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The kinetics of the Raney nickel-catalyzed hydrogenation of crotonic acid in ethanol solution have been studied using an

isobaric hydrogenation apparatus.

It was found that the rate could be expressed accurately by a Langmuir-type equation

of the form: — de/dt = [kaAPc/{V(1 + be)1}{1/[1 + r(co — ¢)1}, where V is the volume of solvent; ¢ is the concentration
of acceptor; A is the surface area of catalyst; P is the hydrogen pressure; k is the specific rate constant; « and b are ad-

sorption coefficients for acceptor; and 7 is the coefficient for retardation by product.
respect to crotonic acid for the initial portion of the hydrogenation and first order during the final stages.

The kinetics appear zero order with
The reaction is

retarded by the product, butyric acid. The kinetic data may be interpreted satisfactorily by a Balandin type dual-site

mechanism.

Introduction

The catalytic hydrogenation of a carbon—carbon
double bond has often been assumed to follow
zero-order kinetics with respect to the hydrogen
acceptor.?—% However there are several examples
of hydrogenations which appear to follow inter-
mediate or first-order rate laws.”~!! In the case
of the hydrogenation of crotonic acid, Lebedev,
et al.,'? and Maxted®® reported zero order, while
Fokin!* found first-order behavior. Balandin,!®
in attempting to reconcile these differences, postu-
lated a rate law based on non-competitive adsorp-
tion of the reactants on two types of active centers.
The present study was undertaken to obtain precise
kinetic data on the hydrogenation of crotonic acid
over Raney nickel catalyst in order to examine the
validity of the several plausible adsorption mech-
anisms for catalytic hydrogenation.

Experimental

Raney Nickel Catalyst—Modified Form.—The leaching
and digestion procedures of Adkins and Billical® were fol-
lowed using 125 g. of Raney alloy. The alkaline solution
was decanted and the catalyst washed 30 times with 1-1.
portions of water.

A 2-1. portion of water was added to the catalyst which
was held at 100° for 3—-4 hr. with vigorous stirring during
the last !/; hr. to remove excess hydrogen. After decanta-
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tion, the catalyst was washed 6 times with 500-ml. portions
of ethanol, and stored under absolute ethanol in a glass
stoppered bottle.

The basis for measurement of the amount of catalyst was
its volume after a 5-min. centrifugation.”

Although the procedure was followed rigorously, it was
impossible to duplicate precisely the activities of the cata-
lysts in separate preparations. It was thus necessary that
each of a series of related experiments be made using the
same batch of catalyst. Due to the instability of the cata-
lyst, series were completed in 1-2 days, during which time
the reproducibility of the kinetic data was satisfactory.

The surface area of a typical catalyst was determined by
the adsorption method!® using myristic acid; the surface area
of a typical batch was 30 m.2/g. Using a similar technique
it was found that crotonic acid was adsorbed in multilayers.
The adsorption isotherm was of the Freundlich type.

Materials.—Tank hydrogen was passed through a ‘‘De-
oxo’’ purifier. Absolute ethanol was used: #n?%p 1.3502.
trans-Crotonic acid (Tennessee-Eastman Co.) was purified
by two crystallizations from light-boiling petroleum ether.
The crotonic acid was obtained as white needles, m.p.
72-72.5° (uncor.); lit. 72°. By electrometric titration,
the neutralization equivalent was 86.7; theoretical 86.1.
Fractional distillation of the product mixture yvielded butyric
acid: b.p. 163°, n®p 1.3987. Neutralization of the cold,
filtered product mixture with NaOH indicated a butyric
acid yield of 97.5%, based on weight of sodium butyrate re-
covered. No evidence for esterification was found.

The Isobaric Hydrogenation Apparatus. (Fig. 1).—A 4-1.
tank (A), from a Parr hydrogenation apparatus, used as a
hydrogen reservoir, was connected to an open-end Hg
manometer (B) (Merriam Co.) and to a solenoid valve (C)
(General Controls Co.). The solenoid valve was waxed
into a Pyrex manifold, which included a silica-gel trap (S),
a 500-mi. ballast bulb (D), a mercury manostat (E), a
manometer (F), and the reaction bottle (G) (a 250-ml. suc-
tion flask). The reaction flask was connected to the appara-
tus by Tygon tubing. Contacts (H) from the manostat led
to the input of a thyratron circuit connected to the solenoid
(J). The shaking carriage, in which the reaction flask was
mounted, was taken from a Parr apparatus, and could be
operated at 260 or 380 cycles/min. The greater part of the
flask was immersed in a thermostat.

The flask was fitted with a ‘‘breaking tube’’ (see insert).
A Pyrex tube (K), with a thin bottom, was attached to the
neoprene stopper (L). Through the brass sleeve (M) a
movable brass rod (N) with a neoprene gasket (O) was held
against the lower end of the brass sleeve by spring (P).
Pressure exerted at the top of the brass rod forces it down-
ward, breaking tube (K). When the pressure on rod (N)
is released, the spring forces it up and the gasket is again
seated against the bottom of sleeve (M). An inert fluoro-
carbon grease, BFE-3 (Carbide and Carbon Chem. Corp.)

(17) D. R. Levering, F. L., Morritz and E. Lieber, sbid., 72, 1190
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Fig. 1.—The isobaric hydrogenation apparatus.

made a gas tight seal between the rod and the sleeve during
the brief period-of breaking tube (K). The amount of hydro-
gen allowed to enter the system during any single activation
of the solenoid valve is controlled by the needle valve (Q).

With stopcock (U) open, hydrogen is admitted to the de-
sired pressure; then the by-pass stopcock is closed. The
catalyst in ethanol is first satu-
rated with hydrogen at the work-
ing pressure by shaking for several
minutes. The kinetic run begins
when tube K, containing the cro- |
tonic acid wet with ethanol, is
broken, and the agitation started
again. Absorption of hydrogen
in the reaction flask (G) will now
break the contacts in the mano~
stat, activating the thyratron cir-
cuit, opening the solenoid valve
which admits a small pulse of hy-
drogen to the system.

The apparatus was calibrated
by allowing hydrogen from the
manostated glass system to dis-
place 1 liter of oil. The average
number of moles of hydrogen
corresponding to 1 cm. Hg drop
in pressure of the reservoir at 25°
was 2.39 X 10-3%. Quantitative
hydrogenations of cyclohexene,
maleic acid and crotonic acid gave
independent calibration values A .10

c° -C.
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possible to formulate a rate law within the frame-
work of which the experimental data could be
fitted. It is convenient to introduce here the final
expression

-5 - i) limre=a) @

where V is the volume (1.) of solvent; ¢is the time
(min.); A is the volume (ml.) of centrifuged
catalyst (assumed proportional to the surface
area); P is the pressure (atm.) of hydrogen; ¢
is the initial concentration of the hydrogen acceptor
(moles/1.); c is the concentration at time ¢{. Here
7, a and b are adsorption constants (l./mole), and
bk the reaction rate constant, (moles) [(min.)
(atm.) (ml. catalyst)]—!. Since it was not possible
to determine k£ and @ separately, only the product,
ka, in (L) [(min.) (atm.) (ml. catalyst)]—! is ob-
tained.

The validity of eq. 1 is established experimentally
by showing that ka is constant at a given tempera-
ture and is therefore independent of the initial
concentration of hydrogen acceptor, the volume of
solution, the hydrogen pressure and the quantity
of catalyst. Agreement between the experimental
points and the theoretical curves based on eq. 1 was
excellent throughout.

Effect of Acceptor Concentration.—This variable
was studied first by varying the amount of acceptor
while the amount of solvent and other variables
were kept constant. Figure 2 displays the effect
of varying the concentration of crotonic acid at
constant volume of ethanol for a typical batch of
catalyst. The horizontal bars on the right margin
indicate the stoichiometric end-points. The ac-
companying circles are experimental end-points
measured at a large time (not on the scale). Table

CIRCLES ARE EXPERIMENTAL POINTS
SOLID LINES ARE THEORETICAL CURVES
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with an average of (2.39 = 0.02)
X 1073 moles Hp/cm. Hg.

An increase in the shaking rate
from 260 to 380 cycles/min. did
not alter the kinetic curves. It was therefore assumed that
at the normal rate of 260 cycles/min. mixing is adequate.
g;})esﬂs: gths:rwise specified, all runs were carried out at

. Bb°.

Experimental Results
From a consideration of general principles it was

TIME IN MINUTES.

Fig. 2.—The effect of varying initial concentration with volume constant.

I shows the constancy of the calculated ka for seven
series of experiments.

The second method of varying concentration
was to keep the amount of crotonic acid and other
variables constant while the volume of ethanol was
varied. Table II summarizes four series of experi-
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TaBLE I

THE DEPENDENCE OF THE RATE UPON ACCEPTOR CONCEN-
TRATION AT CONSTANT VOLUME OF SOLVENT

Catalyst, co, 7,
Batch M1, Vol,, 1. P, atm. mole/l. 1./mole ka
A 3.5 0.100 1.45 0.180 1.3 0.029
.228 .027
.246 .028
.310 .029
.371 .027
B 1.7 .100 1.47 0.161 2.4 0.042
.346 .046
.396 .047
¢ 11 100 1.48 0134 1.5 0.041
172 043
.236 .038
.409 .037
D 1.1 150 1.48 0.067 4.4 £).025
.100 023
.133 .025
.200 .023
b 1.1 .100 1.48 0.100 4.4 0.027
.150 .024
.200 .026
D 1.1 .050 1.48 0.200 4.4 0.028
.300 .028
.400 .026
.600 .028
E 1.1 .100 1.45 0.310 2.0 0.050
172 048

ments, showing the constancy of £a as the concen-
tration of acceptor is changed.

TABLE 11

THE DEPENDENCE OF THE RATE UPON THE VOLUME OF
SoLVENT WITH CONSTANT QUANTITY OF ACCEPTOR

Catalyst cn, v,
Bateh ML Vol, 1. P, atm. mole/l.  1./mole ka

C 1.1 0.050 1.48 0.344 1.5 0.044
.100 172 043
150 115 041

D 1.1 0.050 1.48 0.200 4.4 . 028
.100 . 100 027
150 067 025

D 1.1 0.050 1.48 0.300 4.4 0.028
100 150 024
150 100 023

D 1.1 0.050 1.48 0.400 4.4 0.026
100 .200 026
.150 133 025

Another series of experiments involving concen-
tration was carried out in which all initial conditions
TasLE III

THE ErrecT OF AccepPrOR CONCENTRATION UPON THE
INITIAL RATE®

¢o, mole/1, Z
0.030 0.0049
.060 .0043
.300 .0086
1.000 .0096
2.000 .0095
3.000 .0096

% One ml. of catalyst ID was used i1 each experiment.
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were constant except for the amount of crotonic
acid, which was varied over a hundred-fold range.
The specific initial slopes, Z, defined as (moles)
[(min.) (atm.)( ml. catalyst) (liter)]~! at zero time,
are sumsnarized in Table III for initial concentra-
tions ranging from 0.030 to 3.00 M.

Effect of Hydrogen Pressure.—The constants
for four series are summarized in Table IV.

TABLE 1V

THE DEPENDENCE UPON PRESSURE OF HYDROGEN

Catalyst €0, )
Batch Ml, P, atm. mole/1, 1./mole ka Z
F 3.5 0.85 0.313 1.0 0.035 0.013
1.17 .036 .014
1.46 .035 .014
G 1.3 .74 .257 4.0 0.039 0.014
1.05 034 .014
1.47 034 015
C 1.1 0.75 172 1.5 0.053 £.015
1.00 047 L017
1.48 034 017
1.48 .043 L0135
1.76 .036 .015
D 1.1 0.74 .200 4.4 0.034 0.011
0.94 .029 .009
1.48 .026 .009
1.75 025 .008

Effect of Amount of Catalyst.—The calculated
values of ka are shown in Table V for four series.

TaBLe V
THE DEPENDENCE UPON THE AMOUNT OF CATALYST
Catalyst <, 7,
Batch Ml P, atm. mole/1. 1./mole ka 2
¥ 0.65 1.46 0.313 1.0 0.027 0.012
1.3 .033 015
2.0 .045 .019
3.5 .035 .014
3.5 .037 .017
3.5 .039 .015
5.4 032 .012
) 1.05 1.45 310 2.0 0.052 0.025
1.9 .044 .018
3.2 039 .014
4.9 .028 .010
5.9 .033 .012
C 0.7 1.48 172 1.5 0.033 0.013
1.5 .043 .013
2.5 039 .014
4.1 027 .009
D 0.75 1.48 .200 4.4 0.02: 0.007
1.1 026 .011
2.6 034 .011
4.0 .032 010
7.3 .021 .006

Retardation by Product.—The retardation by the
product, butyric acid, is demonstrated by the
series of experiments shown in Fig. 3. Run 163 of
Fig. 3 shows the hydrogenation of 0.0376 mole of
crotonic acid in 100 ml. of ethanol (1.7 ml. of cata-
lyst B, hydrogen pressure 1.47 atm.). Run 164
represents the hydrogenation, under the same con-
ditions, of 0.0125 mole of crotonic acid to which has



July 5, 1953

Fol
163
S
|
©
[&]
O
Q0
CIRCLES ARE EXPERIMENTAL POINTS
10 2
i & & n ) ) L I " P .Av.
TIME IN MINUTES.

Fig. 3.—The retarding effect of butyric acid.

heen added 0.0251 mole of butyricacid. The initial
conditions of run 164 were thus identical to those of
run 163 at the point indicated by the arrow. Run
165 represents the hydrogenation of 0.0125 mole of
crotonic acid with no added butyric acid. Com-
parison of runs 164 and 165 gives a direct indication
of the retarding effect of butyric acid. When the
origin of Fig. 3 is translated so that it coincides
with that point of run 163 where 0.0125 mole of
crotonic acid remained unreacted, the two curves
coincide.

Effect of Temperature.—The data are sum-
marized in Table VI. The apparent energies of
activation evaluated from the Arrhenius plot of
the two sets using catalyst H of Table VI are 5.6
and 5.0 kcal./mole, respectively. For catalyst G
the value obtained was 7.4 kcal./mole.

TaBLE VI
THE EFrECT OF TEMPERATURE
Catalyst ¢, P,
Batch MLl T, °K. mole/1. atm. z ka®
H 1.7 284 0.129 1.48 0.0080 0.021
284 .0083 .022
298 .014 .037
298 .015 .040
314.5 .022 .059
314.5 .023 .061
H 1.7 284 .232 1.48 0.011 0.026
298 .017 .040
314.5 .025 .058
G 1.3 288 . 256 1.48 0.006 0.014
308 .014 .032

¢ Calculated from the specific initial slopes.
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Discussion

The retardation by butyric acid was quantita-
tively evaluated by experiments at constant con-
ditions with variable initial concentration of cro-
tonic acid. Rates, R, in (moles) [(liters) (min.)] ™},
were measured graphically and plotted as a func-
tion of ¢. Figure 4 is the differential plot of a typi-
cal set. Intersections of vertical lines through this
family of curves give the rates, R., at constant con-
centration of crotonic acid and at varying concen-
trations of butyric acid. The results could be ex-

pressed
1
R, = R, I:—_l T e = Z)—‘

The term r is the coefficient for the adsorption of
butyric acid.

=~0,0100

CIRCLES ARE GRAPHICALLY
MEASURED RATES.

0.10 [eX 1]
] 1

Fig. 4.—The differential analysis of the data of Fig. 2.

The quantity R., was found to be a Langmuir-
type function of the initial concentration of crotonic
acid. Thus at constant temperature, pressure,
volume and amount of catalyst

lliwbc] I:l + r(co - c)]

It was thought of importance to determine
whether the rate R should be expressed as — (dc¢/d¢)
or as —(dn/dt), where % is the number of moles of
crotonic acid at time {. Experiments at constant
concentration and experiments with variable vol-
ume of ethanol indicated conclusively that the cor-
rect expression is —dn/dt (equivalent to — V' dc/d¢).

The value of the ratio (Ka/b) determines the
maximum value reached by R, at high initial con-
centrations of crotonic acid. This maximum and,
therefore, the value of (Ka/b), is determined by the
activity of the catalyst. A value of b = 19.2 1./
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mole was found to be satisfactory, and was held
constant for all catalysts, Ka is thus proportional
to the activity of the catalyst.

From the above

dtc = ['V(IK-T-C bC):I [1 + r(to - 6)]

At a given temperature Ka may be written: Kaq =
ka £(4) {'(P). The results have shown that Ka
varies linearly with both the amount of catalyst and
the hydrogen pressure. Thus Ka = kadP. Ap-
propriate substitution leads to eq. 1, which is inte-
grated to give

o — C)_l

1 +rco)ln< )-}-(co— c)[b-— r+
@g@)t @

V

The constancy of the ka values reported for each
batch of catalyst as each variable is changed is an
indication of the validity of eq. 1. Examination of
Table I and Table II shows, for eleven experiments
with catalyst D covering a 9-fold range of concen-
trations, that the average value of ke is 0.026 =
0.001, expressed in the usual units. For six experi-
ments with catalyst C, the average value of ka is

[
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(co —¢) << (b — r). Then, if ¢ is sufficiently
large, (coc — ¢) (b — ) is larger than In (¢/c) and
the zero-order term dominates. At high extent of
reaction the‘‘dominant role’’ is played by theln (co/c)
term; therefore, near the end of the reaction first-
order kinetics are followed.
If ¢o is sufficiently small, (co — ¢) will be smaller at
a given time than In (cy/c), implying that at low ini-
tial concentrations the kinetic curve displays
nearly first-order kinetics,’® An extreme case of
nearly first order form at low concentration is seen
in the work of Vandenheuvel.1!
Mechanism.—During the course of the hydro-
genation, there are at least three species adsorbing
on the catalyst surface: hydrogen, crotonic acid
and butyric acid. After elimination of several
possible mechanisms which do not explain the re-
tardation by product, the following mechanisms
are considered: 1. Single class of sites—Competi-
tive adsorption of hydrogen, crotonic acid and bu-
tyric acid on a single type of surface site. 2.
Dual sites. (a) Crotonic acid adsorbed on sites of
type X, hydrogen and butyric acid on sites of type
Y. (b) Hydrogen adsorbed on sites of type X,
crotonic and butyric acids on sites of type Y. At
constant pressure and temperature
the single site assumption leads to
the following expression for the ini-
tial rate
_ Kao
o (1 + bCo)z
implying that the initial rate goes
through a maximum at ¢ = 1/b.
No maximum was observed at con-
centrations up to the experimental
limit of 3 M. Using the single site
assumption the rate equation in-
cluding the product becomes

Kac
[+ dc 4+ r(co — )P
It was not possible to fit the data
with this rate expression. Thus this

R

R =

30 ____ mechanism was rejected,

TIME IN MINUTES.

Tig. 5.—The alternate mechanism;

0.041 == 0.002. The constancy of the ka values
reported in Table IV is an indication of the validity
of the linear pressure term. The average value for
four experiments of 0.028 % 0.003 for the appropri-
ate set of Table IV is in agreement with the values
reported in Tables I and II for other runs with cata-
lyst D. Table IV also shows the constancy of the
specific initial slope values, Z, which are related to

ka as follows:
__L (@) ke o
AP \dt /0 V (1 + be)

It is convenient to consider eq. 2 to be composed
of two terms

4 =

ta _?éaAP(co_c)[b_r+ 2(09—0)] and

s = kaAP(l + rco)1n< ) with

t=ta -+ tB. Intheearly stages of the reaction br/2-

data of Fig. 2.

Of the two dual site mechanisms,
(2a) leads to eq. 1 if weak adsorption
of hydrogen is assumed. The bu-
tyric acid molecule is considered to compete with
hydrogen for the sites of type Y, thus progressively
retarding the reaction.

The alternate dual site mechanism (2b) was found
to lead to the equation

5“-‘ = (1 + rep) In (ao/c) + (b — 7)eo — ¢)

(19) As a special case, one may counsider the situation where r << b,

i.e., negligible retardation by product, Then

t = k—&g—ﬁ [5(00 = ¢ +n <?>]

A set of experiments on the hydrogenation of cyclohexene was per-
formed. The data were accurately fitted by this simple two-param-
eter equation. This suggests that cyclohexane is negligibly ad-
sorbed on the active centers, Several hydrogenations of maleic acid
also were run., Zero.order kinetics were obtained for practically the
entire course of the reaction, On the basis of the few curves obtained,
the results cannot be quantitatively interpreted. One might suppose,
however, that b is quite large and r is small; i.e., the product, succinic
acid, is weakly adsorbed. If it is assumed that b is very large, so that
be >> 1 for most of the reaction, then — (dc/d#) = kedP/bV,s0t =
(bV/kaAP)(cs — c}, in agreement with the observations.
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In the early stages the concentration of butyric
acid is negligible and the previous evaluation of b
is valid. By substituting the data for two points of
a single kinetic curve and solving the resulting si-
multaneous equations, values of » and Ka are ob-
tained.

The solid curves in Fig. 5 are the theoretically
calculated curves representing the same data as
Fig. 2. It is seen that the data are fairly well
fitted, so that this alternate molecular mechanism
is also acceptable. The butyric acid is here as-
sumed to compete with crotonic acid for sites
of type Y, thus progressively retarding the re-
action.

Since the data can be expressed by gither of the
dual site rate laws, there seems to be no kinetic
method of distinguishing between the two mecha-
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nisms. Since differential analysis of the data led to
convenient evaluation of the constants of eq. 1, this
rate law has been used throughout.

One can predict from either mechanism that the
catalytic hydrogenation of crotonic acid follows
zero-order kinetics initially and terminates by a
first-order process. The duration of the zero-order
portion of the curve is greater for high initial con-
centrations of acceptor. Butyric acid inhibits the
reaction rate. The acceptable rate laws imply that
the catalytic surface consists of two types of active
centers, in agreement with the concepts of Balan-
din.'®

Acknowledgment.—Thanks are due to Prof. R.
L. Burwell, Jr., of Northwestern University for
helpful discussions.
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The Fractionation of Insulin by Electrophoresis—Convection®
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An electrophoretic study, carried out in a whole spectrum of buffers, demonstrated that insulin is not a homogeneous pro-
tein, but is composed of a principal rapid moving component and a smaller amount of slower electrophoretically broadly spread

out material.

Fractionation by electrophoresis—convection at pH 7.5 resulted in a partial separation of the two compo-

nents as demonstrated electrophoretically and by activity determinations.

Introduction

Although in the last few years extensive work has
been reported on the characterization of insulin,
comparatively little literature is available on the
problem of insulin homogeneity by physico-chemi-
cal criteria.®—*

When preliminary electrophoretic analyses, car-
ried out in our laboratories, pointed to the electro-
phoretic non-homogeneity of insulin, it was decided
to make a more complete investigation of this and
to attempt the fractionation of this protein by the
method of electrophoresis—convection. The results
of these studies are reported in this paper.

Experimental

The insulin used was Lilly Zinc-crystalline Insulin, Lot
No. 515499 with an activity of 27 units/mg, and also a
specially prepared sample of Lilly amorphous insulin No.
200-1B-11], with an activity of 24 units/mg.

Electrophoresis experiments were performed at 2° in a
Klett Tiselius electrophoresis apparatus and also at 0° in a
Perkin~Elmer apparatus, Model 38. The electrophoresis—
convection runs were carried out in a cold room at 3-4°.
The details of construction and operation of the apparatus
have been described previously.5

In each fractionation run, the insulin was dissolved in the
appropriate volume of buffer and dialyzed for 24 hours
against the same buffer in the cold room. In the case of
zinc-crystalline insulin, in order to remove the zinc, the pro-

(1) This work was carried out partly with the help of funds pro-
vided by the Office of Naval Research, contract No, Nonr-659(00), and
partly with a grant in aid from Eli Lilly and Co.

(2) (a) J. L. Hall,J. Biol. Chem., 189, 175, 671 (1941); (b) E. Volkin,
ibid., 178, 675 (1948).

(3) J. Lens, Biochim. Biophys. Acta, 2, 76 (1948),

(4) E. Fredericq and H. Neurath, TrIs JOURNAL, 72, 2684 (1950).
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tein was dissolved first in a pH 3.0 HCI solution, the ionic
strength of which had been adjusted to 0.1 with NaCl.
This solution was then dialyzed for 72 hours against several
changes of the HCl and finally brought to the conditions of
the experiment prior tc fractionation. At the end of each
run the top and bottom fractions were removed out of the
electrophoresis—convection cell and analyzed electrophoret-
ically.

The samples for activity assay were prepared as follows.
The solution was dialyzed against several changes of the pH
3.0 HCI solution, then several changes of distilled water and
finally lyophilized. The insulin activity determinations
were carried out for us at the Lilly Research Laboratories
through the courtesy of Dr. E. D. Campbell and Dr. O. K.
Behrens.

Results

Electrophoretic Analyses.—The insolubility of
insulin in its isoelectric region makes it impossible
to carry out electrophoretic analyses in the pH
zone between 4.4 and 7.0. A number of analyses
were carried out, however, under various conditions
in the solubility regions on both sides of the zone of
insolubility. ‘

In Fig, 1 are shown some typical patterns ob-
tained at various pH’s. The mobility data are
summarized in Table I. From the pictures pre-
sented it can be seen that insulin does not migrate
electrophoretically in a manner expected of a homo-
geneous protein, but considerable resolution into
components may be observed.

In a pH 8.6 barbital buffer (I'/2 = 0.1) (Fig. la)
the pattern shows the presence of a principal com-
ponent comprising 799, of the total protein with a
mobility of —6.74 X 10-®, and a trailing shoulder
with a mean mobility of —5.55 X 10—%. The com-
ponent analyses of the rising and descending bound-



