectiveness factor
depends on the resulting substrate concentration profile which, in turn.

determined in this fashion are given in Figure 2. This plot of n for 
various ^  and B is taken from Lee and Tsao (1974). The identical 
problem was also solved by Krasuk and Smith (1965). This is an extremely 
useful type of plot and is the basis for the theoretical analysis of the 
results of this portion of the work.

film diffusion resistance, let us consider the case of combined film and 
pore diffusion. Obviously, before a substrate molecule can enter a pore 
it must first diffuse from the bulk liquid phase through the liquid film 
surrounding the catalyst particles. The rate of substrate transfer, V,

depends on the values of B and <f)̂. Values of the effectiveness factor

2.8 Combined Film and Pore Diffusion 
Effects on Reaction

Having presented the results for pore diffusion in the absence of
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through the liquid film per unit volume of catalyst particles is given by

V = KLa (Sb - Sg) (2.36)

where
= the mass transfer coefficient, cm/sec;

a = the outside surface area per unit of catalyst volume
2 , 3  ,cm /cm ; and

S. and S = the substrate concentrations in the bulk fluid and at the b s
particle surface, respectively, mole/cm^.

The following analysis is that of Lee and Tsao (1974) and is 
similar to the analysis given by Kobayshi and Moo-Young (1973). Under 
Michaelis-Menten kinetics, the initial reaction rate inside the porous 
carrier is:

vi =  ̂ VM jT-f-TT <2-37)s M
At steady state, AA must equal V and we may simultaneously solve 
Equations (2.36) and (2.37) as follows:

KLa C5,, - Ss) = n Vm  (2.38)

Dividing both sides by K^a and multiplying by we obtain:

? nVM
SbSs - ss + V b  - V s  = ( K-E ) S, (2.39)

Now we divide both sides by and and rearrange the left-hand side of 
the equation to obtain:
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Finally, we define two new dimensionless variables:

(2.41)

=  ( 2 ' 4 2 )  

and rearrange Equation (2.40) to its final form:

s , 2 S
( S1 ) - ( s1 ) 0  - eb (l + n<(>£)) - 8b = 0 (2.43)

b b
This is a quadratic equation in S^/S^ and may be solved by the 

application of the general quadratic formula to yield:
S

C s1 ) = T [{1 - Bb (1 + + {(1 " sb (1 + + 46b>1/2]b
(2.44)

Using this result, a film effectiveness factor, similar to
the pore effectiveness factor may now be defined as:

Observed reaction rate with film resistance 
nf Reaction rate unhindered by film resistance

n Vm ( 3 
s.

n ( s jv „ (

(2.46)
by S, +



Rearranging:
S 1 + 3,

nf = nlsTT  ̂sT 1 S (2.46)

where n (Ŝ ) is the pore effectiveness factor evaluated at = Ŝ . 
Obviously, approaches unity as approaches Ŝ . We may evaluate 
from Equation (2.46) by combining Equation (2.44) with the result of 
Figure 2. If conditions are such that there is no pore diffusion 
resistance (n = 1), then the values of for various $£ and 6̂  are 
presented in Figure 3. Similar plots can be constructed for other values 
of n*

The liquid phase mass transfer coefficient, K̂ , has usually been 
correlated by semi-empirical dimensionless equations containing two 
dimensionless groups, J and Re^. These groups are defined as follows:

J = IT (?D )2/3 (2-47)
pd U

Re = -2- (2.48)p y
?where D is the bulk diffusivity of substrate (cm /sec) and all other 

variables are as defined previously. Table 1 lists a few of such semi- 
empirical correlations for various ranges of Re^. These correlations 
exhibit the following common relation between J and Re^:

J = C^Rep)'6 (2.49)

Kl = C2(U)1"® (2.50)

where , Ĉ , and e are constants to be determined for a given range of
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Table 1. Mass transfer correlations for packed beds.

Investigators Correlation
Experimental
Conditions

Equation
Number

Wilson and 
Ge.ankopolis

J = 1.09(Rep)"2//3 Re = 0.0016 ~ 55 P (2.51)

J = 0.250(Re )"0-31 P Rep = 55 ~ 1500

Spherical particles
d = 0.251 inch P

(2.52)

McCune and 
Wilhelm

J = 1.625(Rep)-0‘307 Re = 8 ~ 120 P (2.53)

J = 0.687(Rep)~0,327 Rep = 120 ~ 1300

Spherical and flake
shaped particles 
. 1 3  1 . , 
dp = 4> 16’ 8 inch

(2.54)

spheres; 8~10, 14-18 
mesh flakes
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The value of e is generally between 0.3 and 0.7. Hence, an 

increase in the superficial velocity, U, leads to an increase in and, 
consequently, an increase in the film effectiveness factor, n̂ . There
fore, the importance of the film resistance effect may be tested by 
comparing the observed reaction rates, a function of n^, at different 
flow velocities. The preceding analysis of the effects of combined film 
and pore diffusion is the basis for analyzing the results of this section 
of the experimental work.
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CHAPTER 3

EXPERIMENTAL APPARATUS AND PROCEDURE

3.1 Materials
Porous ceramic beads of various mesh sizes and pore diameters 

were donated by Coming Glass Works through the efforts of Dr. Howard H. 
Weetall. One sample of porous glass flakes was also provided for the 
experiment. The major portion of the experimental work was performed 
using titanium dioxide beads (45/80 mesh) of 650 Angstroms mean pore 
diameter. Some properties of these ceramic beads are- summarized in 
Table 2 (Eaton, Ford, and Pitcher, 1974).

Bovine pancreatic ribonuclease A, type 1-A, was obtained in two 
different lots from Sigma Chemical Company, St. Louis, Missouri. Lots 
one and two assayed at 75 and 67 Kunitz activity units per milligram of 
enzyme, respectively (Kunitz, 1946). Yeast ribonucleic acid, type VI, 
from Torula yeast, was also obtained from Sigma Chemical Company and used 
as the sole substrate. Neomycin sulfate was from Sigma Chemical Company.

Glutaraldehyde (25% glutaric dialdehyde in water) and 
3-aminoprOpyl-triethoxysilane were obtained from Aldrich Chemical 
Company, Milwaukee, Wisconsin.

Buffer solutions were prepared from distilled, deionized water 
using analytical grade acetic acid, sodium acetate, sodium dihydrogen 
phosphate, sodium hydroxide and sodium chloride obtained from various 
manufacturers. The specific conductivity of the distilled, deionized

25



Table 2. Properties of ceramic and CPG enzyme supports.

Type
support

Pore
diameter
range
(A°)

Bulk.
density
(g/cm3)

Surface area
2, 2 , 3  m /g m /cm

pH use 
range

CPG 100-2500 0.4 65 25 0.0-6.0
CPC-Si02 100-700 0,4-0.5 55 22 2.0-6.0
CPC-.A1 0 2 3 100-1000 0.6 100 60 4.0-10.0
CPC-Ti02 300-800 0.85 40 35 2.0-10.0
CPC-Zr02 500-600 1.50 35 50 2.0-10.0
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water was measured periodically and found never to exceed 7.0 x 10*" 
ohm cm , generally regarded as an acceptable value.

3.2. Preparation of Immobilized Ribonuclease 
Pancreatic ribonuclease was immobilized via glutaraldehyde 

linkage to the aminoalkylsilane derivative of the porous ceramic beads. 
The details of the immobilization procedure and the preparation of the 
packed bed reactor are given in Appendix.A. The chemical reactions 
which are thought to occur in this enzyme immobilization technique are 
diagrammed in Figure 4 (Stanley and Olson, 1974). Enzyme immobiliza
tion using glutaraldehyde linkage to alkylamine carriers is generally 
regarded as one of the simplest and gentlest methods of covalent enzyme 
bonding. The method was found to give satisfactory results for this 
system.

3.3 Assay Techniques 
The assay technique selected was that originally devised by 

Kunitz (1946) to measure ribonuclease activity. Hydrolysis of yeast 
ribonucleic acid by the enzyme causes a shift in the ultraviolet absorp
tion spectrum of the substrate to shorter wavelengths. During the 
initial portion of the digestion, the absorbance of the reaction mixture 
decreases linearly with time. This initial rate of decrease of substrate 
absorbance is the most commonly used measure of ribonuclease activity.
The change in absorbance is best observed between 290 and 305 nanometers 
on a spectrophotometer.
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Ti-OH
(ceramic surface)

CC2H50)3si-CcH2)3-NH2
(3 amino propyltriethoxysilane)

Ti-(GH2)3-NH2

0 0
 ̂ II IIHC-(CH2)3-CH

(Glutaraldehyde)

0
II.Ti-(CH2)3-N = CH-(CH2)3-GH 

Enzyme

Ti-(CH2)3-N = GH-(CH2)3-CH = N-Enzyme

Fig. 4. Enzyme immobilization by glutaraldehyde linkage to alkylamine 
ceramic.



It should be noted that the Kunitz technique does not directly 
measure the number of phosphodiester linkages cleaved by measuring the 
change in absorbance of a related chemical bond. Indeed, it is impos
sible to directly measure via spectrophotometric methods the cleavage of 
the phosphodiester bond. A careful study of Figure 1 reveals that, the 
only new bond formed during RNA hydrolysis by ribonuclease is the -OH 
bond and this is entirely masked in aqueous solution. The Kunitz assay 
is actually a measure of the rate of m s  tacking of the coiled ring struc
ture of nucleic acid resulting from the cleavage of phosphodiester bonds. 
However, since these two phenomena are directly coupled, it is appro
priate to use the rate of ring unstacking as a measure of the rate of 
phosphodiester bond cleavage.

Kunitz found the following relationship, characteristic of a 
unimolecular reaction, to hold over the entire range of ribonucleic, acid 
depolymerization, namely:

- H  = KC (A - Af) ' (3.1)

where
A = the solution absorbance at any time, t;

Af = the ultimate value of the absorbance after complete hydrolysis;
C = the concentration of soluble enzyme in the reaction mixture, 

milligrams/ml; and
K = a measure of the units of riboniiclease activity per unit concen

tration of the enzyme, units/(milligram/ml).
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A uni-t of ribonuclease activity, according to Kunitz, is defined 
as the amount of enzyme capable of causing a decrease of 100 percent per 
minute in the value of Aq - A^ under standard conditions, where A^ is the 
initial absorbance at time t = 0,

If we define the percent conversion of substrate to product as x, 
then, in terms of measurable A, Aq , and A^, we have:

A - A^
x = 100 x (1 - j f- ) (3.2)

A0 ' Af
This expression assumes a linear relationship between substrate concen
tration and absorbance, i.e.. Beer's law. The validity of this assump
tion must be verified for a given set of experimental conditions.

Another analytical technique was used to investigate the rate of 
appearance of low molecular weight polynucleotide fragments. This, 
technique utilizes the formation of insoluble complexes of the antibiotic 
neomycin sulfate with nucleic acid fragments of molecular weight 10,000 
or greater (Altescu, 1964). The resulting antibiotic-RNA complexes obey 
Beer's law at wavelengths between 400 and 490 nanometers. Therefore, it 
is possible to define a percent conversion of polyribonucleotides to low 
molecular weight fragments in a manner identical to that given in 
Equation (3.2).

3.4 General Apparatus Description
The majority of the experiments were performed using the differ

ential batch reactor system described earlier. The salient features of 
the entire experimental apparatus are schematically represented in 
Figure 5. Figure 6 is a photograph of the overall system, including
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Fig. 6. Side view photograph of entire experimental apparatus.
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the constant-temperature bath and spectrophotometer. Figure 7 is a 
frontal view of the pumping system, flowmeter, solution reservoirs, and 
the water-jacketed packed bed. reactor.

The experimental apparatus basically consists of a differential 
reactor, pumps, constant-temperature bath, spectrophotometer, and solu
tion reservoirs appropriately connected. The reactor is water-jacketed 
to maintain constant temperature. The particulate catalyst is retained 
in the reactor without excessive pressure drop. Flow in the packed bed 
reactor approximates plug flow. The fluid reservoir, located downstream 
of the reactor, serves both as a debubbler and a mixing and holding tank, 
providing rapid dispersion of concentration gradients. The differential 
batch reactor was found to be reliable, flexible, and easy to operate.

3.5 Control of Fluid Flow
Flow control and measurement were achieved by use of a Masterflex 

peristaltic pump and its associated controller (Cole-Parmer Instrument 
Company, Chicago, Illinois) in conjunction with a number 2 Gilmont flow
meter (Roger Gilmont Instruments, Inc., Great Neck, New York). The pump 
drive system was attached to two pump heads, one of which circulated the 
reactant solution through the apparatus and another which pumped refer
ence substrate solution through the spectrophotometer. A wide range of 
flow rates with minimum pulse was thus achieved. The peristaltic pump 
system also assures non-contamination of the circulating liquid. The 
calibration chart supplied with the flowmeter was checked with reactant 
solution and found to be sufficiently accurate. Silicone or Tygon tubing 
was used in the pumping system. Tubing life was greatly extended by
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Fig. 7. Frontal view photograph of flow control system and reactor.
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placing a very small amount of Dow silicone grease on the pump head 
rollers.

3.6 Temperature Control 
Temperature control was achieved by two means. First, the reac

tion solution passed through a coil of Tygon tubing immersed, in a 
Masterline constant-temperature bath (Forma Scientific, Marietta, Ohio) 
before entering the enzyme reactor. Second, the reactor itself was 
water-jacketed. A separate Masterflex pump forced water through a copper 
coil immersed in the constant-temperature bath and thence to the reactor 
jacket. This water was returned to the heating fluid reservoir and 
recycled. The bath temperature was maintained to within + 0.02 °C by the 
unit. Reaction temperature was controlled very satisfactorily by the 
system.

3.7 Reactor Dimensions and Description 
The reactor was constructed for packed bed operation and con

sisted basically of two sections of 8-mm I.D. glass tubing appropriately 
connected. The two sections of tubing were connected using 3/8-inch I.D. 
Tygon tubing placed over adjoining portions of the two glass tubes. The 
connection was made water-tight by firmly clamping the Tygon tubing to 
the glass tubing above and below the interface of the two sections using 
1/2-inch hose clamps. A circle of stainless steel screen of an appro
priate mesh size had previously been epoxied to the lower end of the , 
uppermost section of. glass tubing. This screen served to support the 
porous catalyst bed. The entire reactor assembly just described was
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placed within the glass water jacket mentioned previously. The ends of 
the reactor extended through and beyond the.corked ends of the water 
jacket. Hamilton two-way distribution valves (Hamilton Valve Company, 
Reno, Nevada) were attached to the upper and lower ends of the reactor 
tubing with hose clamps and appropriate sections of Tygon tubing. This 
arrangement of valves allowed the column to be bypassed while zeroing the 
analytical instruments or allowed the reactor to be instantly included in 
the flow loop. A closeup photograph of the reactor system is given in 
Figure 8, while a schematic of the reactor appears in Figure 9.

One gram of porous TiOg ceramic was the usual amount of carrier 
which was derivatized, coupled with the enzyme and placed in the reactor. 
Consequently, the depth of the reactor bed was approximately 2.2 centi
meters for most runs. The fluid flow characteristics of this reactor met 
or exceeded those suggested by CArberry and detailed in Chapter 2, 
section 2.5, for most or all flow conditions experienced.

3.8 Analytical Equipment 
The basic piece of analytical equipment used was a Beckman DB-GT 

grating spectrophotometer (Beckman Scientific Instruments Division, 
Fullerton, California) with a 10-inch linear potentiometric recorder.
The analysis was made continuous by use of two 10-mm Suprasil microflow 
cells connected to the sample and reference tubing systems.

Reactant solution flowing through the sample tubing system was 
driven by the first pump head of the dual pump head system. Reactant 
solution was first passed through the constant-temperature bath and flow
meter and thence to the reactor inlet. At the reactor inlet, sample
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Fig. 8. Close-up photograph of packed bed reactor.



38

^  To spectrophotometerSample solution 
inlet

Flow control valve

Heating
water
outlet

8 mm I. D. glass tube

Water jacket

8 1

Enzyme immobilized ceramic

Stainless steel support 
screen

Heating
water
inlet

Flow control valve
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solution could either be shunted through the reactor and thence to the
spectrophotometer for analysis or bypass the reactor completely and pro
ceed directly to the spectrophotometer. After leaving the spectropho
tometer, reactant solution was returned to the magnetically stirred reac
tant reservoir for recycle.

The reference solution was circulated through a separate tubing 
system by a second pump head operated in tandem with the sample solution
pump head; Reference substrate solution did not pass through the con
stant- temperature bath but reported directly to the spectrophotometer and 
then was returned to the reference solution reservoir.

5.9 Experimental Procedure 
A detailed description of the experimental procedure for the 

usual continuous analysis following the Kunitz procedure is presented in 
Appendix B. Appendix C describes the discrete sampling procedure used in 
the neomycin precipitability assay of Altescu.

3,10 Ionic Strength Optima at Various pH 
The biochemical literature reports that soluble ribonuclease is 

active in the pH range from 5 to 9 with a pH optimum around 7 (Scheraga 
and Rupley, 1962). However, the pH optimum varies somewhat with the 
source of the RNA substrate (Kunitz, 1940; Maver and Greco, 1956). In 
addition, the activity of RNase is a function of the combined effect of 
pH and ionic Strength. Thus, the pH and ionic strength optima are inter
dependent, the pH optimum decreasing as the ionic strength increases 
(Hummel and Kalnitsky, 1964).•
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The interdependence of ionic strength and pH on the activity of 

immobilized ribonuclease was investigated at various values of pH 
between pH 4 and 8. All experiments were carried out within this pH 
range to avoid obscuring the reaction rate data by conditions favorable . 
to the acid- or base-catalyzed hydrolysis of RNA (Barker, 1971). At any 
given pH, the ionic strength was varied (usually from 0.05 to 0.25 
moles/liter) and the initial reaction velocity at 25°C observed.

The initial reaction velocity was taken to be the slope of the 
initial linear portion of the absorbance versus time curve plotted on the 
recorder. This slope was usually taken between scale markings 20 and 40 
on the recorder, when the spectrophotometer was operated at a span 
setting of 1A. This corresponds to approximately the first 10 percent of 
the degradation curve. Details of this procedure, along with a sample 
calculation, are given in Appendix D. The volume of substrate solution 
used was typically 150 ml. The calculation of the buffer composition and 
solution ionic strength is also presented in Appendix E.

One gram of enzyme-immobilized alkylamine TiO^ ceramic, 45/80 
mesh, was used in this set of runs and most of the succeeding runs. This 
corresponds to a catalyst volume of approximately 1,18 cc. At the end of 
each day's runs, the entire reactor apparatus was disconnected from the 
tubing system and stored at 4°C. Nucleic acid substrate was stored under 
vacuum in a desiccator at -15°C until needed. Some liquid was always 
maintained above the immobilized enzyme bed during storage to prevent 
deactivation by drying.
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3.11 pH Optimum at Ionic Strength Optima 
The initial reaction rate was determined for each pH tested pre

viously at the observed optimum ionic strength. In this way, it was 
hoped that the existence of a pH optimum for the system could be estab
lished. These runs were carried out using a substrate concentration of
0.1 weight percent nucleic acid. However, later results with rate as a 
function of substrate concentration at pH 4.6 and 7.0 (Chapter 4) showed 
that sufficient evidence was not yet available to definitely establish a 
pH optimum for the system. Consequently, many of the succeeding investi
gations were carried out both at pH 4.6 and 7.0, since the native enzyme 
is said to be very heat stable at acid pH (pH 4.6) and the pH optimum for 
soluble RNase is about 7.0. It was felt that, in this way, the most 
important aspects of the system could be determined.

3.12 Carrier Size Distribution 
In order to obtain a more accurate measure of the mean diameter 

of the carrier particles used, a particle size distribution study was 
performed for each of the enzyme carriers. Each batch of carrier 
particles was sieved for one-half hour, using a set of Tyler stainless 
steel screens which were mechanically agitated. After sieving, the 
particles residing on each screen were removed with a camel's hair 
brush, weighed and stored in separate bottles. Recovery of the sieved 
particles was excellent except for the very small SiO^ ceramic beads 
which were highly charged with static electricity and very difficult to 
handle. With this data, the mass fraction of each carrier in a given
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size range was determined and the volume surface mean diameter calculated 
for each carrier (Foust et al., 1960).

3.13 Residence Time Effect on Conversion 
It is of great practical importance to determine the relationship 

of average fluid residence time and substrate conversion. Consequently, 
several runs were performed on the usual reactor apparatus to determine 
the fluid residence time necessary to achieve essentially complete con
version of substrate. These runs were performed for periods of 10 to 15 
hours at pH 4.6 and 7.0 with enzyme-saturating values of substrate con
centration. A reaction temperature of 25°C and the appropriate ionic 
strength optima were used.

Percent conversion of substrate to product was calculated using 
Equation (3.2), where Aq was always set to zero by adjustment of the 
spectrophotometer and A^ was determined in a set of batch runs using 
soluble enzyme. The determination of A^ is presented in Appendix F. It 
was not possible to determine a reproducible A^ in the course of the runs 
described in the first part of this section since the turbidity of the 
solution increased greatly after 10 to 15 hours at 25°C. This was 
probably due to the growth of microorganisms in the reaction solution.

3.14 Appearance of Low Molecular. Weight RNA Fragments 
Coupled with the investigation of conversion versus residence 

time, a study was performed on the rate of appearance of nucleotide frag
ments of less than 10,000 molecular weight. The conversion of the 
original heterogeneous RNA mixture to low molecular weight product was
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investigated as a function of fluid residence time. This study was per
formed at pH 4.6 and 25°C using 0.15 weight percent nucleic acid sub
strate and 0.20 moles/liter ionic strength.

The assay method used was that of Altescu described in Section
3.3. Samples of 0.6 ml of the reactant nucleic acid solution were with
drawn at intervals during the course of the reaction and mixed with 6 ml 
of 0il5 weight percent neomycin sulfate in a polycarbonate test tube.
This mixture was allowed to stand for 15 minutes to develop full turbid
ity. The absorbance of this solution was then read" against a blank of 
distilled deionized water at 456 nanometers on the spectrophotometer.
The decrease in solution absorbance as the reaction proceeds reflects the 
decrease in high molecular weight RNA fragments. The percent conversion 
of substrate to low molecular weight fragments was calculated using 
Equation (3.2) where Aq is the absorbance of unreacted nucleic acid solu
tion read against the blank and A^ is the absorbance of the neomycin 
sulfate solution read against the blank.

3.15 Evaluation of Kinetic Models
As developed in Section 2.5, theoretical models exist to describe 

dependence of initial reaction rates on substrate concentration for 
soluble.enzymes. In order to evaluate the suitability of these models 
for this immobilized enzyme system and estimate the reaction parameters 
involved, rate versus substrate concentration data were taken at pH 4.6 
and 7.0.

All runs were performed at 25°C and at the optimum ionic strength 
for that pH as determined previously. Substrate concentration was varied
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from 0.01 to 0.7 weight percent. In order to determine the applicability 
of Beer's law, the absorbance of different concentrations of nucleic acid 
was determined at pH 4.6 and 7.0. The resulting Beer's law plots were 
found to be substantially linear up to nucleic acid concentrations of 0.2 
and 0.3 weight percent'at pH 4.6 and 7.0, respectively. Rate data taken 
at nucleic acid concentrations greater than these two values were cor
rected for deviations from Beer's law to permit all results to be 
compared on a uniform basis. Detailed experimental data and the explicit 
correction procedure for deviation from Beer's law are given in 
Appendix G.

In order to evaluate the temperature sensitivity of the reaction, 
Arrhenius plots were constructed at pH 4.6 and 7.0. Reaction temperatures 
ranged from 15 to 350C. Reaction solutions were 0.1 weight percent 
nucleic acid and the appropriate ionic strength optimum for the given pH.

Raw reaction rate data (expressed in units of absorbance 
change/min) were converted to units of moles pyrimidine bonds cleaved per 
liter of solution per minute of fluid residence time using the column 
void volume and the ultimate absorbance values, A^, described in section
3.3, for this and succeeding runs. The details of this procedure, with 
an example, are presented in Appendix H.

A non-linear, least squares parameter estimation routine (called 
XTRACTRJ, developed by Dr. James Win. White of the Department of Chemical 
Engineering, University of Arizona, was used to estimate the model 
parameters and evaluate the model effectiveness for the data obtained 
above. Both the Michaelis-Menten and substrate inhibition models were



tested for the reaction rate versus concentration data. The Michaelis- 
Menten model was fit to only the data that appeared to obey that rela
tionship. That is, the higher values of substrate concentration which 
were clearly inhibitory were not used in fitting the Michaelis-Menten 
model. The temperature dependence of reaction rate was modeled using 
the standard Arrhenius relationship.

. . .  . 'i
3.16 Film Diffusion

The importance of the film diffusion effect can be determined by 
differences in reaction rates observed at different fluid flow velocities 
through the packed bed. Therefore, reaction rate was measured as a 
function of flow rate for temperatures of 15, 25, and 35°C. For these 
runs, 150 ml of 0.1 weight percent nucleic acid solution were used.
Ionic strength was maintained at 0.20 moles/liter in pH 4.6 buffer. One 
determination of film diffusion resistance was also performed at 25°C in 
pH 7.0 buffer of 0.125 mole/liter ionic strength. Substrate concentra
tion was again 0.1 weight percent.

3.17 Pore Diffusion
One way of verifying the pore diffusion effect in this type of 

heterogeneous catalysis is to compare reaction rates using different 
sizes of porous catalyst. Consequently, 1 gram quantities of sieved 
TiOg ceramic falling in three different size ranges were converted to 
the alkylamine derivative and coupled with 100 milligrams of RNase under 
identical conditions. The size ranges of these three samples were 354 
to 246 microns, 246 to 147 microns, and 147 to 104 microns. The
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catalytic activity of each of these three samples was then measured 
under standard conditions, i.e., pH 4.6, 0.15 weight percent substrate, 
25°C, and 0.20 moles/liter ionic strength.

In addition, the activity of a 1 gram sample of nominal 45/80 
mesh TiOg ceramic was measured and the ceramic beads were then crushed 
to particles on the order of 20 microns mean diameter. This crushing 
was done by stirring the ceramic with a magnetic stirrer in the presence 
of solid 2 mm glass beads. The glass beads helped grind the ceramic.
The grinding was done for 3 hours under ice-cold pH 4.6 buffer, since 
the enzyme is said to be most heat stable at acid pH. The crushed beads 
were then suspended in fluid by stirring and a volume of the liquid 
equal to about 2 percent of the total volume of crushed ceramic-fluid 
slurry was withdrawn. This volume of ceramic particles and liquid was 
then added to a magnetically-stirred reaction solution of 1 liter of 
pH 4.6, 0.20 moles/liter ionic strength, and 0.15 weight percent nucleic 
acid. Samples were withdrawn from the reaction solution, centrifuged to 
settle the ceramic particles, and their absorbance read on the spectro
photometer to obtain the initial reaction rate for this system.

3.18 Immobilized Enzyme Half-Lives
One of the key characteristics of a catalyst is its half-life,

i.e., the time required for the initial catalyst activity to be reduced 
by one-half. Catalyst deactivation is generally modeled as an Arrhenius 
type expression, one exhibiting a logarithmic temperature dependence.
The half-life of the enzyme-bound TiO^ ceramic was determined at 
temperatures of 35, 45, and 55°C at pH 4.6. At pH 7.0, the half-life of



the TiOg ceramic was determined at 45°C only. In addition, half-lives 
were determined for enzyme-bound SiOg ceramic and controlled pore glass 
at pH 4.6,and 45°C.

During the half-life study, a column was run day and night at 
the given temperature, pH, and optimum ionic strength. The substrate 
solution, which consisted of one liter of 0.15 weight percent nucleic 
acid at pH 4.6 and the same volume of 0.25 weight percent nucleic acid 
solution at pH 7.0, was changed daily during the runs. The initial 
activity was first determined for a given column and then the column was 
operated continuously as described until a significant decrease in 
activity was observed and measured.

It should be remembered that this and essentially all other
studies reported here were done with 1 gram of TiO^ ceramic (nominal
45/80 mesh), bound with 100 milligrams of enzyme as described in
Appendix A. The packed bed void fraction was approximately 0.31. This
corresponds to a total reactor void volume of about 0.365 cc since the

3Ti02 bulk density is about 0.85 gm/cm . The reactant solution volume 
was typically 150 ml and was circulated through the reactor with total 
recycle at 20 cc per minute. Therefore, the reaction rates reported in 
the following chapter are based on 1 gram of enzyme-bound ceramic used 
in the above-described system.



CHAPTER 4

PRESENTATION AND DISCUSSION OF RESULTS 

4.1 Ionic Strength Optima at Various pH

4.1.1 Results
Figures 1.0 through 16 present activity versus ionic strength 

profiles at seven values of pH between pH 4.0 and 8.0. Note that below 
pH 5.0 and above pH 7.0 the profiles are essentially flat. That is, 
there is little effect of ionic strength on enzymatic activity at these 
values of pH. Near pH 6.0 it is obvious that the curves are skewed 
toward lower values of ionic strength. At pH 7.0, the optimum ionic 
strength is approximately 0.15 moles/liter and at pH 5.0 the optimum is 
closer to 0.175 moles/liter. However, at both pH 5.0 and 7.0, the 
difference in reaction rate at the optimum ionic strength and other 
ionic strengths is not very great.

Figure 17 summarizes the information contained in Figures 10 
through 16. Figure 17 gives the range of ionic strength over which 
approximately 95 percent of maximum enzyme activity is observed. The 
minimum in the curve near pH 6.0 and the large ranges exhibited below 
pH 5.0 and above pH 7.0 are the most prominent features of this plot.

4.1.2 Discussion
At pH 7.0 the observed ionic strength optimum of approximately 

0.10 to 0.20 moles/liter is in good agreement with a value of 0.05 to
' 43
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0.15 moles/liter reported by Dickman, Aroskar, and Kropf.(1956) for yeast 
RNA at pH 7.2. These workers also found that the curve of activity versus 
ionic strength is fairly broad and flat as was observed in this study.

The fact that at pH 5.0 the ionic strength optimum increases to 
approximately 0.175 moles/liter is also in agreement with observations 
in the biochemical literature that, as pH decreases to 5.2, the optimum 
ionic strength increases to about 0.20 (Kalnitsky et al., 1959).
However, no reference to the interesting minimum observed near pH 6.0 
have been encountered in the literature. The minimum at pH 6.0 probably 
reflects the participation of the two histidine residues known to be in 
the active center of the enzyme. The pK of histidine is 6.0 (Lehninger, 
1970). This result also provides evidence that actual enzymatic 
behavior is being observed and not just surface charge effects.

The biochemical literature states that the ionic strength 
requirement for enzymatic activity has never been satisfactorily 
explained but may be required for dissociation of the enzyme-substrate 
complex (Hummel and Kalnitsky, 1964). However, the reactions involved 
are very complex and simple explanations probably cannot suffice to 
describe them (Scheraga and Rupley, 1962).

The ionic strength optimum at pH 7.0 is about 0.15 moles/liter. 
Since the curve of Figure 10 is extremely flat, an ionic strength of 
0.20 moles/liter was arbitrarily chosen for all further work at pH 4.6. 
These solution ionic strengths were used in all succeeding investigations 
and were assumed to be sufficiently high to eliminate any effect of 
carrier surface charge on the observed kinetic behavior. This is an 
important assumption and precaution since it has been clearly shown that
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use of low solution ionic strength can obscure true kinetic character
istics in immobilized enzyme systems (Ollis, 1972; McLaren, 1959;
Goldman, Kedem, and Katchalski, 1971). Since the substrate RNA is itself 
negatively charged at pH 7.0, this precaution is especially important.
If the ionic strength is sufficiently high, as assumed in this study, the 
pH optimum of the immobilized enzyme should not be significantly differ
ent from that of the soluble enzyme (’GelIf et al., 1974).

4.2 pH Optimum at Ionic. Strength Optima

4.2.1 Results
The effect of pH on the initial reaction rate at the appropriate 

ionic strength optimum for each pH is shown in Figure 18. These data 
were obtained at 25°C and a substrate concentration of 0.1 weight 
percent. The initial reaction rate was measured in terms of absorbance 
change per minute. Obviously, the maximum rate for these conditions is 
found at pH 5.0 and below.

4.2.2 Discussion
The type of plot presented in Figure 18 is that usually given in 

the biochemical and biochemical engineering literature as establishing a 
pH "optimum" for an immobilized enzyme system (Weetall et al., 1974; 
Weetall, 1971; Axen and Emback, 1971; Goldman et al., 1971; Weibel et 
al., 1975; Goldstein et al., 1970; Barnett and Bull, 1959) . Such plots 
are nearly always accompanied by the pH-activity profile for the soluble 
enzyme under the same reaction condition. Although the word "optimum" 
is not used by all authors, one is usually led to believe that such a
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plot tells the whole story as far as the dependence of the activity of an 
immobilized enzyme system on pH is concerned. However, all such plots 
encountered in the literature by the author have uniformly been con
structed using a single value of substrate concentration. No investiga
tion of the effect of substrate concentration on reaction rate in the 
pH range of interest is given in spite of the fact that the ability of 
an enzyme to hind to and act on its substrate is known to be a function
of the degree of ionization of the catalytically important amino acid 

' - ! 
residues which, in turn, is a function of pH. Therefore, it cannot be
assumed that a substrate concentration which is sufficient to saturate 
the enzyme at one pH will do so at other values of pH (Dixon and Webb, 
1964). Nor is it correct to assume that the same proportion of the total 
enzymatic activity will be evoked at different.pH for non-saturating 
values of substrate concentration. Consequently, one cannot say that a 
pH optimum for an immobilized enzyme system is established unless an
enzyme-saturating value of substrate concentration is used at each pH in
the pH range of interest. Therefore, the plots typically given in the 
literature represent pH optima for a single value of substrate concentra
tion and are not general.

There is another danger in the careless use of such plots.
Surface charge effects with charged enzyme carrier can alter the pH at 
the surface of the carrier so that the pH actually experienced by the 
immobilized enzyme is significantly different from that in the bulk 
solution (McLaren, 1959; Goldman, Kedem, and Katchalski, 1968). There
fore, if surface charge effects are important, one might mistakenly
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assume that a substrate concentration which is sufficient to saturate the 
soluble enzyme at a certain pH will have the same effect on the 
immobilized enzyme at the same pH.

Consequently, Figure 18 is not given as the pH optimum for this 
immobilized ribonuclease. It merely represents the effect of pH on the 
initial rate of change of solution absorbance for a substrate concen
tration of 0.1 weight percent. One might erroneously conclude from this 
plot that the immobilized enzyme is nearly twice as active at pH 4.6 as 
at pH 7.0. This is not the case, as Section 4.6.1 clearly demonstrates. 
In fact, the immobilized enzyme is about four times as active at pH 7.0 
as at pH 4.6 for this system in terms of moles of pyrimidine bonds 
cleaved per unit time. It has not yet been possible to establish a true 
pH optimum for this system since the effect of substrate concentration 
on enzyme activity is not known as a function of pH for the pH range of 
interest. In addition, it was found that the absorbance change on 
complete degradation of substrate, - A^, is a function of pH. Since 
percent conversion is defined as

A - Aj.
x = 100 x (1 --r----------------------------------------- (3.2)

0 " f
then the conversion accomplished per unit time, which is proportional to

s ■ ,
reaction fate, cannot be established at different pH using a value of 
Aq - Aj? determined for a single pH. Both of these features, the 
dependence of reaction rate on substrate concentration at various pH and 
the. effect of pH on A^ — A^ for reactant solutions, must be more 
completely studied, to definitely establish the true pH optimum for this 
system.
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4.3 Carrier Size Distribution

4.3.1 Results
The results of the carrier size distribution study are summarized 

in Tables 3 and 4. Table 3 lists the mass fraction (based on the total 
recovered mass of carrier particles) of each carrier in a given size 
range. Also listed in Table 3 is the percent recovery for each of the 
carriers sieved. The percent recovery is calculated as one hundred 
times the total mass of particles recovered divided by the mass of 
particles sieved. Table 4 gives the calculated volume surface mean 
diameter (or Sauter mean) for each carrier investigated. These values 
were calculated according to the equation given by Foust et al. (1960, 
p. 533).

4.3.2 Discussion

The mean diameters presented in Table 4 were used as needed in
equations describing the system. The film and pore diffusion calcula
tions and the calculation of reactor fluid flow properties and column 
void fraction were all performed using the tabulated mean diameters.
The importance of performing this type of study is highlighted by the 
fact that if we simply chose a mean diameter for the nominal 80/120 mesh 
TiOg ceramic as being halfway between the sieve limits we would use a 
mean diameter of 151 microns instead of the 183 micron mean diameter 
determined by experiment. The volume surface mean diameter (Sauter mean) 
is the preferred diameter for use in catalytic and mass transfer studies.



Table 3. Enzyme carrier particle size distribution.

Mass fraction in size range

Carrier
354-247
microns

246-147
microns

146-104
microns

103-74
microns

74-61
microns

60-43
microns

Percent 
. recovery

Ti02 ceramic
45/80 mesh
650 A° pore diam.

0.288 0.66 0.05 0.002 - - 99.86

Ti02 ceramic
80/120 mesh 
425 A0 pore diam.

0,0004 0.629 0.351 0.017 0.0026 -- 99.37

SiOg ceramic
45/80 mesh
425 A° pore diam.

0,957 0.034 0.008 0.001 — -- 95.65

SiOg ceramic
80/120 mesh 
425 A° pore diam.

0.202 0.752 0.042 0.002 0.002 - 81.28

CPG glass 
120/200 mesh 
2000 A° pore diam.

-- 0.005 0.37 0.555 0.036 0.034 97.32



Table 4. Volume surface mean carrier diameters.

Carrier Mean diameter, microns*

£
45/80 mesh
650 A° pore diam.

247

TiO„ ceramic 2
80/120 mesh 
425 A° pore diam.

183

Si02 ceramic
45/80 mesh
425 A° pore diam.

298

SiOg ceramic
80/120 mesh 
425 A° pore diam.

235

CPG glass 
120/200 mesh 
2000 A° pore diam.

112

*Mean diameter calculated from Equation B-17 (Foust et 
al., 1960).
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4.4 Effect of Residence Time on Conversion

4.4.1 Results
The effect of fluid residence time on mole percent conversion of 

substrate to product for enzyme-saturating values of substrate concen
tration is given in Figures 19 and 20. These curves were obtained at 
pH 4.6 and 7.0 at a reaction temperature of 25°C and the appropriate 
ionic strength optima. As expected, the curves are approximately 
exponential as a semilog plot of the initial conversion data will show.

At pH 4.6, conversion is approximately 50 mole percent complete 
after about 20 seconds residence time, whereas at pH 7.0 the time 
required for 50 mole percent conversion is about 6 seconds. Note that 
the curves do not appear to approach 100 mole percent conversion even 
after very long residence times.

4.4.2 Discussion
The approximate exponential form of the two curves is additional 

evidence that a first-order reaction is indeed under investigation. 
Comparison of Figures 19 and 20 highlights the fact that mole percent 
conversion to product proceeds about three times as rapidly at pH 7.0 as 
at pH 4.6. At pH 7.0, 50 mole percent conversion is attained for a 
residence time of about 6 seconds, whereas at pH 7.0 approximately 20 
seconds are required for 50 mole percent conversion. The substrate 
concentration at pH 7.0 is about 66 percent greater than that at pH 4.6 
so the actual rate of phosphodiester bond cleavage is some four times 
more rapid at pH 7.0 than at pH 4.6. Obviously, this enzymatic reaction
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is relatively rapid if 50 mole percent conversion of reactant to product 
is attained for 6 second residence times.

The data points for pH 4.6 above about 50 percent conversion are 
less precise than those taken earlier in the reaction since the spectro
photometer span setting must be changed to a less precise, value to keep
the recorder on scale. The same effect occurs in the data at pH 7.0
above about 80 percent conversion. Consequently, the earlier data points
should be weighted more heavily at both values of pH.

The fact that the curves do not attain 100 percent conversion 
for the data points given reflects the increase in solution turbidity 
after long reaction times mentioned in Section 3.13. This effect cannot 
be overcome with current experimental set-up.

4.5 Appearance of Low Molecular Weight RNA Fragments

4.5.1 Results
Figure 21 presents the effect of fluid residence time oh conver

sion of substrate to fragments of less than about 10,000 molecular 
weight. The data were taken at pH 4.6 with a reaction temperature of 
25°C and 0.15 weight percent substrate concentration. Again, the curve 
appears to be approximately exponential in shape. A residence time of 
about 7 seconds is required for approximately 50 percent conversion of 
the original heterogeneous RNA mixture to low molecular weight fragments.

4.5.2 Discussion
As mentioned in Section 4.4.2, the approximate exponential shape 

of Figure 21 is evidence that we are indeed investigating a first-order
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reaction, i.e., the depolymerization of RNA. Comparison of Figures 19 
and 20 yields the expected results. That is, conversion of substrate to 
low molecular weight fragments proceeds more rapidly than complete 
degradation of substrate. That this will be the case is obvious when it 
is realized that the products of extensive degradation of RNA by 
ribonuclease are approximately 93 percent mono-, di-, and trinucleotides 
(Volkin and Cohn, 1953). Since the average molecular weight of a 
nucleotide unit is about 340 grams/mole, about 93 percent of the RNA 
fragments resulting from complete degradation of substrate are between 
340 and 1000 molecular weight.

4.6 Evaluation of Kinetic Models

4.6.1 Results
The effect of substrate concentration on the initial reaction 

rate at pH 7.0 and 25°C for the optimum ionic strength is given in 
Figure 22. The line drawn through the point represents the curve fitted 
to the data (by XTRACTR, the non-linear least squares parameter estima
tion routine), using the conventional substrate inhibition model 
(Equation 2.24). The model effectiveness for this case was 0.929. For 
purposes of the regression. Equation (2.24) was rearranged to the 
following form

IP--  ------ ^ ---- j ■ (4.D
dt 1 + K2 [S] + Kg[S]

where the individual rate constants were lumped into the parameters k ,̂ 
k ,̂ and iĉ* In addition, the data that appeared to obey the
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Michaelis-Menten relationship were fit to that model after rearranging 
Equation (2.14), as follows, to facilitate the regression.

5 F - r r |{ ir
Figure 23 represents the effect of substrate concentration on 

the initial reaction rate at pH 4.6 and 25°C for the optimum ionic 
strength. Again, the line drawn through the data represents the conven
tional substrate inhibition model fit to the data by XTRACTR. The model 
effectiveness for this case was only 0.882. After evaluating this fit 
and examining the data, it was decided to investigate a somewhat more 
complex substrate inhibition model which involves a cubic term in sub
strate concentration. The derivation of, and theoretical justification 
for, this type of substrate inhibition model are presented in Appendix I. 
This model (rearranged to facilitate the regression as before) is as 
follows:

S P - —  - ^ 1 --------3 (4-3)dt 1 + K2tS] + k3[SJ2 + k4[S]5

Figure 24 again gives the reaction rate versus substrate concentration 
data at pH 4.6 but this time the line drawn through the data is that 
given using the cubic substrate inhibition model in the regression. The 
model effectiveness for this case is 0.988.

Table 5 summarizes the results of the parameter estimation pro
cedure using the rearranged Michaelis-Menten model (Equation 4.2) at pH
4.6 and 7.0. The table gives the model effectiveness, the F test, and 
the individual parameter estimates for and ^  with approximate 95
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Table 5. Parameter estimation summary: Michaelis-Menten
model.

pH 4.6 pH 7.0 .

k1 (min- ) 8.15 13.3
95% confidence limits on

upper 10.3 17.2
lower 6.01 9.4

<2 (1/mol) 7.47 x io2 2.67 x io2
95% confidence limits on

upper 11.2 x 102 4.62 x 102

lower 3.67 X io2 0.73 x io2

R2 0.968 0.944
F test, percent 0.17 0.39
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percent confidence intervals (based on the linear hypothesis) for the 
parameters. The Michaelis constant, K̂ , which is equivalent to I/Kg was 
found to be 1.34 x 10  ̂and 3.74 x 10  ̂moles/liter at pH 4.6 and 7.0, 
respectively. Table 6 is a similar summary for the two substrate 
inhibition models tested at both pH 4.6 and 7.0.

. Figures 25 and 26 are the Arrhenius plots for this immobilized 
enzyme system at pH 4.6 and 7.0, respectively. The activation energy at 
pH 7.0 is about 7.1 K-cal/g-mole. A slightly higher activation energy of
9.6 K-cal/g-mole was obtained at pH 4.6.

4.6.2 Discussion
As discussed previously, the validity of kinetic models and 

parameters obtained in heterogeneous catalysis systems depends on the 
extent to which such observed parameters are free of diffusion effects. 
Since the physical and chemical characteristics of the carrier, the 
enzyme and the substrate of this system are such as to virtually assure 
that pore diffusion resistance will be very high for this system (see 
Section 4.8), a means of extracting true kinetic information had to be 
developed given the limitations of the physical system. Indeed, 
preliminary calculations indicated that particle sizes on the order of 
1 micron would be required to obtain effectiveness factor of the order 
of unity.

The strategy for accomplishing this objective was the following. 
There are two limiting cases in diffusion with reaction in porous 
catalysts. The first is that reaction is very slow compared to diffusion 
and the reactant concentration within the porous catalyst is the same as
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Table 6. Parameter estimation summary: substrate inhibition models.

. pH 4.6 pH 4.6 pH 7.0
quadratic cubic quadratic
model model model

k  ̂ (min 21.2 40.1 11.9
95% confidence limits on Kv

upper 32.3 51.7 13.4
lower 10.1 28.5 10.3

k2 (1/mol) 2.02 0.261 1.86 x 10-2

95% confidence limits on K2 "

upper 900.0 8.0 53.3
lower -901.0 -7.5 -53.3

<3 (1/mol)2 4.15 x 105 0.957 7.08 x io4
95% confidence limits on v

upper 5.63 x 105 62.5 8.96 x io4
lower 2.67 x 105 -60.6 5.20 x 104

k4 (1/mol)3 - 2.39 x 102 -

95% confidence limits on -v
upper - 4.47 x 102 --

lower — 0.31 x 102 -

R2 0.882 0.988 0.929

F test, percent 1.10 0.03 0.55
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the surface concentration. This condition results in effectiveness 
factors of unity. The other extreme is that reaction is so fast compared 
with diffusion that the substrate concentration within the porous 
catalyst is essentially zero and all observed activity resides on the 
surface of the catalyst. In effect, therefore, the catalyst is not 
porous but solid and the catalytic surface area is the exterior surface 
area of the particles. Since we could not hope to achieve the first 
extreme with our system, we wished to see if the system might approach 
the second extreme. If so, we would observe true kinetic behavior 
although the system effectiveness factor would be exceedingly small.

This approach appeared to yield the desired results. In this 
system, a monolayer of enzyme on the surface of the catalyst is suffi
cient to degrade all the substrate which can be transferred through the 
liquid film surrounding the particle at the maximum possible mass trans
fer rate. The details of the calculation illustrating this fact are 
given in Appendix K. At the end of the discussion of results presented 
in this section (Section 4.6.2), all the evidence indicating that true 
kinetics have been measured will be summarized. ' Let us now proceed with 
the discussion of results.

As shown by Table 5, the Michaelis-Menten. model adequately
describes the appropriate portion of the data at both pH 4.6 and 7.0.
The. confidence intervals on and are reasonably narrow. The values
of Kĵ , the Michaelis constant (which is equivalent to I/k̂ ) , are in the

-3range of the soluble enzyme, i.e., 10 . moles/liter. The biochemical 
literature reports only the values of IC, for ribonuclease acting on pure
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homogeneous dinucleotides, not on a heterogeneous mixture of poly
nucleotides as done in this study (Barman, 1969). Nevertheless, if we 
calculate an arithmetic average of all the values of reported for 
cleavage of pure dinucleotides at pH 7.0 and 25°C we obtain a of 
2.30 x 10 moles/liter. This compares very well with our experimental 
value of (I/k̂ ) at pH 7.0 of 3.74 x 10 ^ moles/liter. If is 
calculated using the relative probability of all possible diriucleotide 
pairs times their respective values of K^, the resulting average is 
also about 2.30 x 10  ̂moles/liter. The calculations and data used to 
arrive at the arithmetic and probability weighted averages of are 
given in Appendix J.

It is not possible to directly compare the experimental values of
V , which is equivalent to k ./k _, with the values reported in the max -i £
literature since we do not know [Eq]s the total available enzyme concen
tration. However, some estimates can be made of V with certainmax
assumptions regarding the effectiveness factor which will be developed 
in Section 4.8.2.

. As the biochemical literature reports, ribonuclease does exhibit 
substrate inhibition as the results at pH 4.6 and. 7.0 clearly indicate 
(Myer and Scheliman, 1962; Hummel and Kalnitsky, 1964). However, it is 
very interesting that the quadratic substrate inhibition model which 
appears to describe the data reasonably well at pH 7.0 is clearly 
inadequate at pH 4.6. Substrate inhibition, as discussed in Section 2.6, 
is generally viewed mechanistically as removal of the enzyme-substrate 
complex from active participation in the reaction via combination with 
another substrate molecule as follows:



However, if one extra substrate molecule can bind with the enzyme- 
substrate complex, it is not unreasonable to assume that under proper 
conditions a second substrate molecule may also bind to the complex 
(Dixon and Webb, 1964). This proceeds as follows:'

>  :■ .ESS +. S t ESSS (4.4)
KS

If Equation (4.4) is included in the set of possible reactions and the 
same procedure as given in Section 2.6 is followed to obtain d[P]/dt, the 
result is a model involving a cubic term in [S] as given by Equation 
(4.3). A more detailed derivation appears in Appendix I.

The fit of this cubic model to the data at pH 4.6 is so excellent 
that it is difficult to avoid the conclusion that the type of substrate 
inhibition described by Equation (4.4) is actually what is taking place.
It is not even possible to say that this model has too many parameters 
since, as Table 6 indicates, the confidence intervals for and 
include zero. These two parameters contribute almost nothing to the 
response of the model. Therefore, the four-parameter model is essentially 
a two-parameter model.

The results of this investigation point up the fact that the 
quadratic substrate inhibition model universally encountered in the 
biochemical engineering literature may not be adequate to describe actual 
enzyme kinetics in all cases. Yet this type of model is the one always
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encountered in the literature (Kobayashi and Laidler, 1974; Lamba, 
Dudokovic, and Dinos, 1974; Kobayashi and Moo-Young, 1973). Ribonuclease 
appears to have three substrate binding sites at pH 4.6.

As the data illustrate, the maximum rate obtainable at pH 7.0 is 
approximately four times that obtainable at pH 4.6. Since the pH 
optimum for soluble ribonuclease is around 7.0, we would expect this 
observed result if, as postulated in Section 4.1.2, the pH optimum of 
RNase has not shifted significantly on immobilization. However, since 
the system clearly exhibits different enzyme saturation behavior at 
different pH it is not yet possible to definitely establish a pH optimum 
for the system.

The enzyme-saturating values of substrate concentration are 
approximately 0.15 and 0.30 weight percent nucleic acid at pH 4.6 and 7.0, 
respectively. The RNA concentration of 10 percent yeast slurry would 
be approximately 0.6 to 0.8 weight percent. In addition, the rate 
versus substrate concentration curve (Figure 22) at pH 7.0 exhibits a 
maximum which is much more broad than the corresponding pH 4.6 curve 
(Figure 23).

In summary,, therefore, there are four factors elucidated in 
this particular set of investigations which would tend to make pH 7.0 an 
industrially more attractive operating condition than pH 4.6. For this 
particular immobilized enzyme system:

1. The reaction rate at pH 7.0 is about 4 times that at pH 4.6.
2. The enzyme-saturating value of substrate concentration at pH 7.0 

is larger than that at pH 4.6 and, therefore, more compatible 
with the projected industrial feed conditions.
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3. The broader rate versus substrate concentration maximum at pH 7.0 

would provide more flexibility in choice of feed substrate con
centration and better reactor control.

4. Operation at pH 7.0 as compared with pH 4.6 would provide fewer 
corrosion problems.

However, there are several potential disadvantages to operating 
at pH 7.0 rather than pH 4.6. These are the following:

1. The rate at pH 7.0 is more sensitive to changes in ionic strength 
than at pH 4.6.

2. The immobilized enzyme half-life is larger at pH 4.6 than at pH
7.0 (see Section 4.9.1).

3. pH 7.0 is probably more conducive to growth of contaminating 
micro-organisms than pH 4.6.

Now the evidence indicating that true kinetic parameters have, 
actually been obtained will, be summarized. These points of evidence are 
as follows:

1. The minimum in Figure 17 at pH 6.0 is highly suggestive of the 
participation of the two histidine residues known to be in the 
active center of the enzyme.

2. The value of for ribonuclease acting on RNA determined in this
-3investigation (3.74 x 10 moles/liter) compares very well with a

probability weighted average value calculated for RNase acting on
*” 3pure dinucleotides of 2.30 x 10 moles/liter.
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3. The activation energies observed at pH 4.6 and 7.0 (9.6 and 7.1 
K-cal/g-mole, respectively) are very typical of activation 
energies for soluble enzymes.

In conclusion, then, it is felt that the kinetic behavior of the
system has actually been studied and is now understood reasonably well.
However, the extremely low effectiveness factors which are indicated by
the success of this approach lead to some conclusions regarding the use
of this enzyme in industrial systems which will be discussed later.

\ . .

4.7 Film Diffusion

4.7.1 Results
Figures 27, 28, and 29 present the effect of flow rate on the 

initial reaction rate at pH 4.6 and temperatures of 15, 25, and 35 °C. 
Figure 30 is a similar plot for pH 7.0 at 25°C. The substrate concentra
tion and ionic strength used at pH 4.6 were 0.15 weight percent and 0.20 
moles/liter. The respective values of these parameters used at pH 7.0 
were 0.10 weight percent and 0.125 moles/liter.

As expected, the reaction rate decreased markedly at lower flow 
rates. A rather sharp breaking point was observed in each of the four 
tests. The flow rate necessary to achieve this break in reaction rate, 
referred to as the critical flow rate of U^, increased with increasing 
temperature. Such a result can be qualitatively predicted by analysis 
of the film effectiveness factor derivation presented earlier. The 
critical flow rates, beyond which the film diffusional effect becomes 
negligible, observed in these investigations are listed below:
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Temperature (°C)

15 
25 
25 
35

Note that approximately doubles for each 10°C rise in temperature and 
that Uc at pH 4.6 and 7.0 are almost identical.

An attempt was made to analyze these.experimental results using 
the body of theory developed in Sections 2.7 and 2.8. First, the mass 
transfer coefficient, K^, was estimated using the semi-empirical equa
tions of Table 1. The particle Reynolds number, "Rê , in this experiment 
ranged from 0.08 to 3.1. In this range. Equation (2.51) is recommended 
by Wilson and Geankoplis (1966).

J = 1.09 (Re )"2/3 for Re = 0.0016 - 55 (2.51)p p
This correlation was based on experiments using spherical particles 
approximately 20 times larger than the spherical particles of this work. 
Also, McCune and Wilhelm (1949) proposed the following set of equations 
from experiments on both spherical and flake-shaped particles of several 
sizes. The smallest particle used in their study was about 0.1 cm, 
which is four times larger than the particle size of this work.

J = 1.625 Re "°-507 for Re = 8 - 120 P P

J = 0.687 Re "‘°*327 for Re = 120 - 1300 P P

(2.53)

(2.54)

pH
4.6
4.6 
7.0
4.6

U ■ (cm/sec)

0.27
0.45
0.47
0.91

/



91 .
All three of the above equations were used to estimate the values of 
although Equations (2.53) and (2.54) were not recommended for the Re^ of 
this experiment.

After estimation of K^, the film modulus <j>£ (=
Equation (2.42) was calculated from the estimated KT and the followingJL

additional information:
?260 cm . oc gm particles

% - gm particles % ^  particles

2 3= 220 cm /cm particles

= 3.74 x 10*"3 moles/liter (pH 7.0)

= 1.34 x 10 3 moles/liter (pH 4.6)

= 1.38 x 10 3 moles/liter (pH 7.0)

= 2.07 x 10-3 moles/liter (pH 4.6)

■ VM = CVmax ̂Sb + V /Sb
Finally, the film effectiveness factors, n^, were evaluated from 

Equations (2.44) and (2.46) with n and ri(Ŝ ) equal to unity for 
corresponding flow rates. These are the theoretically predicted values 
of ri_g. The experimentally obtained values of n̂ . were calculated by 
simply dividing the maximum reaction rate obtained in a set of experi
ments by the rate observed at any given flow rate in that set. A 
comparison of the predicted and experimental values of for the runs 
at pH 4.6 is given in Figure 31. Figure 32 is a similar plot for the 
single investigation at pH 7.0.
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Of the three models tested, the McCune-WiIhelm model (Equation 

2.53), which was based on higher Re , gave the closest agreement. The 
results of this test are summarized in Table 7 which gives the average 
relative error between the experimental and theoretical for each of 
the three models tested for each experimental run. Obviously, (Equation 
(2.53) gives superior results. However, none of the three gives 
particularly good results for the pH 7.0 run. Note that the theoretical 
values of seem to be consistently under-estimated.

4.7.2 Discussion
' The sharp breaking point in Figures 27 through 30 has been 

observed by other investigators such as Ro'vito and Kittrell (1973), and 
Lee,, Wun, and Tsao [1974). However, the values of U obtained by Lee and 
his co-workers are approximately 40 times smaller than those obtained in 
this work for similar temperatures and particle sizes. This is probably 
due to the very low diffusivity of the substrate and the comparatively 
high turnover number of the enzyme used in this study.

It is somewhat surprising that the McCune-WiIhelm model of 
Equation (2.53) should be superior to the other models since it was 
developed for higher particle Reynolds numbers and larger particles than 
those employed in this work. However, Rovito and Kittrell (1973) also 
report that Equation (2.53) gives excellent results for their film 
diffusion study with immobilized glucose oxidase on porous glass and is 
superior to other models tested. Lee and his associates (1974) found 
that the second McCune-WiIhelm model. Equation (2.54), gave the best 
agreement for their data.



Table 7. Percent relative error between experimental 
and theoretical film effectiveness factors.

Percent error for model tested
Run conditions Eq. 2.51 Eq. 2.53 Eq. 2.54

15°C, pH 4.6 8.7 5.4 12.2

25°C, pH 4.6 19.6 16.6 14.1
35eC, pH 4.6 . 26.4 ; 12.7 18.2
25°C, pH 7.0 39.4 29.2 44.9

Average error 
of all four 
runs, percent 23.7 . 16.0 22.4
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The relatively poor fit obtained/at pH 7.0 for all the models

tested is probably due to inaccurate estimates of the physical and
kinetic constants used in evaluating $£ and J. Indeed, the inability to 
precisely estimate these physical and kinetic constants probably con
tributes considerably to the discrepancy between theoretical and 
experimental- values of ry?. Since the predicted values of are nearly 
always smaller than the experimental values, it appears that K^, as 
given by the correlation, is too small or that the ratio V^/aK^ is too 
large.

In essentially all the other investigations reported in this
work, fluid flow rates greater than were used at the appropriate pH
and temperature. In this way, the film effectiveness factor was main
tained at a value of unity for all other investigations.

4.8 Pore Piffusion

4.8.1 Results
Table 8 presents the reaction rates observed for ribonuclease 

immobilized on TiO^ ceramic particles of different size ranges. These 
studies were performed at pH 4.6 and 25°C, with an ionic strength of 0.20 
moles/liter and a substrate concentration of 0.15 weight percent nucleic 
acid. Obviously, as the particle size decreases (Levenspiel, 1962), the 
reaction rate increases. Differences in bed void fraction and, 
consequently, the bed void volume arising from different particle sizes, 
were neglected in calculating the reaction rates since the carrier bulk 
density was not known for these particle size ranges.
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Table 8. Reaction rates for different carrier particle 
sizes.

Particle 
size range 
(microns)

Midpoint of 
size range 
(microns)

Initial reaction rate
n(moles/liter-mm) x 10'

354-246
246-147
147-104

300 
197 
125 .

3.23
4.35
8.43
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Levenspiel (1962) suggests that strong pore diffusion resistance 

may be verified if the ratio of the reaction rates obtained with two 
different sizes of porous catalyst particles is equal to the reciprocal 
of the ratio of their diameters. However, this experiment was conducted 
with three different particle size ranges, not with particles of three 
different uniform sizes. If we postulate that the average particle 
diameter lies within the central 50 percent of the size range, then we 
may compute the upper and lower extremes for the ratio of any two 
diameters.

Table 9 is a comparison of.reaction rate ratios for the three 
rates listed in Table 8, with the reciprocal of the midpoint diameter 
ratios as suggested by Levenspiel. Also included are upper and lower 
bounds of the diameter ratios computed as described above.

When the nominal 45-80 mesh, enzyme-immobilized, TiO^ ceramic 
particles were ground and reacted as described in Section 3.17, 
essentially zero enzymatic activity was. observed.

4.8.2 Discussion
As Table 9 indicates, the rate ratio, for any pair of observations 

is contained within the corresponding range of reciprocal diameter ratios 
for all but one case. Even in that instance, the lower limit on the 
diameter ratio, 0.52, is approximately equal to the rate ratio of 0.516. 
This appears to be good evidence in support of the supposition that there 
is strong pore resistance to reaction. One might conclude from this 
result that significant enzymatic reaction was in fact taking place 
within the pores and not just at the particle outer surface as postulated
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Table 9. Comparison of reaction rate and particle diameter ratios.

Observation Reciprocal particle diameter ratios
number Rate Rate ratio Upper Midpoint Lower

1 3.23 Ri 0.743 ■ V  
D1

0.81 0.675 0.526

Ro D32 4.35 11 0.516
4 =

0.791 0.635 0.520

3 8.43 11
'cTIpT 0.383 D3 

D1 "

0.498 0.417 0.352
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in Section 4.6.2. However, a brief mathematical analysis shows that the 
ratio of the exterior surface areas of 1 gram quantities of different 
diameter particles is also equal to the reciprocal of the ratio of their 
diameters as done in Table 9. Calculations supporting this statement are 
given in Appendix L. Therefore, it is not possible to distinguish 
between these two hypotheses from these data alone.

The fact that essentially no observable enzymatic activity 
remained after grinding the particles is rather surprising. Lee and 
co-workers (1974) were able to obtain effectiveness factors of unity 
after exhaustive grinding of glucose isomerase immobilized on porous 
glass under similar conditions. It is possible that ribonuclease was 
deactivated under the grinding conditions. However, it seems more likely 
that the stirred batch reactor used to test the activity of the ground5
particles was not adequate to remove the diffusion layer surrounding the 
suspended enzyme-ceramic particles. Perhaps a more violently agitated, 
reactor might achieve the desired result.

Since we were unable to demonstrate experimentally the removal of 
pore resistance, we consequently do not know the reaction rate which 
would correspond to a pore effectiveness factor of unity. Therefore, we 
are not able to calculate effectiveness factors corresponding to other 
reaction rates. However, several different sets of calculations indicate 
that the effectiveness factor for the usual runs at 25°C with substrate 
saturation for the nominal 45/80 mesh TiC^ enzyme-ceramic is of the order 
of 10 These calculations are given in Appendix M.

In summary, the conclusions resulting from these data are that 
reaction rate does increase with decreasing particle size but that it is
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not possible to say whether there is considerable reaction in the pores 
or whether only the enzyme on the exterior surface is catalytically 
active. At any rate, it appears that little of the immobilized enzyme 
will ever be catalytically active under these operating conditions (see 
Appendix M). Therefore, it seems that non-porous carriers might be more 
economical and efficient for this system.

4.9 Immobilized Enzyme Half-Lives

4.9.1 Results
As mentioned in Section 3.18, these half-life studies on 

immobilized ribonuclease were done under conditions resembling as closely 
as possible a real industrial situation. During a given study, the 
enzyme column was run day and night at the appropriate temperature and 
pH with one liter of substrate solution circulating continuously through 
the column. The substrate solution was changed daily.

Table 10 presents the operational half-lives at 45°C and pH 4.6 
for ribonuclease immobilized on various carriers. One investigation was 
done at pH 7.0 and 45°C for Ti02 enzyme-ceramic. At the end of 5 days 
under.these conditions, the column was assayed and no enzymatic activity 
was observed. Consequently, the half-life for immobilized ribonuclease 
at pH 7.0 and 45°C is much less than 5 days. At pH 4.6, the titania 
carrier gives superior performance compared to SiOg ceramic or controlled- 
pore glass.

The effect of temperature on the operational half-life of 
titania-immobilized RNase at pH 4.6 is shown in Figure 33. The extrapo
lated half-life of immobilized enzyme is about 120 days under these



Table 10. Operational half-lives at 45°C for ribo- 
nuclease immobilized on various carriers.

Carrier material PH Half-life, days

Ti02 ceramic
(45/80 mesh) 4.6 14

TiOg ceramic
(45/80 mesh) 7.0 <5

SiO^ ceramic
(45/80 mesh) 4.6 5.5

CPG glass 
(120/200 mesh) 4.6 2.5
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conditions. The activation energy for deactivation obtained from the 
slope.of Figure 33 is 20.0 k-cal/g-mole.

4.9.2 Discussion
According to Josefsson and Lagerstedt (1961), the half-life of 

soluble ribonuclease at 100°C is 40.0 minutes and 28.0 minutes at pH 3.1 
and 5.5, respectively. The extrapolated half-life of titania-immobilized 
RNase at pH 4.6 and 100°C is approximately 190 minutes. Therefore, it 
appears that ribonuclease has been somewhat stabilized to heat by 
immobilization. Josefsson and Lagerstedt (1961) also determined that 
soluble ribonuclease was more heat stable at somewhat acid pH than at. 
neutral or basic pH. The same conclusions may also be drawn by a 
comparison of the half-lives at pH 4.6 and 7.0 obtained in this study. 
However, the substrate solution developed considerable turbidity (indica
tive of microorganism growth) between changes during the one study at pH 
7.0. It is possible that microorganism growth in the reaction solution 
contributed considerably to enzyme deactivation at pH 7.0.

The author has not encountered sufficient data in the biochemical 
literature to compute the activation energy for deactivation of soluble 
ribonuclease. The 14-day half-life of the titania-immobilized RNase at 
pH 4.6 and 45°C compares favorably with a 15-day operational half-life at 
50°C reported for g-galactosidase immobilized on porous glass (Weetall 
et al., 1974). Glucose isomerase immobilized on porous glass had an 
extrapolated half-life of 240 days at 50°C (Lee et al., 1974). However, 
unexpected rapid deactivation occurred for glucose isomerase after 30
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days continuous operation, presumably due to microorganism contamination 
of the reactor.

In summary, immobilized RNase exhibits good operational stability 
under fairly rigorous reaction conditions. At pH 4.6, the titania carrier 
is superior to others tested. The immobilized enzyme appears more stable 
at somewhat acid pH than at neutral pH.



CHAPTER 5

SUMMARY AND CONCLUSIONS

The principal conclusions drawn from this study are as follows:
1. An immobilized enzyme system capable of depolymerizing yeast RNA 

has been developed.
2. The immobilized enzyme is stable and active in the pH range of

4.0 to 8.0.
3. The pH and ionic strength optima are interdependent between pH

5.0 and 7.0. Above pH 7.0 and below pH 5.0 there is little 
effect of ionic strength on enzymatic activity.

4. A pH optimum has not yet been established for the immobilized 
enzyme but the system is approximately four times as active at 
pH 7.0 as at pH 4.6.

5. Residence times on the order of 6 seconds are required for 50 
mole percent conversion of substrate to product at pH 7.0, 25°C, 
and an enzyme-saturating value of substrate concentration. 
Approximately 20 seconds are required for 50 mole percent conver
sion at pH 4.6 and 25°C under saturation kinetics.

6. At pH 4.6 and 25°C, the substrate is approximately 50 mole 
percent converted to fragments of less than 10,000 molecular 
weight for residence times of about 7 seconds. The RNA substrate 
begins with an average molecular weight of greater than 100,000
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and is about 95 mole percent converted to product of less than
1.000 molecular weight, after complete degradation.

-7. The enzyme-substrate reaction exhibits substrate inhibition.
However, at pH 4.6, a more complex third-order substrate inhibi
tion model is required to explain the data than the typical 
second-order model which suffices to explain the data at pH 7.0. 
Therefore, the quadratic substrate inhibition model universally 
assumed in the biochemical engineering literature may be 
inadequate to describe substrate inhibition in some enzyme 
systems.

8. The Michaelis-Menten relationship adequately describes experi
mental data over the appropriate range of substrate concentration.
The values of the Michaelis constant, K^, obtained at pH 4.6 and

-37.0 are in the range of for the soluble enzyme, i.e., 10 
moles/liter.

9. Several experimental results support the conclusion that actual 
enzyme kinetics were observed. These results are as follows:
a. The excellent fit of the substrate-inhibition and Michaelis- 

Menten models to the experimental data.
b . The agreement between the for the soluble and the 

immobilized enzyme.
c. The activation energy for the immobilized enzyme is bn the 

order of 7-10 K-cal/g-mole for the conditions used.
d. The minimum in the pH-ionic strength curve at.pH 6.0 is 

strongly suggestive of the participation of the two histidine 
residues known to be in the active center of the enzyme.



10. The fluid flow rate necessary to remove film diffusion resistance 
approximately doubles with each 10°C rise in reaction tempera
ture. The critical flow rates obtained in this study are about 
40 times greater than those obtained for a similar study on 
immobilized glucose oxidase, probably because of the low 
diffusivity of this substrate and high turnover number of our 
enzyme.

11. The McCune-Wilhelm model (Equation 2.53) gives the best agreement 
between predicted and experimentally obtained film effectiveness 
factors of the common mass transfer correlation appearing in the 
literature.

12. Little or none of the observed enzymatic activity is believed to 
reside in the pores of the highly porous enzyme carrier. It 
appears, therefore, that a non-porous or slightly porous enzyme 
carrier might provide more efficient utilization of the expensive 
enzyme.

13j The enzyme-immobilized titania ceramic exhibits good heat
stability over extended operating periods at pH 4.6. At pH 4.6, 
porous titania is a superior support material as compared with 
porous silica ceramic or with porous glass. The titania-bound 
enzyme is more heat stable at pH 4.6 than at pH 7.0.



CHAPTER 6

RECOMMENDATIONS

Some suggestions for further avenues of investigation on this 
system are as follows:

1. Immobilize pancreatic ribonuclease on a non-porous carrier 
(preferably a TiO^ ceramic) and investigate the reaction rate 
above the critical fluid flow rate.

2. Investigate the behavior of the soluble enzyme with respect to 
substrate inhibition to see if results correspond with those 
obtained for the immobilized enzyme.

3. Investigate the molecular weight distribution of the RNA sub
strate during the course of the reaction using the liquid 
chromatograph.

4. Perform a complete chemical analysis on the immobilized enzyme 
ceramic to determine how many milligrams of enzyme are bound per 
gram of carrier. •

5. Obtain a scanning electron microscope picture of the surface of 
the porous ceramic.

)
6. Use the ionic strength optima already obtained to locate the pH 

optimum using an enzyme-saturating value of substrate concentra
tion at each pH.
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7. Investigate the system performance using as substrate the solu
tion of yeast RNA anticipated under industrial operating 
conditions.

8. Attempt more investigations with very small enzyme carrier 
particles in order to obtain experimental effectiveness factors 
of unity.

9. Investigate more completely the temperature stability of 
immobilized ribonuclease at pH 7.0.



APPENDIX A

PREPARATION OF IMMOBILIZED ENZYME AND PACKED BED REACTOR

The alkylamine derivative of the porous ceramic beads is prepared 
as follows:

1. The ceramic is placed in a sufficient volume of 10 percent
(volume/volume) 3-aminopropyl-triethoxysilane in water to cover 
the beads with approximately 1/4 inch of liquid.

. 2. The pH of the solution is adjusted to between 2 and 4 by dropwise
addition of 9N HC1.

3. The material is then placed in a water bath for 2.75 hours at 
75°C.

4. The beads are washed with a small amount of water (approximately
the small volume of water used in the dilution of the 3-amino-
propyItriethoxysilanej. '

5. Lastly, the ceramic is allowed to dry overnight in an oven at
1T0°C. The product formed is the alkylamine ceramic.

Pancreatic ribonuclease is then coupled to the alkylamine 
ceramic in the following manner:

1. To one gram of alkylamine ceramic add enough 2.5 percent
glutaraldehyde solution (25 percent glutaraldehyde in water 
diluted 1 volume to 10 volumes in 0.1 molar sodium phosphate,
pH 7.0) to cover the ceramic.

Ill
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2. The entire reaction mixture is placed in a desiccator and 
attached to a vacuum source to remove air and gas bubbles from 
the particles. The reaction is continued in the desiccator for 
60 minutes.

3. The ceramic is removed and filtered on a Buchner funnel and 
washed with distilled, deionized water. The following steps are 
done in an ice bath.

4. The ceramic beads are covered with the enzyme solution which
consists of 100 milligrams of pancreatic ribonuclease dissolved
in 10 ml of 0.1 molar sodium phosphate buffer, pH 7.0. This 
reaction is continued in the ice bath for at least two hours.

5. The product is washed with distilled, deionized water (specific
conductivity approximately equal to 10  ̂ohm  ̂cm *) and stored
under water in a closed container.

The steps for packing the immobilized enzyme carrier in the 
reactor are the following:

1. A funnel is attached to the top of the 8 mm I.D. glass tube 
which forms the. reactor with appropriate sections of plastic 
tubing.

2. The inlet of the heating fluid pump is attached to the bottom of 
the reactor with the necessary tubing.

3. The heating fluid pump is activated and the immobilized enzyme 
particles are introduced into the funnel. A wash bottle is used 
to remove all ceramic particles from their storage container.
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This procedure pulls the liquid bearing the enzyme carrier 
through the reactor. The beads are retained on the stainless 
steel support screen.

4. The reactor thus prepared is stored in a refrigerator at 4°C 
with some liquid maintained above the packed bed until needed.

5. The newly prepared column is washed for three to four hours with 
one liter of 0.15 weight percent nucleic acid in pH 4.6 buffer 
of 0.20 moles/liter ionic strength to remove any enzyme that is 
only adsorbed and not covalently bound.

Note: The glassware used in preparing the alkylamine ceramic
should only be used for that purpose. Ribonuclease solutions should 
only come in contact with polyethylene labware to minimize adsorption. 
Disposable polyethylene pipets and 50 ml polyethylene beakers have been 
found to very useful in working with ribqnuclease solutions.



APPENDIX B

EXPERIMENTAL PROCEDURE FOR KUNITZ ASSAY

The procedure used in preparing for and executing an experimental 
run using the Kunitz assay is as.follows:

1. The spectrophotometer and constant-temperature bath are turned 
on several hours prior to a run and allowed to equilibrate at 
the selected settings. The spectrophotometer is set to the 
"IDLE" position for warmup.

2. The enzyme reactor is removed from the refrigerator approximately 
30 minutes prior to the run and attached to the heating fluid 
system. This system is turned on and allowed to circulate con
stant temperature water through the jacketed reactor.

3. Sample and reference solutions of appropriate pH, ionic strength, 
and substrate concentration are prepared and stirred magnetically 
to dissolve the substrate. Sample solution volume is 240 ml.

4. The sample and reference tubing systems are flushed with 50 and 
30 ml, respectively, of the appropriate solution. The reactor
is bypassed during this flushing. The solutions used in flushing 
are discarded.

5. After flushing, the spectrophotometer and recorder are zeroed 
with unreacted solution flowing through both sample and reference 
tubing systems at the desired experimental flow rate. The 
spectrophotometer is turned to the "ON" position. The reactor

m
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is still bypassed. The reference knob and thumbwheel are used 
to zero the spectrophotometer and the recorder zero knob is used 
to zero the recorder. True instrument zero is verified by 
changing the absorbance span setting from 1A to 0-2A. If no 
recorder pen deflection is observed, true zero has been attained. 
Consequently, A^, as given in Equation (3.2), is always 
identically zero for these runs.

6. The reactor is included in the flow loop by adjusting the valve 
at the top of the reactor and opening the valve at the bottom.
The reactor column is flushed with 40 ml of reactant solution 
which is later discarded. While the reactor is being flushed, 
the Luer-lok tubing connecting the reactor with the spectro
photometer is moved from the valve at the top of the reactor to 
the valve at the bottom. When the reactor flushing is complete 
(as indicated by the fluid level in a graduated cylinder), the 
valve at the bottom of the reactor is adjusted to shunt the 
fluid through the spectrophotometer. The bottom valve is 
adjusted so as to always maintain some liquid above the top of 
the packed bed. This prevents disturbance of the upper portion 
of the packed bed by the reactant fluid.

7. ' The timer and recorder chart drive are then activated to signal
the beginning of the run.

8. The run is allowed to proceed until the desired degree of 
reaction is achieved, usually 15 to 20 minutes.
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9. At the end of a run, the recorder and spectrophotometer are

turned to the "STANDBY" and "IDLE" positions, respectively, and 
the sample and reference tubing systems are pumped dry in 
preparation for the next run.

Note: The value of A^ to be used in Equation (3.2) for these
runs was determined in a series of tests using soluble ribonuclease.
See Appendix F for the details of this procedure.

I



APPENDIX C

EXPERIMENTAL PROCEDURE FOR ALTESCU ASSAY

The first four steps for the Altescu assay are exactly those 
described in Appendix B for the Kunitz assay. After step 4, the 
procedure is as follows:

1. The spectrophotometer is zeroed with distilled, deionized water 
in the sample and reference cells. Ordinary spectrophotometer 
cells are used instead of flow cells. Spectrophotometer settings 
are 456 nanometers wavelength with 0-2A span setting and 100 mv 
on recorder scale.

2. A sample of 0.6 ml of 0.15 weight percent unreacted nucleic acid 
substrate is withdrawn from the sample flask and mixed with 6 ml 
of 0.15 weight percent neomycin sulfate solution in a poly
carbonate test tube. This mixture is allowed to stand for 15 
minutes to develop full turbidity. This solution is then 
transferred to the sample cell of the spectrophotometer and its 
absorbance is read against the blank of distilled, deionized 
water. The readings on the chart and the spectrophotometer 
scale are recorded. This represents Aq, the initial absorbance, 
in Equation (3.2).

3. The desired fluid flow rate, is selected and the enzyme column is 
flushed with 40 ml of fluid which are discarded.
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4. The rim is then begun and the timer activated. The reactant 
solution is returned directly to the reaction fluid reservoir 
and does not report to the spectrophotometer. Obviously, the 
reference solution flow system is not utilized since this assay 
utilizes a series of discrete samples rather than continuous

. sampling.
5. Samples of 0.6 ml of reactant solution are withdrawn from the 

fluid reservoir approximately every 5 minutes (for the first 
hour) and mixed with 6 ml of 0.15 weight percent neomycin 
sulfate in a polycarbonate test tube. As before, this solution 
is allowed to stand for 15 minutes to develop full turbidity.
Its absorbance is then read in the sample cell of the spectro
photometer and recorded. After one hour has passed, samples can 
be withdrawn every 10 to 15 minutes or so.

6. When little change in absorbance of successive samples is noted, 
the value of A^, the final absorbance, is determined by simply 
reading the absorbance of the 0.15 weight percent neomycin 
sulfate versus the distilled, deionized water blank.

Note: It is essential that the reaction between neomycin sulfate
and RNA solution take place in polycarbonate or polyethylene containers. 
Glass vessels destabilize the antibiotic-RNA complex and do not allow 
full turbidity to develop. The particular sample volume used in this 
assay, 0.6 ml, was found to be optimum for these values of pH, substrate 
concentration, and neomycin sulfate concentration. Other sample sizes 
might be better under other conditions. Since the reactant solution



119
volume decreases during the course of the run (by about 8 percent), an 
average solution volume must be used to calculate conversion versus 
residence time.



APPENDIX D

CALCULATION OF REACTION RATE FROM 
ABSORBANCE VERSUS TIME.DATA

The plot traced on the recorder chart paper represents the change 
in solution absorbance as a function of time. For most runs, the 
spectrophotometer was set at 1A span setting and the' recorder at a scale 
of 10 millivolts. Under these conditions, the recorder reads 0.1 
absorbance unit full-scale. Therefore, each chart division represents 
0.001 absorbance units.

The portion of the recorder output usually selected for estima
tion of the slope and, hence, the rate was that portion between 20 and .40 
on the chart paper. At the spectrophotometer and recorder settings 
mentioned above, this represents the portion of the degradation curve 
between 0.02 and 0.04 absorbance units. In this portion of the curve, 
the initial transient nonlinear response had usually disappeared.
However, during some runs, especially those at low flow rate, it was not 
possible to use this portion of the curve and another linear section of 
the output had to be chosen. Any set of runs may be legitimately 
compared as long as the rate is estimated using the same portion of the 
recorder output curve.

The reaction rate> or initial slope,.was determined by selecting 
a starting point in the chosen portion of the curve and extracting pairs 
of absorbance-time points. The recorder scale reading represents the
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3solution absorbance times 10 for the usual conditions given. The time 

is given by the chart speed and the -distance traveled from the chosen 
starting point. These sets of ahsorbance-time points were entered in a 
Monroe statistical calculator and analyzed using a simple two variable 
linear regression package supplied by the manufacturer. The data were 
fit to a straight line of the form

y = ax + b • (D.1)
where

y = absorbance reading; 
x = time, minutes;

3a = slope of curve, (absorbance change/min) x 10 ; and 
b = y intercept. •

2The calculator provides estimates of a and b and R , the model effec
tiveness for a straight-line fit of the data. The value of a is taken . 
to be the initial reaction rate in units of (absorbance change/minute)

3  *x 10 . For all the runs analyzed in this way, the model effectiveness,
2R , was always greater than 0.995. For example, the time and recorder 
chart reading (which is proportional to absorbance) data pairs for run 
#164 are as follows:

Time (Minutes) Chart Reading
■ 0.0 20.0
. 1.0 21.5
2.0 23.1
4.0 26.1
6.0 29.5
8.0 32.5
10.0 35.0
12.0 38.0
13.2 40.0
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When these data pairs are entered in the Monroe calculator, the resulting
values of a, b, and R are as follows:

a = 1.5079
b = 20.1 
2R = 0.9996

Therefore, the initial reaction rate for run #164 is 1.5079 x 10-  ̂

absorbance units/minute.



APPENDIX E

CALCULATION OF BUFFER COMPOSITION AND 
SOLUTION IONIC STRENGTH

The strategy taken in this portion of the work was to control the 
solution ionic strength by appropriate adjustment of the buffer concen
tration. The activity of ribonuclease is known to be independent of 
buffer concentration at constant solution ionic strength (Herries,
Mathias, and Rabin, 1962).

Ionic strength is calculated as follows:
1 2Ionic strength = y Z m . ( E . 1)

• i
where '

i = the index of all species in solution; 
nu = the molar concentration of species i, moles/liter; 
z  ̂= the electrostatic charge on a molecule of species i as it 

exists in solution.
The ratio of acid to base concentration to achieve a desired pH was 
obtained from a table in the CRC Handbook of Chemistry and Physics, 54th 
Edition, page D-113. A portion of this table is given below:
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pH Voiume and Concentration of Acid and Base Solutions
6.00 50 ml of 0.1 molar potassium dihydrogen phosphate plus 

5.6 ml of 0.1 molar NaOH
6.50 same volume of p^PO^ plus 13.9 ml of NaOH
7.00 same volume of KH^PO^ plus 29.1 ml of NaOh
7.50 same volume of KH^PO^ plus 41.1 ml of NaOH

Buffers of sodium acetate and acetic acid were used below pH 6.0. For 
this buffer system, the relationship between pH, the pKa of the acetate-
acetic acid buffer system, and the acid to base ratio is as follows:

pH = pK - log (E.2)
[OAc~]

Now the pKa of the system is 4.74, therefore we may calculate the ratio 
of acid to base concentration necessary to give a pH of 4.6 as follows:

4.6 = 4.74 - l o g . M  (E.3)
[OAc ]

@pAc]_ _ li38 
[OAc-]

Now, if we want the solution to have ah ionic strength of 0.20 
moles/liter, we can set up Equation (E.1) using the ionized/species in 
this system:

Ionic strength = 0.2 = — ([Na+][+1]^ + [OAc ] [-1]̂

+ [H+][+1]2] (E.4)
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The hydrogen ion concentration may be neglected compared to the other 
species, therefore,

[Na+] + [OAc~] = 0.4 moles/liter

Now [Na+] = [NaOAc] originally added

[OAc'] = [NaOAc] + [H+]

but neglecting [H+] we find that
[OAc-] - [NaOAc] originally added

therefore we may say that 
[Na+] - [OAc-]

and solve for [OAc ] in the ionic strength relationship to obtain

[OAc] = 0.2 moles/liter

Finally, we can obtain the initial acetic acid concentration using the
pH-pKa relationship

[HOAc]
0.2 moles/liter
[HOAc] original = 0.276 moles/liter

Therefore, if we add 0.276 moles of acetic acid to 0.2 moles of sodium 
acetate (NaOAc) and dissolve them in one liter of water, we will have a 
solution of pH 4.6 and 0.20 moles/liter ionic strength.

Near pH 7.0 we may simply use the ratio of volumes given by the 
Handbook of Chemistry and Physics to get the ratio of acid and base con
centrations to provide a given pH. These ratios can then be used with 
the ionic strength relationship to give the desired buffer composition. 
Suppose we want to use sodium dihydrogen phosphate and sodium hydroxide •
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to make a buffer of pH 7.0 and 0.15 mole/liter ionic strength. This can 
be done as follows, neglecting [H+] and [OH-] concentrations. 

[NaH2P04]original _ 50 ml
[ ^ o r i g i n a l  ~ 297I~mT - (E'5’

Ionic strength = 0.15 = i  [.[Na+] [+1]2 + [H^PO^-] [-1]2

+ [HP04-][-2]2] (E. 6)

[Na+] - [NaH2P04]orig.nal + [NaOH]original (E.7)

[H2P04-] = [NaH2P04]original ... [NaOH]original (B.8]
[HPO/] = [NaOH]orig.nal (E.9)

0.30 = [[NaH2P04]0 + [NaOH]0] + [[NaH^O^

- [NaOH]0] + 4[NaOH]o (E.10)

0.30 = 2[NaH2PO4]0 + 4 [NaOH] Q

and since we already know that
[NaH2P04]0 = 1.718 [NaOH]0

we may calculate that
0.30 = 2(1.718)[NaOH]Q + 4 [NaOH]q

or
[NaOH]0 = 4.03 x lO-2 moles/liter

and v
[NaH2P04] = 6.93 x 10~2 moles/liter

Therefore if we want a solution of pH 7.0 phosphate buffer of 0.15
_2moles/liter ionic strength we mix 4.03 x 10 moles of sodium hydroxide
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_ 2with 6.93 x 10 moles of sodium dihydrogen phosphate and make up to one 

liter with water. The procedure outlined in the two examples above can 
be followed to obtain the desired ionic strength at any pH.



APPENDIX F

DETERMINATION OF FINAL ABSORBANCE VALUES, Af

The ultimate value of solution absorbance obtainable after 
complete substrate degradation was determined for RNA solutions at pH 4.6 
and 7.0. These determinations were carried out using RNA concentrations 
of 0.15 and 0.25 weight percent at pH 4.6 and pH 7.0, respectively, and 
the appropriate ionic strength optima. Reaction temperature was 25°C. 
These determinations were done using soluble ribonuclease instead of the 
immobilized enzyme. The procedure used was as follows:

1. The spectrophotometer was set to operate at 302 nm wavelength,
1.0 mm slit width, 1A span setting and double beam mode. The 
recorder was set to 100 millivolts full scale and a chart speed 
of 1.0 in/min.

2. The spectrophotometer was zeroed in the same manner as described 
for the usual continuous assay using non-flow cells filled with 
undegraded solution of the desired pH and substrate concentration. 
The spectrophotometer was then placed on "IDLE" and the recorder 
pen on "STANDBY."

3. A drop or two of ribonuclease solution (10 milligrams of ribo
nuclease .dissolved in 10 milliliters of pH 7.0, 0.1 molar 
phosphate buffer) was added to the left-hand spectrophotometer 
cell.
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4. The cell cover was quickly closed and the spectrophotometer was 

switched to the "ON" position. The recorder pen was switched to 
"RECORD."

5. Sufficient time was allowed for the solution absorbance to reach 
a steady value. Both the chart and the spectrophotometer scale 
readings were recorded. The chart reading under these conditions 
is 100 times the value of the solution absorbance and the 
spectrophotometer scale reading is twice the value of solution . 
absorbance.

\  ' . : '

The above procedure was repeated three times at both pH 4.6 and
7,0. The resulting values of the ultimate solution absorbance, are
presented in Table F-l; The average at pH 4.6 and pH 7.0 are 0.435
and 0.251 absorbance units, respectively, for the conditions used.

Table F-l. Values of Af at pH 4.6 and 7.0.

Run pH 4.6 pH 7.0
Number Chart reading Scale reading Chart reading Scale reading

1 43,5 0.87 25.5 0.48
2 42.9 0.86 25.5 0.50
3 44.9 0.86 25.2 0.50

Average 43.8 0.863 25.4 0.493

Average
of both
readings 0.435 0.251



APPENDIX G

BEER'S LAW PLOTS AND CORRECTION OF HIGH SUBSTRATE 
CONCENTRATION REACTION RATES

Since the reaction rate data reported in this thesis were derived 
from the rate of absorbance change of the substrate solution, it is 
necessary to check the validity of Beer's law within the range of sub
strate concentrations used. Accordingly, Beer's law plots.for partially 
degraded nucleic acid solutions were prepared for the entire range of 
substrate concentrations encountered at pH 4.6 and 7.0. These plots are 
presented in Figures G-l and G-2. The raw experimental data from which 
these plot's were constructed are given in Table G-l.

Table G—1. Beer's law data at pH 4.6 and 7.0.

Weight percent Absorbance Absorbance
nucleic acid pH 4 .6 pH 7.0

0.0 0 0
0.025 0.308 0.14
0.050 0.506 0.31
0.075 0.824 —  —

0.10 0.984 0.59
0.125 1.30
0.15 1.58 0.83
0.175 1.93 —  —

0.20 2.19 0.98
0.25 2.39 —  —

0.30 2.50 1.48
0.40 2.66 1.90
0.50 2.20
0.60 —  — 2.42
0.70 2.56
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These two plots are substantially linear up through a substrate 

concentration of 0.2 weight percent nucleic acid at both pH 4.6 and 7.0. 
Over this range at each pH, therefore. Beer's law was assumed to apply. 
However, for experimental runs done at substrate concentrations greater 
than these limits, the data were corrected for deviations from Beer's 
law. This was done in the following manner.

The points obtained for the Beer's law plots were correlated 
using the Monroe statistical calculator. The absorbance-weight percent 
substrate concentration data pairs were then fit to a straight line of 
the form

y = ax + b (G. 1)
where

y = observed value of absorbance, 
x = weight percent nucleic acid substrate, 
a = slope of line, and 
b = y-axis intercept.

2Again, the calculator provides estimates of a, b, and R , the effective
ness of the straight line fit. At pH 4.6, the equation obtained for a
fit of the data pairs through 0.2 weight percent substrate was

y = 10.89x - 0.0229 (G.2)
At pH 7.0, the corresponding equation for the data pairs through 0.20 
weight percent nucleic acid was

y = 5.02x + 0.0354 (G.3)
2The resulting value of R was 0.99 or greater at both values of pH. If 

Beer's law were valid over the entire range of substrate concentrations
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used, then Equations (G.2) and (G.3) would predict the absorbance of any
solution of a given weight percent nucleic acid.

Equations (G.2) and (G.3) were used in conjunction with Figures 
G-l and G-2 to correct experimental rate data taken at substrate concen
trations greater than 0.2 weight percent as follows:

1. The Beer's law predicted value of absorbance, A^^^cted' was 
calculated for the given substrate concentration using Equation 
(G.2) or (G.3).

2. The actual experimental value of absorbance for that substrate 
concentration was read from Figure G-l or G-2. This value was 
termed

3. The observed experimental reaction rate was corrected to the rate 
that would have been observed had Beer's law been obeyed using 
the following relationship:
- - A
Corrected reaction rate = Observed reaction rate x ( --e-̂ -e-c--e-- )

observed
(G. 4)

It was.only necessary to correct a portion of the data taken 
during the rate versus substrate concentration runs. For all other runs 
the substrate concentrations used fell within the essentially linear 
portion of the Beer's law plots. The data taken at pH 7.0 using a sub
strate concentration 0.25 weight percent nucleic acid were not correlated

since ■̂eXpec^e(̂ ~ ^observed 1*30.



APPENDIX H

CONVERSION OF UNITS FOR RATE DATA

The reaction rate data taken on the experimental apparatus are 
given in terms of (absorbance change/minute reaction time) x 10 . We 
want to convert this data to units of (moles pyrimidine nucleotide bonds 
cleaved/liter solution-minute average fluid residence time). In order to 
do this it is necessary to make the following assumptions:

1. There is a linear relationship between the change in solution 
absorbance at 302 nanometers and the cleavage of pyrimidine 
nucleotide bonds. When, absorbance ceases to change, the reaction 
is complete.

2. Ribonuclease cleaves essentially all of the susceptible nucleo^ 
tide bonds.

3. Approximately 47 percent of all nucleotide bonds are susceptible 
to cleavage, i.e., cytosine + uracil = 0.47 (Rose and Harrison, 
1971).

4. The reaction vessel is well-mixed so that during the course of a 
run any fluid element spends the same average time in the 
reactor.

The first and second assumptions have been justified in Section 
3.3 of this thesis. The value quoted -in the third assumption is an 
average value for the pyrimidine nucleotide content of yeast RNA. In the
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absence of specific data for our particular yeast RNA, it will have to 
suffice. Since the reaction vessel is vigorously stirred, the fourth 
assumption seems justified.

Now we proceed with the calculations necessary to determine the 
conversion factor at pH 4.6. At pH 4.6, we determined A^ for 0.15 weight 
percent nucleic acid solutions to be 0.435 absorbance units. Therefore, 
since Aq was always 0.0, Aq - A^ = -0.435 absorbance units.

The total concentration of pyrimidine nucleotide bonds in solu
tion is given by

0.15 grams nucleotides
100 milliliters solution 

mole nucleotides

1000 milliliters

340 grams nucleotides

liter
0.47 moles pyrimidine nucleotides

mole total nucleotides

= 2.07 x 10 3 moles pyrimidine bonds/liter solution 
Therefore, a change in solution absorbance of 0.435 absorbance units 
corresponds to a. change in concentration of pyrimidine nucleotide bonds 
of 2.07 x 10~ moles/liter. The ratio of these two quantities is

2.07 x 10 moles pyrimidine bonds
liter solution 0.435 absorbance units

, ,^-3 moles pyrimidine bonds
= 4"76 x 10 ' liter-abs. unit ..

Now we must compute the average fluid residence time per minute of reac
tion time (or measured time). To do this we must find the bed void 
fraction, s. From the results of Section 4.3.1, we know that the average 
particle diameter for the 45/80 mesh TiO^ ceramic bead is approximately 
0.247 millimeters. The bed diameter is 8 millimeters. Therefore, the 
ratio of the average particle diameter to the bed diameter is 0.247/8 or
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3.09 x 10 Now this is a system of smooth mixed spheres so from
Figure B-13 on page 538 of Foust we have e - 0.31 (Foust et al., 1960).
Since the bulk density of porous titania ceramic beads is approximately 

30.85 grams/cm , then the volume occupied by one gram of porous ceramic is
31.176 cm (Eaton et al., 1974). Therefore, the bed void volume is

3 3approximately 1.176 cm x 0.31 = 0.365 cm .. Now we are in a position to
calculate the average fluid residence time per pass through the packed
bed at the most common flow rate of 20 cm^/minute as follows.

0.365 cm3 min 320 cm
Now -we calculate the average number of passes the 150 milliliter sample 
volume experiences per minute of reaction (or observed time).

320 cm
minute 150 cm3

= 0.133 passes/minute reaction time

Now it is possible to find the ratio of fluid residence time to reaction 
time.

1.8: __ 2
3 x 10"* minute residence time 0.133 pass

pass minute reaction time
—  3= 2.43 x 10" minute residence time/minute reaction time 

Note that this ratio is independent of fluid flow rate. Now, finally, we 
are in a position to convert units of (absorbance change/minute reaction 
time) to units of moles pyrimidine bonds cleaved/liter solution-minute 
residence time) at pH 4.6 as follows.
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4.76x10  ̂moles pyrimidine bonds minute reaction time

liter-absorbance unit 2.43x10 minute residence time
- 1 96 mo^es Pyrimidine bonds-minute reaction time 

liter-absorbance unit-minute residence time
This is the appropriate conversion factor for the raw experimental 

rate data at pH 4.6. A similar conversion factor for the raw rate data 
taken at pH 7.0 may be calculated using the value of Aq - A^ of 0.251 
absorbance units for a substrate concentration of 0.25 weight percent 
nucleic acid. When this is done, the result is

5 6g moles pyrimidine bonds-minute reaction time 
liter-absorbance unit-minute residence time

For example, the initial reaction rate obtained for run #164
3using the Monroe calculator for data analysis was 1.5079 x 10"" 

absorbance uhits/minute reaction time (Appendix D). Since run #164 was 
at pH 4,6, we may convert the raw experimental rate to the appropriate 
units as follows,

~ 31.5079 x 10 absorbance units 1.96 moles pyrimidine bonds
minute reaction time liter-absorbance unit-

minute reaction time 
minute residence time

7 ' 1n-3. moles pyrimidine bonds
* liter-minute residence time



APPENDIX I

DERIVATION OF CUBIC SUBSTRATE INHIBITION MODEL

Substrate inhibition is generally viewed as removal of the 
catalytically active enzyme-substrate complex to an inactive form via 
combination with another substrate molecule as follows.

KE->
Kz

ES + S ; ESS (1.1)
6

However, some enzymes are known to contain multiple binding sites; 
therefore, it is certainly possible that two or more substrate molecules 
may bind to a single enzyme molecule (Dixon and Webb, 1964).

If we postulate that a third substrate molecule binds to the ESS 
complex above as follows

4  ■ ■ -
ESS + S ^ ESSS (1.2)

K8
then we may set up species balance equations on [ESS], [ESSS], and [Eq],
as done in Section 2.6, to obtain

= K5 [ES][S] + Kg [ESSS] - K6[ESS] - K^[ESS][S] (1.3)

dLESgSI. = K7[ESS][S] - Kg[ESSS] (1.4)

[Eg] = [E] + [ES] + [ESS] + [ESSS] (1.5)
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Then we again postulate that the concentrations of the various enzyme- 
substrate complexes do not change with time and solve the species balance 
equation as follows

K7[ESSS] = y ~ [ESS][S] (1.6)
8

KS[ESS] = [ES] [S] (1.7)
6

K, [E] [S] + K [E][P]
[ES] = ■C ^ - - ^ -)-  (1-8)

Equations (1.6), (1.7), and (1.8) are then substituted into Equation 
(1.5) and the resulting expression is rearranged to obtain

2K [S] K K [S]
[E0] = [E] ( 1 + (K_ + KJ + K,(K- + K.)

K1 K7K5 3+ (ir-Tir) inr [s] ) (1.9)2 3 8 6
Lastly, this expression may be solved for [E] and substituted into 

Equation (1.8), neglecting K^, to obtain an expression for [ES] which, in 
turn, is substituted into Equation (2.5) to obtain the initial reaction 
rate as follows

, V s  ' 3(-4— -) + [s] + ( r - ) [sr + Yir [s]1 6 8 6
This is the cubic substrate inhibition model which was applied to the
rate data obtained at pH 4.6. No model of this type for substrate
inhibition has been encountered by the author in the literature. Models



141

encountered in the literature have uniformly been quadratic in substrate 
concentration, as is Equation (2.24).



APPENDIX J

CALCULATION OF WEIGHTED AND ARITHMETIC AVERAGE
VALUES OF K.. AND THE TURNOVER NUMBER M

Using data for soluble ribonuclease acting on pure dinucleotides 
(Barman, 1969), we wish to estimate the values of and the turnover 
number for RNase acting on RNA which is a heterogeneous polymer of nucleo
tides. The turnover number is the maximum number of moles of product 
produced per mole of enzyme per second under specified conditions. This 
will be done to obtain probability weighted average values of these two 
quantities. For yeast RNA, the percentage of each nucleotide is as 
follows (Rose and Harrison, 1971):

A (adenosine) =25%
U (uracil) = 27%
G (guanosine) =28%
C (cytosine) = 20%

Now ribonuclease acts only on the pyrimidine nucleotide bonds, cytosine, 
and uracil. Since the. probability that rib onuc lease will act on a 
pyrimidine is approximately 1.0, if we normalize the probability of 
U + C = 1.0, then U = 0.575 and 0.425. Now we Wish to calculate the 
probability that any pyrimidine has a given neighbor base as follows:
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Base pair Relative probability of pair

c-u 0.425 X 0.27 0.114

C-G 0.425 X 0.29 = 0.119

C-C 0.425 X 0.20 0.085

C-A 0.425 X 0.25 0.106

U-C 0.575 X 0.20 0.114

U-A 0.575 X 0.25 0.144

U-G 0.575 X 0.28 = 0.161

U-U 0.575 X 0.27 0.155

Z = 1.00

Now that we have these probabilities, we may calculate the weighted 
average values of and the turnover number using the data for the 
corresponding base pairs from Barman.

Dinucleotide. 
.base pair

Relative
probability

for dinucleotide
3 3(moles/liter x 10 ) (moles/liter x 10 )

Probability
times K„M

C-U 0.114 3.7 0.422
C-G 0.119 1.4 0.167
C-C 0.085 3.3 0.281
C-A 0.106 1.4 0.148
U-C 0.114 1.7 0.194
U-A 0.144 1.3 0.187
U-G 0.161 2.0 0.322
U-U 0.155 . 3.7 0.574

2.30
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Dinucleotide 
base pair

Relative
probability

C-U 0.114
C-G 0.119
C-C 0.085
C-A 0.106
U-C 0.114
U-A 0.144
U-G 0,161
U-U 0.155

Turnover, 
number for 
dinuoleotide

(sec 
27 
220 
160 

2350 
26 

1000 
69 .
11

Probability 
times turnover 

number
(sec-1) 
3.08

26.2 
13.6 

249.1
3.0 

144 
11.1 

1.7
Z = 452

Therefore, the probability weighted average values of and the turnover
~ 3 — Inumber are 2.30 x 10 moles/liter and 452 sec , respectively, at 2SPC

and pH 7.0. The arithmetic averages are only slightly different, 2.31 x
—  3 ' —  1i0_ moles/liter and 483 sec , respectively. These calculations

neglect the contribution of minor base pairs such as
cytidylyl-methyluridine.



APPENDIX K

COMPARISON OF MASS TRANSFER AND REACTION 
RATES FOR AN ENZYME MONOLAYER

The purpose of this appendix is to compare the relative mass 
transfer and reaction rates given a monolayer of enzyme on the surface of 
the porous catalyst. The rate of mass transfer from the bulk solution 
will be estimated using the McCune-Wilhelm model (Equation 2.53) which 
has been shown to give the best results for mass transfer in immobilized 
enzyme packed bed reactors. The reaction rate for the enzyme monolayer 
will be estimated using the turnover number for the soluble enzyme 
assuming saturation kinetics.

The parameters used in the succeeding calculations are as
follows:

Substrate bulk concentration = 0.25 weight percent
3Ceramic bulk density = 0.85 gm/cm

Bed void fraction = 0.31
Average particle diameter = 0.247 mm

P
Diameter RNase molecule = 30 A
Turnover number for RNase = 452 sec (at pH 7.0, 25°C; see

Appendix J)
2 -Outside surface area = 260 cm /gm particles

3Fluid density = 1.0 gm/cm
_ 2Fluid viscosity = 1.0 x 10 gm/cm-sec

145



146
3Fluid flow rate = 20 cm /min 

Bed diameter = 8 mm
Substrate bulk diffusivity = 2.0 x 10  ̂cm2/sec (bulk diffusivity

of human fibrinogen, molecular weight 
330,000; Van Holde, 1971)

The calculation of the maximum possible film mass transfer rate 
proceeds as follows:

V = KLa(Sb - Ss) (2.36)

S = 0.25 gm RNA
b 100 gm solution

1000 gm solution liter solution
liter solution 1000 cm'

mole nucleotide bonds 0.47 moles pyrimidine bonds
340 gm nucleic acid mole nucleotide bonds

= 3.45 x 10  ̂moles pyrimidine bonds/cm^ solution 
Assume that is very small and is approximately 0.0.

The McCune-Wilhelm model will be used (Equation 2.53) even though 
it is for somewhat larger values of Re^ since at least one set of 
investigators have found it to be the model of choice for systems of this 
type (Rovito and Kittrell, 1973).

J = T T C ? D }2/3= 1-625 Rep-°-507 

Now calculate Re^ = pd^U/y

31.0 gm 0.247 mm cm 20 cm
3 10 mm mincm

m m cm-sec
it(0.8 cm) 

= 1.64

60 sec 1.0 x 10 2 gm
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We can now calculate J

J = 1.625(1.64) 
Therefore,

■v Ju(̂ '2/3

-0.507 = 1.265

1.265 20 cm^ 4 1.0 x 10~2 gm
min 2tt (0. 8 cm) cm-sec

cm
1.0 gm

sec
2.0 x 10  ̂cm“

-2/3
x 60 m m

sec

.-4Kl = 6.18 x 10 cm/sec

Now we may calculate V since we know K^, a, and

V = KLa(Sb - Ss)

6.18x10 4 cm 260 cm2 3.45x10  ̂moles pyrimidine bonds
sec gm particles cm^ solution

= 5.54 x 10  ̂moles reactant/sec-gm particles 
This gives us the result for the maximum mass transfer rate per gram of 
45/80 mesh TiO^ ceramic particles. Now let us determine what reaction 
rate can be achieved by a surface monolayer coating of enzyme using 
soluble enzyme kinetic data.

Now ribonuclease is an approximately spherical molecule of
o oapproximately 30 A mean diameter. Assuming that a square area 30 A on a 

side is allowed for the molecule we have
2 -14 2= 9.0 x 10 cm /molecule RNase30 A -81 x 10 cm

0A
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Therefore, we can calculate the number of moles of ribonuclease 

that can occupy the exterior surface in monolayer packing.
2

Moles of enzyme molecules = -- ---22L— .J gm ceramic
molecule

-14. 29,0 x 10 cm

mĈ e ^ aS6----  = 4.80 x 10  ̂moles RNase236.02 x 10 molecules RNase
Now I offered 100 milligrams of RNase per gram of carrier so the■

percent of the total enzyme offered on the surface assuming monolayer 
packing and 100 percent effective immobilization is

4.80 x 10  ̂moles RNase 13,700 gm RNase
mole RNase

; rr:----------- - 6.6x10  ̂percent of enzyme offered on0.1 gm RNase offered r '
enzyme

Clearly it is not unreasonable to say that less than one-tenth of 
one percent of the enzyme resides on.the surface of the carrier. Now the 
approximate-turnover number for ribonuclease is 452 sec at pH 7.0 and 
25°C. This means that one ribonuclease molecule will convert 452 mole
cules of substrate to product per second under these conditions.

Therefore, we may calculate the rate of conversion of substrate 
to product at pH 7.0, 25°C assuming an enzyme monolayer as follows

_Q4.80 x 10 moles RNase 452 moles product formed
gm particle mole RNase-sec

= 2.17 x 10  ̂moles product/sec-gm particle 
Since one mole of reactant gives rise to one mole of product, therefore, 
the ratio of reaction rate to mass transfer rate is 
2.17 x 10~6/5.54 x 10-7 = 3.92. .



149

Therefore, the maximum possible reaction rate is approximately 
four times greater than the mass transfer rate assuming enzyme monolayer 
packing and given these conditions. Obviously, it is not unreasonable to 
expect that the enzyme on the exterior particle surface will completely 
dominate the observed kinetic behavior under all or nearly all conditions 
studied in this investigation. Therefore, we are justified in attempting 
to extract true kinetic parameters even though diffusion plays such an 
important role in the system behavior.



APPENDIX L

RATIO OF EXTERNAL SURFACE AREAS FOR CARRIER 
PARTICLES OF DIFFERENT DIAMETERS

Let us assume that we have 1 gram of porous ceramic particles of 
average diameter 300 microns and 1 gram of particles of 100 microns mean 
diameter. We wish to calculate the ratio of their external surface 
areas.■ It is assumed that the two sizes of particles have equal porosity 
and that the density of the porous ceramic particles is constant at 0.85 
gm/cm „for the particle sizes.

How many particles of 300 microns mean diameter correspond to one 
gram of particle?

particle3No. of particles 4tt (1.5 x 10'2 cm)3
3cm.

0.85 gm
1.0 gm

4= 8.32 x 10 particles
What is the total exterior surface area of these particles?

4tt (1.50 x 10"2 cm)2 8.32 x 104 particles

= 235

particle
2cm

Now let us calculate the number of particles in 1 gram of 100 
micron diameter particles and the external surface area of these particles 
as before.
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No. of particles = 3 ' 3cm 1.0 gm
4tt (5.0 x 10 3 cm)3 0. 85 gm

2.25 x 10^ particles

Area = 4tt (5.0 x 10"3 cm)2 2.25 x 10^ particles
particles

= 706 cm
Therefore, the ratio of the surface areas of the these two 

particle sizes is 235/706 = 0.333 which is equal to the reciprocal of 
the ratio of their diameters or (300/100) , as stated in the text of
this thesis. This will always be the case if, as assumed here, different 
particle sizes have the same porosity.



APPENDIX M

' CALCULATION OF APPROXIMATE PORE EFFECTIVENESS 
FACTOR BY VARIOUS METHODS

Three independent sets of calculations are presented here in an 
attempt to estimate the approximate pore effectiveness factor. The 
first set of calculations is a comparison of an experimental reaction 
rate with the rate that would be obtained for 100 milligrams of soluble 
ribonuclease (the amount offered for coupling) acting under the same 
conditions. The second group of calculations compares the amount of ribo- 
nuclease which could be attached as a monolayer coating on the exterior 
particle surface with the amount offered for coupling. The last set of 
calculations determines a theoretical pore effectiveness factor using the 
material.in Sections 2.7 and 2.8, assuming a film effectiveness factor of 
unity. We will now proceed with these sets of calculations.

First set: The Kunitz (1946) assay is performed at pH 5.0 and 
25°C using a substrate concentration of 0.05 weight percent nucleic acid. 
In a separate set of investigations it was found that the values of
Aq - A_g at pH 5.0 is approximately (23.0/31.1) (0.435 A) = 0.322 A. Now 1
unit of. enzymatic activity by the Kunitz assay is that quantity of 
enzyme capable of causing a decrease of 100 percent per minute in 
Aq - A^. The ribonuclease used had a Kunitz assay of 75 units/milligram
of enzyme and 100 milligrams of enzyme were offered for coupling. If
essentially all of the enzyme offered were coupled then the maximum
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possible reaction rate observable after coupling under the standard 
conditions would be

0.322 absorbance units 75 units 100 mg enzyme
minute-unit activity miligram enzyme

3= 2.42 x 10 absorbance units/minute reaction time
Now at pH 4.6 and 25°C for a substrate concentration of 0.05

weight percent the reaction rate was 2.02 x 10  ̂absorbance units/minute
reaction time. For the experimental conditions used one minute of

— 3reaction time corresponds to 2.43 x 10 minutes residence time. 
Therefore, the experimental reaction rate was

—32.02 x 10 absorbance units minute reaction time
minute reaction time 2.43 x 10 minutes residence time

= 0.831 absorbance units/minute residence time
Now we can compute an approximate effectiveness factor defined as 

the observed rate over the maximum rate obtainable for all 100 miligrams 
of enzyme

n = 0-.831 A/min   3_4 x ^-4
2.42 x 10 A/min

Second set: In Appendix K we determined that if the exterior
surface of the particle were covered with a monolayer of enzyme, then

—  2approximately 6.6 x 10 percent of the 100 milligrams of enzyme offered
would reside on the surface. If all 100 milligrams of enzyme were in
fact coupled in this manner and only the surface enzyme were catalytically

_ 2active then the approximate effectiveness factor would be 6.6 x 10 
percent or

-4p = 6.6 x 10
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Third'set; We will calculate here a theoretical n at 25°C and

pH 4.6 using data for soluble ribonuclease. The value of V at pH 4.6 r max r
is calculated by multiplying at pH 7.0 by the ratio of the maximum
experimental rates at pH 4.6 and 7.0. However, a problem arises in 
determining for the soluble enzyme. Barman (1969) gives for
ribonuclease which is apparently the first-order rate constant with units

_ i
of sec . The average (which I have elsewhere termed the turnover

_  1number), for ribonuclease, is 452 sec (see Appendix J). Apparent 
first-order behavior for Michaelis-Menten kinetics is only exhibited when 
[S] is small compared with K^. In this case,

rate ~ [S]
- T 4  ■ . '

and the rate V^^/K^.is equivalent to KQ, the first-order rate constant 
with units of inverse time. If this is the case, then

A - rî ) 1/2 = r( ' •

The values of the parameters to be used in estimating g and are as
follows .

— 7 2D = 2.0 x 10 cm /sec e
__ ?

= 1.34 x 10 moles/liter
R = 0.5(0.0247 cm) = 0.0124 cm
Ss = 2.07 x 10” . moles/liter (0.15 weight percent nucleic acid)

K = 452 sec"1 ( 6,24 X 10 v  ) = 121 sec"1
U 23,4 x 10"
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Therefore,

B = 1.34 x 10-3
2.07 x 10-3

0.65

*R - RC
K0 ^1/2 0.0124 cm 121 s sec 1/2

V  " sec -7 2 2 x 10 cm

« 3.02 X 10
From Figure 2, for these values of g and <J) 

, -2

R
n = 2 x 10
If we wish to obtain an n of unity under these conditions, then 

<j>̂ must be approximately 2.0 and the carrier particle diameter required 
is about 1.5 microns. Now, if the preceding interpretation of is not 
correct and in some fashion the literature units have been disguised so

tIiat K0 = vmax- then

R
0.0124 cm 121 moles

liter-sec _ 7
1.34 x 10 moles

1/2

2 x 10~? 2 , cm J

= 8.3 x 10
Again from Figure 2, for this ^  and the preceding g we have

~ . — 4n = 6 x 10
In summary, by these three different methods we have obtained

-4 -2three values of n of order 10 and one value of order 10 It is clear
therefore that the largest fraction of the immobilized enzyme will never
be catalytically active under these operating conditions. This is the
reason behind the conclusion that non-porous or slightly porous enzyme
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carriers, might be more efficient than the highly porous carrier used in 
these studies.



LIST OF SYMBOLS

Symbol Definition and Dimensions
2 3a Outside surface area per unit volume of catalyst, cm /cm

A solution absorbance, dimensionless
Aj, ultimate solution absorbance after complete hydrolysis,

dimensionless
Aq initial solution absorbance before reaction, dimensionless
C concentration of soluble enzyme in reaction mixture, mg/ml
d diameter of catalyst particle, cmP

2D substrate bulk diffusivity, cm /see
2D substrate axial diffusivity, cm /secci

2Dg effective substrate diffusivity within porous catalyst, cm /see
3E free enzyme concentration, moles/cm

' 3Eg total available enzyme concentration, moles/cm
K measure of ribonuclease activity, units/(mg/ml)

mass transfer coefficient, cm/sec
3Michaelis constant, (K̂  + K^D/K^, moles/cm (or moles/liter) 

nu concentration of species i, moles/liter ,
P product concentration, moles/cm
r radial distance from center of enzyme carrier, cm
R mean carrier radius, cm
Re particle Reynold's number, pd U/y, dimensionlessP P
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Symbol Definition and Dimensions
Rr radius of packed bed reactor, cm

3S . substrate concentration, moles/cm (or moles/liter)
3bulk substrate concentration, moles/cm (or moles/liter)

3S^ substrate concentration at carrier surface, moles/cm (or
moles/liter)

U superficial fluid velocity, cm/sec
Uc critical superficial fluid velocity, cm/sec
V film substrate mass transfer rate, moles/cm^-sec

3V maximum enzymatic reaction rate, moles/cm -sec (or max
moles/liter-sec) 

x percent conversion of substrate, dimension less
V S/Ss, dimensionless substrate concentration
z length of packed reactor bed, cm
ẑ  electrostatic charge on a molecule of species i in solution,

dimensionless 
Z r/R, dimensionless radial position
g' K^/Sg, dimensionless Michaelis constant
gb K^/S^, dimensionless film Michaelis constant
e packed bed void fraction, dimensionless
ry pore effectiveness factor, dimensionless

film effectiveness factor, dimensionless 
cj>£ film Thiele modulus, V^/K^aK^, dimensionless

1/2(j)R Thiele modulus, R(V^/D^K^) , dimensionless



Symbol
P

y

Definition and Dimensions 
3fluid density, gm/cm 

fluid viscosity, gm/cm-sec
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