Catalytic Butene lsomerization
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The double bond migration in n-butene over an alu-
mina catalyst at 482° to 752° F. was investigated at butene
flow rates of 0.19 to 3.38 pound-moles per square foot of
catalyst cross section per hour (space velocities of 400 to
7100 hour—1), The experimental data were readily corre-
lated by plotting the height of a reactor unit, H,, versus
the butene flow rate at each temperature. H,, defined by

zZ
the expression Hy = ———————, is shown by mathe-
m'yl—y)
y2 =y

METHOD is needed which a chemical engineer can apply to

. dataobtained in a small-scale catalytic reactor and estimate
the dimensions of a reactor required for a much larger unit which
perhaps will be operating under different conditions of tempera-~
ture and space velocity. It is the purpose of this work to demon-
strate that for a reversible reaction of apparent first order in both
directions such an extrapolation, within certain limitations,
should be possible.

Hougen and Watson (7) developed general rate equations for
chemical reactions catalyzed by solids. They considered the
effects of the usual variables and the relative effects of the several
steps involved in the over-all reaction. Their equations were
applied to the hydrogenation of iso-octene by Beckman, Pufahl,
and Hougen (I) and to the dehydrogenation of n-butane by
Dodd and Watson (8). Their equations, however, are not simple
to use and contain constants difficult to evaluate.

Hurt (8) reviewed the previously published literature which he
considered useful for chemical engineering design calculations,
He suggested that the “transfer unit” concept frequently applied
to adsorption and distillation calculations could be extended to
some catalyzed chemical reactions. He made use of three funda-~
mental equations;
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Yy =%
_dz
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H = = height of a transfer unit (1)

height of a catalyst unit (2)

H =

I

height of a reactor unit @3)

where Z is the catalyst bed depth, y is the mole fraction of reactant
at any point in the gas stream, y; is the corresgonding mole
fraction of reactant on the catalyst surface, and y* is the equi-
librium mole fraction of reactant.

Assuming these relations to be true, he showed that _
H r = H 3 + H, ¢ (4)

In the present work the isomerization of 1-butene to 2-butene
was followed experimentally in order to test further the applica-
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matical treatimment to be a linear function of the gas flow
rate at a constant temperature and, for the flow rate range
studied, the data verify this conclusion. From a considera-
tion of the Arrhenius equation, it is shown that log H,
should be approximately a linear function of 1/T for a
constant gas velocity. This relation is found experimen=-
tally to hold between 482° and 752° F. For this reaction
the rate-controlling step is the surface reaction, but the
theoretical treatment shows that the linear relation be-
tween H, and the flow rate should hold for any reversible
reaction of apparent first order in both directions.

bility of such equations to a catalytic system. Coull and
Bishop (5) modified this concept when correlating data obtained
in the synthesis of butadiene from aleohol.

BUTENE ISOMERIZATION APPARATUS

The equipment consisted essentially of an arrangement of
apparatus, shown schematically in Figure 1, designed to supply
reactant and diluent gases at a known constant rate, a catalyst
bed whose temperature is precisely and uniformly controlled,
and a system of receivers to collect, measure, and separate the
product from the diluent gases. A high vacuum system was
provided to pump adsorbed gases from the catalyst surface.

The furnace was constructed with individually controlled
heaters placed so as to minimize the longitudinal temperature
gradients caused by heat losses at the ends of the furnace. These
consisted of a 420-watt continuous heater and a 150-watt inter-
mittent heater wound along the length of the aluminum core, and
two 220-watt heaters wound along 6-inch sections of the core, one
at each end of the furnace. Each of the four heaters was in-
dividually controlled by a variable transformer. The tempera~
ture was. controlled through utilization of the thermal expansion
of the aluminum furnace core as indicated in Figure 2. Two
thirds of the length of the 3-foot furnace could be held within a
temperature range of 2° F. with a fluctuation at any point of no
more than =0.2°F,

The catalyst bed comprised a cylindrical layer of ?/gp-inch
alumina pellets, 2 inches deep and 1 inch in diameter, placed
at the center of the furnace. The catalyst temperature was
measured by a sliding thermocouple contained in a 7-mm.
outside diameter glass tube passed lengthwise through the center
of the catalyst bed.

BUTENE AND CATALYSTS

The pure grade 1-butene was used as purchased with no further
purification except passage through a drying train containing
Drierite and activated alumina. Spectroscopic analysis indi-
cated that the material was at least 989 1-butene, with small
amounts of 2-butene, the butanes, and traces of other hydrocar-
bons also present.

The catalyst used was a pelleted alumina catalyst. Prior to
use as a catalyst, it was washed with 1 N hydrochloric acid and
vacuum dried at 570° F. The acid wash reduced the amount of
sodium in the catalyst. Spectroscopic analysis indicated that
calcium and iron were present in amounts less than 0.19%, along
with traces, less than 0.019%, of several other constituents.

The surface area of the alumina was calculated by the Brunauer-
Emmett-Teller method (3) to be 195 square meters per gram.
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Butene Isomerization
Apparatus

Figure 1.

A. Wet test meter P. Pressure regulator
B. Butene supply R. Receiver

€. Catalyst bed T. Dry ice—acetone trap
D. Diluent gases V. Vacuum line

F. Flowmeter W. Waste line

H. Furnace X. Vapor pressure

M. Manometer analyzer

The nitrogen isotherm obtained at —319° F. indicated that the
catalyst had a wide pore size distribution.

ANALYTICAL METHOD

All samples were analyzed by means of the infrared spec-
troscope using & modifieation of the technique described by
Brattain, Rasmussen, and Cravath (2). This procedure and the
apparatus have been described by Coggeshall and Saier (4).
Vapor pressure measurements were made on the samples pro-
duced at the higher temperatures in order to detect possible
cracking.

VARIATION OF H; WITH FLOW RATE

A series of butene isomerization runs were made at tempera-
tures varying from 482° to 752° I, and at butene flow rates from
0.19 to 3.38 pound-moles per square foot of catalyst cross section
per hour. All other variables were held as constant as possible
by using pure 1-butene feed, a single batch of catalyst for all
runs, and operating at atmospheric pressure.

The most significant variable proved the most difficult to con-
trol. The catalytic activity of the single alumina catalyst sample
used for all of the isomerization experiments changed little during
a series of runs made during one day, but sometimes changed
appreciably over a period of several dayvs, depending on the treat-
ment of the catalyst.

Since the eatalyst activity could not be readily controlled, the
data obtained in all runs were corrected for the changing activity
of the catalyst. These corrections were made by use of “‘standard
runs’’ which were made at 572° F. and at a butene flow rate of
0.18 lb.-moles/(sq. ft.) (hr.). The standard runs were made
before and after each series of runs made at any other set of
conditions. These were then used to correct the catalyst ac-
tivity to that of the standard catalyst which in the standard run
gave a value for H, of 2.20 which corresponds to a conversion of
about 509%,. For example, by applying Equation 17, the inte-
grated form of Equation 3,

2
H. = Lo = o6 - oY

2303 log 60,156

in the first experiment cited in Table I. However, H, for the
standard runs made at 572° F. before and after the series at

Vol, 41, No, 12

482° F. averaged 2.41 as compared with 2.20 for the standard
activity. Hence, all H, values for this series are multiplied by
the ratio 2.20/2.41 and the corrected value of H, in this example
becomes 5.72. This procedure was tested by comparing two
series of runs made at 572° F.; in one of these the catalyst
showed the standard activity and in the other it was about 1009,
more active; this was far the greatest deviation from the standard
activity shown by the catalyst at any time during these experi-
ments. A plot of H, versus flow rate for these runs, as shown by
the squares and triangles of the 572° F. plot in Figure 3, after
correcting for the changed activity of the catalyst by means of
the standard runs made before and after the second series, shows
the two curves to be superimposed. Hence, this correction
seems to be justified.
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Figure 2.
Construction

The data for all runs made under the several sets of conditions
were thus corrected for any change in the catalyst activity at
572°F. The value of H, was calculated by means of Equation 17.
The equilibrium amounts of I-butene at the various tempera-
tures were calculated from the free energy computations
published by Thacker, Folkins, and Miller (10). The experi-
mental values published subsequently by Voge and May (11)
are in substantial agreement with these. The calculated equilib-
rium amounts of the n-butene as a function of temperature are
shown in Figure 4.

The data in Table I were readily correlated by plotting H,
versus the flow rate for each temperature. The resulting curves
shown in Figure 3 were in every instance linear. An examination
of the term H, will show that this result is to be expected. Equa-
tions 1, 2, and 3 can be derived by a semiempirical approach
similar to that used when applying the transfer unit concept to
distillation. Equation 3, which is useful for correlating these
isomerization data, can be derived rigorously.

Consider a differential length, dZ, of a catalyst bed through
which a gas mixture is flowing. If y is the mole fraction of the
reactant under consideration at any point in the fluid stream
moving through the catalyst section, the rate of disappearance
of the reactant from the fluid stream at that point is given by

dy dy dZ

it T Taza 5)
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TasLE 1. BureNe IsoMBERIZATION DaTa a0 S
Hy Cor- \:%,s\
Butene Conversion Averagebd rected to 80|
Tempera-  Flow Rate, o A Standard [t
ture, _Lb.-Moles 2-Butene, for Standard Catalyst 7
°F. (8q. Ft.)(Hr.) % (1 — y2) Hr Values® y* Runs at 572° F.  Activity E .
481.8 0.194 23.6 6.27  0.136 2.41 5.72 . Yo
481.5 0.386 13.2 12.06 0.136 2.41 11.01 § Yl
4822 0.580 8.2 20.62 0.136 2.41 13.73 o3 SN
4824 0.774 7.5 22.00 0,136 2.41 20.03 H \ ( M~
482.2 0.969 6.2 2685 0.136 2 41 24.51 5,
481.1 1.545 4.5 37.42  0.136 2.41 34.16 H | rehe
482.7 0.194 24 .4 6.03 0.136 2.41 5.50 8 4ol 15z 28
526.8 .387 20.4 7.29 0.150 2.39 6.71 L -
525.6 0.583 15.1 10.23 0.150 2.39 9.42 ] e
525.6 0.775 11.4 13.89 0.150 2.39 12.79 ¢ T e
525.4 0.968 9.9 16.04 0.150 2.39 14.76 \
529.5 1.545 6.2 26.43 0.150 2.39 2433 —
527.2 0.194 44.6 2.69 0.150 2.39 2.48 |1
5;?«2 82%% gi% 3?2 8%22 ggg 32(55 0535200300 400 500 800 700 800 500 1000
571. . N 5. . 2. 5. TEMPERATURE , °F.
gy o mp o pEogm am D '
572. .068 5. . . . 4 . ey
571.6 1.549 113 13,77 0l16d 2.30 1377 Figure 4. Equilibrium among the
572.2 0.197 50.0 2,19 0.164 2.20 2.19 - Normal Butenes
572.0 0.192 70.6 1.07 0.164 1.06 2.22
572.4 0.386 55.6 1.83 0.164 1.06 3.80
571.4 0.582 44.0 2.68 0.164 1.06 5.56
572.0 0.773 34.7 3.73 0.164 1.06 7.74
27d 0.3 703 15 Oer 109 216
572. 0.192 . . . . . . . .
8177 0.192 63.9 1.11 0.175 1.55 158 For convenience, dZ/d¢, the superficial linear
2%3:8 0.80¢ gg:g 178 9.178 188 .20 velocity, is defined as being equal to a term F,
615.7 0.782 32.5 3.99  0.175 1.55 5.66 and Equation 5 is rewritten
617.9 1.014 26.4 5.18 0.175 1.55 7.35
817.2 1.552 18.9 7.68 0.175 1.55 10.90
615.4 0.194 66.7 1.21 9.175 1.55 1.72
663.3 0.195 69.6 1.03 0.187 1.81 1.41 4Z =F dy 6
661.4 0.386 50.8 2.04 0.187 1.61 2.79 =gy (6)
661.1 0.582 45.2 2.46 0.187 1.61 3.36 ay
661.1 0.784 37.5 3.23 0.187 1.61 4.4] dt
661.1 0.968 31.6 1.06 0.187 1.61 5.55
660.7 1.544 21.9 6.37 0.187 1.61 8.70
205 0307 89 110 0108 1,73 130
705.9 897 .9 1.1 . . 1.40 - :
708.4 0.584 60.2 1,44  0.198 1.73 1.83 By integrating,
705.6 0.788 48.3 2.17 0.198 1.73 2.76
706.8 0.975 42.0 2.70 0.198 1.73 3.43
705.2 1.212 34.5 3.56 0.198 1.73 4.53 dy
705.9 1.401 33.7 3.67 0.198 1.73 4.67 . == )]
706.3 1.547 30.8 4,13 0.198 1.73 5.25 Z =F dy
704.8 © 0,197 74.8 0.74 0.198 1.73 0.94 dt
751.1 0.194 76.0 0.55 0.219 2.03 0.60
753.3 1.544 41.2 2.67 0.219 2.03 2.89
. . 47. . . . 2. . .
;52,9 (‘),Ség 4;2 211)1 0.210 2.03 2’18 In order to integrate Equation 7 further, the
;2“;’} 8'%?? g%-% 1.68 8'%}8 2.08 }‘gi term dy/dt must be evaluated by examining the
753.8 0.381 66.2 1.06 0.219 2.03 1.15 physical conditions involved. If one assumes
¢ Hy = 2 that the catalytic reaction involves two over-all
2,303 log 20— ¥F steps—transport of the reactant to the catalyst.
yr — ¥

b These values are ealculated from the butene conversions in the standard runs at 572° F,
The following values are, respectively, Hy calculated from the standard run or runs made

before the given series, the average Hr (underlined) listed above, and the Hr calculated

and the actual reaction at the surface—there are
three possible cases: ‘

from the standard run or runs made after the given series: 2.37, 2.41, 2,40, 2.49; 2.39, 2.39,

|
2.39; 2.14, 2.26, 2.20, 2.20; 1.07, 1.06, 1.05; 1.26, 1.55, 1.83; 1.36, 1.81, 1.65; 1.63,1.84, 1.

1,73, 1.73; 2,04, 2.03, 2.02.

The surface reaction rate is much faster
than the diffusion rate and diffusion is control-
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Figure 3.

Various Temperatures

Relation between H, and Flow Rate at

ing,

II. The diffusion rate is much faster than the
reaction rate on the catalyst surface and the sur-
face reaction rate is controlling.

III. Neither rate is appreciably faster and neither is con-

trolling,

Case I. If the surface reaction rate is fast enough, the con-
centration of reactant at the catalyst surface (includes the space
that extends about a mean free path above the actual surface)
will be substantially equal to the equilibrium concentration, and
the rate of disappearance of reactant from the fluid stream will be
given by

iy — v (8)
where k; has the dimensions of reciprocal time and is a constant
for a given system at a fixed temperature.

Case II. If the diffusion rate is sufficiently fast relative to the
rate of the surface reaction, the concentration of reactant on the
catalyst surface will be substantially equal to the concentration
in the gas stream, and, if the reaction is reversible and of apparent
first order in both directions, the rate of disappearance of the
reactant from the gas stream will be given by
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Figure 5.

—_ o = ], —_ *

@ =kl —v (9)
where k. is a constant having dimensions of reciprocal time and is
& linear function of the specific reaction velocity constant.

For a reversible reaction of apparent first order in both direc~
tions in a reactor containing only the reactant and the primary
produet, if y is the mole fraction of reactant and %’ and £” the
specific reaction velocity constants for the forward and reverse
reactions, respectively, the rate of disappearance of reactant is
given by

d ”
—S=ky - K0 -y
At equilibrium
— d;y — - k;y*
i = 0 and &’ = g
hence,

dy _ Ky —y» — %
&1 and ky = E'/(1 — y*)
For the case of butene isomerization, it is here assumed that both
cis- and frans~-2-butene isomerize to 1-butene at the same rate.

Case III. If y is the mole fraction of the reactant in the gas
stream and y; the corresponding mole fraction at the catalyst
surface, the rate of disappearance of reactant from the fluid
stream should be given by

dy _ . »
3 = Bl = (10)

If the surface reaction is reversible and apparent first order in
both directions, the rate of appearance of product in the fluid

stream at steady state will be equal to the rate of conversion on
the catalyst surface and will be given by

@_(1_:__3/_) = — dys _ Y N
T = a = Rl -y (11}
But since there is no aecumulation on the surface,
dd —y)  _dy
di dt 12)
8o that
d
- d—zt’ =hiy — w) = k(y —y*) (13)

Solving for y,; in Equation 13 and substituting in Equation 10,
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dy _  kike * N
“&—mz(y‘y} (14

Equation 14 is the general rate expression and is applicable t.
all three cases.

If the reaction had been assumed to involve three over-all
steps such as diffusion, adsorption, and surface reaction, a third
rate constant, ks, would appear in Equation 14 which would then

dy _ Fileoks

pod L .25 SO o ol b
dt Fs T ooy & Fales (y — y*). Similarly, it

be written —

four steps with four rate constants had been assumed, Equation 14

_dy_ Fakeokaka T
At = Eileles & Ferkalos - Teybalie A= Togkatis ¥ ¥

would become

However, if case I applies and diffusion is controlling, k. will be
large compared to ki so that k; /ks will be small compared to unity
and Equation 14 will reduce to Equation 8. Similarly, if case [
applies, ko/k: will be small compared to unity, and Equation 14
will reduce to Equation 9.

Combining Equations 6 and 14 gives

F _._4az
fr A+ ke y —y*

which is exactly equivalent to Equation 3 if H, is defined by the
expression

kiks (167

Substituting Equation 16 in Equation 15 and integrating,

P/
T (73
n Yy — 'U*

which is the integrated form of Equation 3.

\_ |

gl f

ey !
; LT i
L [
Q ! ‘
i i : I
\ r |1
P ; \ a
1
I | j \
e ol 1
B8 90 92 94 96 98 100 102 A K06 o8
10,000
T*R.

Figure 6. Relation between Hr and Tem-
perature at Constant Apparent Gas Flow
Rate of 480 Feet per Hour

Equation 16 indicates that H, is directly proportional to the
superficial linear fluid velocity in the reactor.

H. for any experiment is obtained for a given set of conditions
including a fixed flow rate. Also, Equations 15, 16, and 17 were
derived assuming a fixed flow rate. However, for each flow
rate, there will be a fixed value of H, which should vary with
flow rate according to Equation 16. This implies that & and &
do not vary with flow rate. . would be expected to be inde-
pendent of flow rate; k;, however, will be independent of flow
rate only in the region of streamline flow. In all of the experi-
ments reported in this paper other than those shown in Figure 5,
the modified Reynolds number is less than 30 so that the flow is
laminar. For furbulent flow, k; may vary appreciably with
changing flow rate, though, if part of the diffusion process covered
by the constant k; is diffusion down pores, %, will be less influenced
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by flow velocity than if the rate-controlling diffusion were entirel
in the space between particles. :

This relation can be used along with Equation 17 to predict the
wonversion for a specified set of conditions, when data are ob-
tained under a different set of conditions. By use of Equation 17,
H, can be determined experimentally at high and low flow
vates; these points in a plot of H, versus flow rate can be joined
by a straight line, and H, at any intermediate flow rate can be
taken from this plot. Then by again using Equation 17, with any
two of the variables Z, y, or y. preselected, the third can be
computed for this new flow rate.

At 662° F. a series of runs were made in which the flow rate
range was extended to 3.27 Ib.-moles/(sq. ft.) (hr.) and to a space
velocity at 7100 hour~'. These results, shown in Figure 5,
indicate the linear relation between H, and that the flow rate
covers a wide range of flow rates. In this series the H, values
were not corrected for the changed catalyst activity.

EFFECT OF YARYING REACTION CONDITIONS

The effect of pressure is not predicted by these equations.
However, for a given mass velocity, the linear velocity and, conse-
quently, H, will be inversely proportional to the pressure. There-
fore, disregarding other effects of pressure, increasing the pres-
sure should increase the conversion at a given mass velocity if the
fluid is a gas.

The effect of temperature on H, depends on whether the surface
reaction or diffusion is controlling. Since H, is equal to the
linear flow rate divided by a constant, if diffusion through the
bulk of the gas phase is controlling, this constant will be a direct
function of the diffusion coefficient which varies approximately

as T%/2 (9). For this case the temperature dependence of H,
will be given by
F F
Hr = I—{; = OlTalg (18)

If the surface reaction is controlling, the constant will be a func-
tion of the reaction velocity constant
kl

k2=1_y*

(19

which is in turn related to temperature by the Arrhenius equation

B = Ao-AB/RT (20

Since the surface reaction is controlling, k; is large compared to kg
and Equation 16 will reduce to the form

_—

% 1
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Combining Equations 19, 20, and 21 gives the temperature de-
pendence of H,,
F

H, = 3 (1 — y*eAZ/RT (22)

from which it is apparent that
.. F " AE
lan—InZ(l y)+ET

Hence, if the surface reaction is controlling, log H, is shown to be
spproximately a linear function of 1/7, complicated somewhat by
a secondary dependence of AE and y* on the temperature.
Usually AE is assumed constant over comparatively short
temperature intervals; for the isomerization of 1-butene to 2-
butene, the value of 1—y* will change by less than 3%, over a
temperature interval of 100° F.

In Figure 6 it is shown that at a constant gas velocity log H, is
roughly a linear function of 1/7. The slope of the log H,
versus 1/7 plot might be expected to be affected by any large
correction for a change in the catalyst activity at 372° F. How-
ever, the points at the three lowest and the highest temperatures
shown in Figure 6 involve corrections of not more than 109,
Therefore, the slope is not appreciably affected by the larger cor-
rections used in obtaining the other points. Where this linear
relation exists, it should be possible to make calculations for the
design of a reactor to be used at one temperature when data ob-
tained at some other temperature are available.

The effect of the catalyst pellet size can be estimated by data
presented by Hurt (8). Other variables such as channeling and
uncontrolled temperature variation in a larger reactor will ad-
versely affect any correlation and must be corrected for by an
empirical approach based on experience with a given reaction
system.

SURFACE REACTION CONTROLLING

The fact that for these experiments log H, versus 1/7 is a
straight line while a plot of H versus T~%/2 is not indicates that
the surface reaction and not diffusion of the reactant to the
catalyst ig controlling. The relative effects of the reaction and
diffusion rates can be evaluated in another way. Hurt (8) gives
a plot of H,/(Schmidt number)?/3 versus Reynolds number,
for various sizes of packing. In the temperature range 482° to
752° F. for mixtures of 1- and 2-butene, (Schmidt number)?/?
varies from 0.92 to 0.98. TUnder the experimental conditions the
Reynolds number was in the range of 10 to 50. Using these
values and Hurt’s curve for 8- to 10-mesh particles, it is computed
that H, for these experiments varies from 0.19 to 0.31 inch.
Because under these conditions H, is found to vary from 1 to 14
inches, the reaction rate is shown to be considerably slower than
the rate of mass transfer.

SPACE-TIME YIELD

The flow rates used in these experiments were low compared to
those used in many mass transfer processes and some relatively
fast catalytic reactions, but at each temperature, runs were made
at flow rates above the optimum flow rate for the depth of cata-
lyst bed used. The results show that the reaction rate is nearly
independent of flow rate above a certain critical value at each
temperature. The space-time yield in volumes of 1-butene
(STP) reacting per volume of catalyst per hour is obtained by
multiplying the space velocity of l-butene by the fractional
conversion to 2-butene. (The space velocity can be obtained
by multiplying the flow rate given in' Table I by 359 and
dividing by the catalyst bed depth, /s foot.) These values are
plotted against the flow rate in Figure 7. It is readily seen that
at each temperature the conversion rate at first increases rapidly
with increasing flow rate, but soon levels off and increases so
slowly that within the experimental error it appears te be inde-
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pendent of flow rate. Therefore, in the lower flow rate region,
increasing the flow rate materially increases the yield per unit
of equipment per day, but this increase is less at higher flow rates
and must be balanced against increased cost of gas handling and
separation of the desired product which becomes a smaller frac-
tion of the effluent gas at the high rates of flow. In these ex-
periments the flow rate range covered at each temperature ex-
tends beyond the point where a further increase in the flow rate
will result in a profitable increase in the space-time yield.

In plotting these curves of Figure 7 the H, versus flow rate
plot serves a useful purpose. Since that is a linear plot, it is easy
to draw the straight line through a good average of the experi-
mental points, Then from the average value of H, at any flow
rate a corresponding value for the space-time yield can be com-
puted and smooth curves result. Further, some other value for
the depth of the catalyst bed can be selected and similar curves
drawn, from which the optimum flow rate can be estimated for the
new catalyst bed.
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Carbonation of Aqueous Suspensions
Containing Magnesium Oxides

or Hydroxides

ROBERT L. EVANS! AND HILLARY W. ST. CLAIR?
United States Bureau of Mines, Salt Lake City, Utah

olutions of magnesium bicarbonate having metastable
concentrations more than twice the equilibrium concen-
tration may be consistently prepared by leaching mag-
nesium hydroxide, magnesium oxide, and calcined mag-
nesite or dolomite with carbon dioxide and water. Meta-
stable solutions cannot be prepared from magnesium car~
bonate or in the presence of precipitated magnesium car-
bonate or when the leaching temperature is much in
excess of 30° C. Formation of metastable solutions of
maximum concentration requires that the solution be
kept nearly saturated by carbon dioxide; the solids should
not be added at a rate in excess of that at which an equiv-
alent amount of carbon dioxide is absorbed. The mag-
nesium goes into solution as magnesium hydroxide; the
hydroxide ion reacts with dissolved carbon dioxide to give
bicarbonate ion, thereby allowing dissolution of mag-
nesium hydroxide to continue. The principal reaction
involved in the breakdown of solutions of metastable con-
centration is that between bicarbonate and hydroxyl ions,
a reaction that occurs in a very narrow zone at the solid-
liquid interface. )

URING a study of carbonic acid leaching of magnesite and
dolomite it was observed that, under certain conditions, a
metastable solution of magnesium carbonate could be produced
in which the concentration of magnesium was more than twice

1 Present address, University of Minnesota, Minneapolis, Minn.
¢ Present address, U. 8. Bureau of Mines, College Park, Md.

the equilibrium concentration. This. observation led to an ex-
tensive investigation to determine the practicability of applying
this phenomenon in leaching magnesia from magnesite and dolo-
mite by an improved Pattison process (2). Because of the im-
portance of control of the metastable solution to the success of
the process, an independent study was made to clarify the mech-
anism by which the metastable solution was formed and to es-
tablish the essential conditions required for producing and main-
taining such a solution.

METASTABLE SOLUTION OF MAGNESIA BICARBONATE

Magnesium oxide or magnesium hydroxide is readily dissolved
by an aqueous solution of carbon dioxide; magnesium carbonate
is also taken into solution but at a much slower rate. The solid
phase with which the solution is in equilibrium is not crystalline
magnesium bicarbonate but may be either magnesium hydroxide
or the hydrated carbonate, MgCOQ;.3H;0. The solubility of
magnesium bicarbonate increases rapidly as the partial pressure
of carbon dioxide is increased up to a pressure of 3.85 X 10—+
atmospheres or 0.28 mm. of mercury. Up to this point, the solid
phase in equilibrium with the solution is magnesium hydroxide.
As the partial pressure is increased further, the solubility of mag-
nesium bicarbonate increases but at a slower rate, and the stable
solid phase is magnesium carbonate trihydrate, known by the
mineralogical name, nesquehonite. These solubility relations
are shown in Figure 1, which was drawn from data obtained by
Kline (3).

The metastable solubility of magnesium bicarbonate is repre-



