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ABSTRACT
Mass transfer studies with a single sphere absorber were used to
determine the diffusivity of hydrogen in liquid aminomethane over a temp-
erature range of -20°C to -30°C. The diffusion coefficients were found

6 6 cmzlsec. A modified

to lie in the range of 90 x 10°° to 110 x 10~
Ferrell and Himmelblau correlation has been derived from the diffusion
data for hydrogen in ammonia and in aminomethane. It is recommended

for use in estimating the diffusion coefficients for hydrogen, hydrogen
deuteride and deuterium in aliphatic amines where experimental data is

not available. The accuracy of the diffusion data obtained is estimated
to be within 5%.

Pseudo-first order reaction rate constants for the liquid phase
hydrogen deuteride aminomethane exchange were determined over the tempera-
ture range of -10°C to -30°C. This was achieved by measuring the rates
of absorption of hydrogen deuteride into a thin film of liquid amino=
methane flowing over a sphere absorber operating in the fast reaction
regime. Potassium methyl amide in solution with aminomethane was used to
catalyze the exchange process. Rate constants wére found to be in the
range of 230 to 570 sec-] at catalyst concentrations ranging up to 15.8
(gms K/kg Amine). The rate constant appears to vary linearly with
catalyst concentration up to a value of 5.0 (gms K/kg Amine). The activa-
tion energy of the reaction was estimated to be 3.1 (kcal/gm mole). An
expression was derived which represents the data in the range of investi-
gation to 4% and is recommended for predicting the rate constants at
conditions of temperature and catalyst concentration where data are not
available.

It is estimated that the accuracy of the rate constants obtained is

within £10%. iv
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CHAPTER 1

INTRODUCT 1 ON

" The isotopic exchange of deuterium between gaseous hydrogen and
liquid aliphatic amines has considerable potential és a basis for a
commercial process to produce heavy water. The economics of this
route indicate that there is promise to produce heavy water more
cheaply than processes based on the exchange between hydrogen-ammonia
or hydrogen sulphide-water. Amongst the aliphatic amines, amino-
methane has been reported to be the most attractive [1].

In order to design industrial contactors for systems such as
hydrogen-aminomethane which undergo a simultaneous absorption and
chemical reaction, it is desirable that sufficient information for
estimating mass transfer coefficients be availab]e.‘ The diffusion
coefficient for physical absorption and the kinetic rate constant are
two parameters which are useful for estimating transfer coefficients
when chemical reaction is involved.

Physical gas absorption into a liquid flowing over a sbhere has
been successfully used by a number of workers [2,3,4,5,6] to obtain
estimates of the diffusion coefficients in gas-iiquid systems. The
s ingle sphere contactor minimizes the end effects common to other gas
liquid contactors. It is also reported [3,7] that relatively high
liquid flow rates, with absence of surface rippling, may be employed
with this absorber. Compared to the laminar jet, the single sphere
absorber provides longer contact times (0.1 sec to 1.0 sec) and a

higher surface area per unit volume of flowing liquid which makes

~d
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the sphere absorber more suitable for studies involving sparingly soluble
gases.

Preliminary measurements of the diffusion coefficient of hydrogen
in aminomethane were made by Moore [8] but the results obtained indi-
cated inconsistencies which were attributed to experimental difficqlties.
Subsequent refinements of the experimental apparatus and additional
operating experience have allowed reliable results to be obtained.

These results are reported as part of this investigation.



CHAPTER 2

LI TERATURE SURVEY

A fairly comprehensive literature review of the various experi-
mental technigues employed in the measurement of diffusion coefficients
has been undertaken by Moore [8]. A repetition of that material is
deemed unnecessary for this investigation. A review of the operating
experience pertinent to the sphere absorber and details of the math-

ematical techniques used to analyze the data obtained will be presented.

2.1 Past Experience with the Single Sphere Absorber

A single sphere absorber consists of a sphere over which a liquid
flows in a laminar film. The liquid is introduced through an orifice
onto the top pole of the sphere and is collected in a constant liquid
level take-off tube situated directly below the sphere. The sphere
is enclosed in a gas tight chamber which is in turn located in a constant
temperature environment. The molecular diffusivity can be calculated
from the measured rate of absorption of a gas into the liquid film on
the sphere.

Past experience with the design and operation of an absorption
system using the single sphere absorber has indicated the following
important observations:

(i) A large volume of the gas absorption chamber results in
excessive errors in the measured gas absorption rate caused by minor
temperature fluctuations of the gas phase [5].

(ii) A more stable surface film of liquid over the sphere may



L,
be obtained by using a laminar jet as the liquid feeding device [7,9]
in preference to having the support rod extend through the liquid feed
nozzle [3].

(iii) The surface film is very sensitive to vibrations of the
apparatus. Use of vibration arrestors is recommended.

(iv) The sphere size should be chosen in a marner to eliminate
wall effects of the absorption chamber and at the same time prevent
the effects indicated in (i).

(v) Depending on the system being studied, there is:

(a) an upper and a lower limit to the jet length that
should be used; and

(b) a range of permissible distances between the sphere
and the take-off level for which the stagnant layer
reported by previous workers [2,3,4,7], may be main-
tained on the support rod. Shorter distances cause
the stagnant layer to move on to the sphere absorber
thus reducing the effective interfacial area and
resulting in a marked decrease in thé measured
absorption rates.

(vi) The use of the single sphere absorber has associated with it
some end effects which may be subdivided as follows:

(2) Entrance Effects

When a laminar jet is used as the liquid feeding device,
the fresh liquid issuing from it will absorb some solute gas. The amount
of gas absorbed on the jet is reported to be significant [9]. This
amount may, however, be calculated using the equation for physical

absorption by an ideal jet [9,10,11]:



5.
Gj = bk th LD (Ci - Cé) (i-1)

Assuming complete mixing of the solute gas and the liquid at the
sphere-jet junction [9], the bulk concentration of the liquid flowing

on to the sphere may be evaluated as

o L (1-2)

Goettler [9] investigated the cases of complete mixing and no mixing
at the sphere-jet junction while studying carbon dioxide absorption in
water. His results indicated that complete mixing at the sphere-jet
junction was a more likely representation of the fluid conditions at
the top pole of the sphere.

(b) Exit Effects

If the distance between the bottom of the sphere and
the take-off level is properly adjusted the absorption of the solute
gas on the exposad support rod is reported to be negligible due to the
presence of a stagnant layer [2,3,4,9]. This stagnant layer is attributed
to the presence of trace impurities of surface active agents in the out-
going liquid [4,9]. As a consequence of this layer, it is suggested
that the velocity profile of the liquid over the support rod might be
fully parabolic. This would reduce the gas absorption on the rod
sufficiently to be neglected [4,9].

Experience with the sphere absorber as reported above is limited
to studies involving water as the absorbing liquid wherein the experi-
ments were conducted at temperatures generally within 15 to 30°C. Moore's
investigation [8] has indicated that use of the single sphere absorber
for iow temperature studies invoiving the hydrogen-aminomethane system

requires that emphasis also be placed on the following aspects of its
operation:
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(i) Minor temperature fluctuations of the absorption system or
the room where the experiment is conducted can cause large errors in
the measurement of the gas absorption rate. This requires that:

(a) The experiments be conducted in a controlled
temperature laboratory.

(b) The incoming liquid feed be pre-cooled to a temperature
which is close to the constant temperature environment
surrounding the absorption system.

(¢) The liquid leaving the absorber must be maintained at
a temperature equal to, or lower than, the temperature
of the absorption system to prevent inverse pressure
gradients from impeding low.

(ii) The take-off level control device (1ute vessel) used by
Davidson et al. [3] may not be used for this system. A fine metering
valve on the outgoing liquid line is a suitable substitution.

(iii) The choice of the size of the sphere absorber should take
into consideration the saturation levels of the outgoing liquid. Very
high saturations can cause the errors due to temperature fluctuations

and measured gas rates to be magnified considerably.

2.2 Theoretical Analysis

2.2.1 Hydrodynamics of the Spherical Film. The hydrodynamic

behaviour of the spherical film of liquid flowing over the sphere
absorber may be described by using the solution of Nusselt [12] for
laminar flow down an inclined plane. This approach was first attempted

by Kramers et al. [2] and was subsequentiy verified and used by other



investigators also [3,9,13,14].

It may be assumed that the film thickness of the liquid flowing
at any latitude on the sphere is the same as it would be for the same
flow rate per unit length on an inclined plane making the same angle
with the vertical. Thus, for a liquid flowing over the surface of

a sphere (Figure 1) the liquid film thickness is given by
1/3 -2/3
_ 3vL . -
A = [ E;EE-] sin 8 (1-3)

and the velocity distribution is represenfed as

2
v, = v, (- (%) ) (1-%)

where V_ is the velocity at the surface of the film (x = 0) and is

given as
g Az sin 6
Vo = 2v (1-5)

Combining equations (1-3) and (1-5) one gets

1/3 2/3 -2/3 -1/3
vV = _9_9_? L R sin 8 (1-6)
32vw

For an element of liquid flowing over the sphere 6 varies from 0 to 73

the diffusion or contact time is therefore given as

T i
1/3 -2/3 5/3 1/3
t = J B%Q- = {-—9%} L R Isin e do (1-7)
0 3277V

° 0



L \
\ | x+dx

interface

FIGURE 1

Cross Section of Sphere and Liquid Film

4-‘.;{



9.
where

m

Isinm 6 4o = L(2/3) r(1/2) 2.58 (1-8)

T(7/6)
0
2.2.2 Physical Absorption of a Single Gas in a Spherical
Liquid Film. The equation representing the physical
absorption process of a gas in a sphericai film may be derived by a
simple steady state mass balance around an elemental section ABCD of
the liquid fiilm (Figure 1).

In making this balance it is assumed that, (i) transport by
molecular diffusion in the direction of bulk flow, i.e., across the
radial lines AB and CD is negligible, and (ii) transport of mass by
convection, i.e., bulk flow across the streamlines AC and BD is
negligible.

The net transport of material across the radial lines AB and CD
by convection is:

21k sin 8 V. |25|  dx de (1-9)

Yo "

The net material transferred by diffusion across the streamlines

AC and BD is:

2
270 sin 8{R% L—% - 2R -?6-9 dx do (1-10)
X g * 8

Under steady state conditions equations (1-9) and (1-10) may be equated

to give:
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) -
E_fi -2 QSL = }Eﬂ §£i (1-11)
ax2 R | ax RD ]
8 8 1

Since the liquid film around the sphere is usually very thin, it may be

[e3]

assumed that:

a2c 2 [_ac]
il >> = — (]-12)
{t 8x2 . R Lax .

2 v
3 C aC

li_z‘} = %[a_e} (1-13)
X 6 "

The above equation has been solved by a number of authors [2,3,15].

The analysis of Davidson and Cullen [3] has been used for this investi-
gation. The above authors considered the effect of the stretching of
the liquid film and introduced a dimensionless length y = X into

A
equation (1-13) to obtain:

2
2 V, A
3°c | 3¢ )
[;—2'} = iR_D_- [8_6] (1-14)
Y 9 "

Substituting for Vw from equation (1-4) one obtains:

2,2
{f_c_i] (MO v [ﬁ] (1-15)
3 2 RD 26
y
6 )




11.

Define a stream function ¥(y) as
X

o) =J V. 2n(ReA-x') sin 6 dx. (1-16)

o VY
By substituting for Vw from equation (1-4%) and neglecting A and

x! in comparison to R equation (1-16) may be represented as

b= 3L v - ¥ (1-17)

Since ¢ is a function of y only one may say that

3C _{ aC -
#),-(%) o
v Y
and defining
R
9¢ - —5 -
() - -
Y o

one obtains

2
D[z_gl - [g_g] (1-20)
Yy $ Y

which is the final form of the differential equation derived by
Davidson and Cullen [3].
The above authors considered two sets of boundary conditions to

cover cases where the depth of penetration of the solute in the liquid

film may be low or high.

(a) Low Depth of Penetration Model

For this case y2 << 1 and equation (1-20) becomes

D [33‘:-] - l_i‘J (1-21)

v |, %]y
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with boundary conditions
(1) o= 0; yz 0; t= C,
(2 ¢> 0; y= 0; C= C, (1-22)
3 o2 05 y= = €= C
The solution of equation (1-21) with the B.C. set (1-22) is
(c-c)=( -c) erfc { . ] (1-23)
o i o 2/D%
The total rate of gas absorption may thus be obtained from
i)
6, = 2 LD J' - [g—g-)y d ¢ (1-24)
0 =0
1/3 7/3
For a sphere ¢, = %— x 1.687 [%:_g] 51}73 (1-25)
L
Thus
1/2 21g 176  7/6 /3 1/2
6, = (12 x 1.68) E?;% R L b (c;=¢)) (1-26)

(b) High Depth of Penetration Model

In this case y2 may not be neglected in comparison

to 1 and the B.C. are:

(1) ¢=20; YZO; C=C°
(2) ¢ > 0C; y = 03 c=c, (1-27)
. =1 ¢ _

B.C. (3) merely states that no solute crosses the solid sphere boundary.
Davidson and Cullen [3] adapted the solution of Pigford [16] and

Vyazovov [17] for gas absorpticn in 2 liquid film flowing down a

~f
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wetted wall column. The solutions for the single sphere and the
wetted wall column are equivalent so long as the value of ¢ is

the same for the two equations.

The total gas absorption rate may be expressed as a series

given by:

6, = Lee) 11 - T g enoloriel] (1-28)
or G = L(c,-c ) fla) (1-28a)
where @ = 3D¢, (1-29)

The coefficients Bi and Y; are reported in Table 1.

Davidson and Cullen [3] recommend use of equation (1-28) with
coefficients as in Table 1 for cases where the outlet liquid satura-
tion exceeds 40%.

olbrich and Wild [15] extended the solution of Davidson and
Culien so that it may be used for both low and high depth of
penetration cases. Their solution corresponds to equation (1-28)
with ten terms being used in the series whereas Davidson and Cullen
used only four. For high depths of penetration the calculated gas
absorption rate using the coefficients of Davidson and Cullen or
Olbrich and Wild is almost identical.

Equations (1-26) and (1-28) consider the surface area of the
liquid in contact with the gas to be equivalent to the surface area
of a dry sphere. Goettler [9] and Ratcliff and Reid [4] pointed
out that the actual surface area of the liquid is larger than the

area of a dry sphere owing to the thickness of the liquid film



TABLE 1

Coefficients for Series Solution for G

(Davidson and Cullen 31

Bl’l Yn
0.7857 3.414
0.1001 26.21
0.03599 70.43
0.01811 136.5

14,



15.
flowing over it. Goettler used an average correction which was
based on the average liquid depth over the complete sphere. The

correction is of the form

AA +

= A -
s 1 +2.58 = (1-30)
s
where
AA = corrected interfacial area

>
[}

surface area of the dry sphere

[~
1}

depth of the liquid film at the sphere equator given as

A+ 3vL 1/3
27Rg

(1-31) .

Equation (1-26) was used to estimate a starting value of
diffusivity and this first estimate was used in equation (1-28) to
generate an iterative scheme which was considered to have converged
to a final value when two successive estimates of diffusivity did
‘not vary by more than 0.5%.

Calculated diffusivities are very dependent on solubility data,
arnd accurate values can only be obtained if very accurate solubility
data are available. This is evident from equations (1-26) and (1-28)
where Ci may be taken to be a saturation concentration of the gas in
the liquid at the gas-liquid interface. The solubility of hydrogen
in aminomethane at pressures up to 20 atm. and over the temperature
range -62°C to 23°C has been determined by Moore [8]. The Henry's

Law constant is given by
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where
_ 10co -
B = TR (1-323a)
and P, = x,H, | (1-32b)

The viscosity of aminomethane has been determined as a function
of temperature by several authors [18,19,20]. This data has been
assimilated and a mean curve of viscosity vs. temperature has been

reported by AECL [21].

2.3 Empirical Methods for Prediction of Diffusion Coefficients

Moore [8] has reviewed a number of correlations employed for
the purpose of predicting diffusion coefficients of sparingly
soluble gases in non-aqueous solvents. Only those correlations
that have been used for comparison with data obtained during this

investigation will be given here.

(a) Wilke-Chang Correlation [22]

The empirical form of this correlation is

1/2
Du _ aM
-ffl-= 7.4 x 10 8 (;5%%- (1-33)
2

where 'a' is an "association parameter' which defines the effective
molecular weight of the solvent. The 'association parameter' must
be determined from experimental diffusivity data for the solvent

in question. Wilke and Chang [22] report a value of 2.6 for water

and 1.0 for non-associated solvents.
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{b) Lusis and Ratcliff Correlation [23]

The Lusis and Ratcliff correlation is of the form:

Duy -8 3 Yi Y3,
_T'_=8'SZXI0 (\I]) 1.40 [ — + | (1-34)

2 v,

This equation is reported to be applicable for the entire range of
solvent and solute molar volumes but its applicability at tempera-
tures substantially below 0°C is questionable owing to the lack
of available data at low temperatures. |

(c) Ferrell and Himmelblau Correlation [24]

This correlation was developed for the solution of
sparingly soluble gases in water and as such one cannot expect it
to predict accurate data for a non-aqueous solvent. In spite of
this, it may be used to provide reasonable estimates of the

diffusivity of hydrogen in ammonia. The correlation is of the form:

a £
Dy ! -7 1+i2—| °°
+— =48x10 ¥ (1-35)
< J
Ep
where a, was reported by the authors to have an equality with T
U
if @ is computed from the relation
-5 __
@ = -
I [vz"/3 (1-36)
{ N

o in equation (1-36) is the collision diameter of the solute molecules.
A" is the quantum parameter of Hildebrand et al. [25] which
accounts for the presence of quantum effects when gases such as

helium or hydrogen diffuse through liquids with high internal pressures.
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Ferrell and Himmelblau [24] suggested the use of the theory
of absolute reaction rates to provide a molecular model which

could serve as a basis for correlation of diffusivities.

The expression of Eyring [26] for the molecular diffusion

coefficient is written as:

£ :
(1-37)

D = AT exp (-%)
d D D
.0' ﬁ En( ? )]= R*Tz (]-38)

A similar treatment of the corresponding expression for viscosity

yields
d ~E
3 [ = _* (1-39)
2
RAT
d D
L]
S e W] E
d_ a2 _ Bp oy 1-4
or n(;) = Tuﬁ [1n ()] (1-40)

Integrating equation (1-40) with respect to T one obtains:

~E
In ( %-) = -EE- In(u) + 1n (AZ) (1-41)

u

where 1n (Az) is a constant of integration. A, is reported to be

independent of temperature but it is a function of the properties of

the solute and the solvent.
E

Accepting the equality of o with EE- equation (1-41) may be
u

replaced by:



19.

b= O | (1-42)

Once again A° is a function of the properties of the solute-solvent
pair and p is the viscosity of the solution. For sparingly soluble
gases u may be taken to be the viscosity of the solvent also.

The quantum parameter A* of Hildebrand et al. [25] may be

defined as:

h
o= R (1-43)
c(ms)llz

Ferrell and Himmelblau postulated that for sparingly soluble

gases in water Ao would be represented by

2 b
_ = [1eax }
Ao = a [: Vz :} (1-44)

Values of 'a' and 'b' were determined by linear regression and the

resulting expression for Ao when substituted in equation (1-42)
yielded the final form of the correlation represented as equation
(1-35). The authors have reported a much better agreement of

equation (1-35) to their data than the correlation of Wilke-Chang

[22].
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CHAPTER 3

EXPERIMENTAL

3.1 Apparatus
Moore [8] designed and built the basic equipment for the measurement
of molecular diffusion coefficients of hydrogen in aminomethane.
As mentioned earlier, preliminary measurements made by him
indicated experimental difficulties. The apparatus was thus
modified to improve its performance and more reliable data was
obtained with it for this investigation. Detailed description
of the equipment used may be obtained from Moore's thesis [8]
and only a short review of the set-up is included here. Details
of supporting equipment used such as:
(a) The refrigeration system
(b) The hydrogen purification system
(¢) The aminomethane purification unit
(d) The vacuum system

are given in Moore's tnesis.

A schematic diagram of the single sphere absorber is given in
Figure 2.

The design of the single sphere absorption chamber was similar
in concept to the absorber of Goettler [7,9] in that a laminar jet
was used for introducing aminomethane onto the sphere. A number
of modifications on the equipment used by the above authors were
necessary due to the properties of aminomethane. A diagram of the

absorption chamber is given in Figure 3.
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Symbols for Figure 2

1. Liquid Amine Feed Tank

2. Relief Valve

3. Glass Wool Filter

L4, Liquid Feed Chiller

5. Liquid Feed Rate Control Valve
6. Liquid Feed Chiller

7. Liquid Rotameter

8. Liquid Distributor

9. Single Sphere Absorption Chamber
10. Take-0ff Level Contro! Valve

11, Liquid Outlet Chiller

12. Spent Liquid Amine Dump Tank

13. Hydrogen Low Pressure Regulator
14. Soap Film Meter.

15. Hydrogen Vent Valve

16. Soap Trap

17. Hydrogen Circulator

18. Hydrogen Saturator

19. Solenoid Valve S

20. Solenoid Valve S,

21. Solenoid Valve (Hydrogen Saturator)
22. Thermocouples

23. Mercury Manometer
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APPROACH TUBE

TOP FLANGE—\ -

ADAPTER FLANGE

1-1/2" QV.E. GLASS —>
SECTION
]
JET NOGZZitE +—SPHERE

TIE BOLT =—————
SUPPORT ROD
GLASS COLLECTOR
TAKE - OFF TUBE

ADAPTER FLANGE

L

LIQUID OUTLET

FIGURE 3

Schematic Diagram of Absorption Chamber
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The laminar jet was designed in a similar manner to those of
Goettler [9], Scriven [27,28] and Hatch [29]. The nozzle design
was modified to incorporate the use of ruby watch jewels for the
cylindrical throat sections. Their use was considered desirable
because they could be accurately bored and press fitted into the
nozzle caps. The nozzle diameter used for this work was 0.046 cm.

The spheres used in this study were 1 inch and 3/4 inch
diameter ball bearings which had been softened by heat treating.
They were suitably drilled so that they may be mounted on a 1/8
inch diameter shaft or support rod and had a 1/16 inch diameter
mark machined on the top pole to facilitate aligning the laminar
jet. Precise alignment of the laminar jet over the top pole of the
sphere was achieved by an eccentric mechanism mounted in the top
flange of the absorption chamber. Acetone was passed through the
jet during the alignment procedure.

Liquid flowing over the sphere and the support rod passed
through a glass collector cap mounted on a take off tube. This assembly
passed through the absorber base flange before being connected to the
liquid return line. The distance between the bottom of the sphere
and the level of the outgoing liquid in the glass collector cap
(take-off height) could be varied by moving the steel support rod
up or down.

Details of the top flange housing, the eccentric mechanism and
the bottom base flange may be obtained from Moore's thesis [8].

The support rod was roughened to enhance wetting and was

centered in the liquid take-off tube by two teflon guides. The rod
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passed through the base of the take-off tube and was attached to the
frame supporting the entire absorption apparatus by a threaded
adjustment nut which was used to adjust the sphere height relative
to the floor of the absorber.

A 1/2 inch Swagelok connector was used to seal the glass
connector cap to the top of the 1/2 inch stainless steel take-off
tube. The take-off tube Fn turn was sealed to the base flange
by an O-ring seal.

All the equipment, as shown in Figure 2, was fabricated out
of 316 stainless steel except for those parts where visual
observation was necessary. The latter parts were made of QVF
glass sections and Pyrex glass. Neoprene was used exclusively
for all gasketing material and O-rings. Zytel (Nylon) ferrules
were used for glass to stainless steel Swagelok fittings.

The absorpticn chamber and the hydrogen saturator were enclosed
in a refrigerated air bath to enable operation in the temperature

range of -30°C to -20°C.

3.2 Operation and Procedure

Fresh aminomethane was purified by contacting with 1ithium
metal to remove water followed by a simple flash vacuum distillation.
Aminomethane has a normal boiling point of -6.33°C and thus it could
be fed to the absorber under its own vapour pressure by maintaining
the feed tanks close to room temperature. The liquid feed was
precooled before entering the refrigerated air bath to minimize
thermal gradients, and after leaving the absorber it was collected

in a dump tank immersed in liquid nitrogen. The amine was subse-
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quently degassed and reused. [n order to obtain an unimpeded flow
through the exit liquid line to the dump tank, it was necessary
to chill the liquid line through the use of a concentric tube cooler.
When this was not done, a back pressure was set up in
the liquid line and the flow of aminomethane was impeded. The
liquid feed and liquid outlet control valves were both 'Whitey
21RS4-316" micrometering valves and their use allowed excellent
flow control.

Hydrogen was introduced through a '"Matheson Model 70A' low
pressure regulator. The absorption chamber was pressurized to a
preselected system pressure which was recorded with a mercury
manometer and the gas phase was saturated with aminomethane prior
to a run. The hydrogen absorption rate was measured with a soap
film meter constructed from a 50 c.c. burette with 0.10 c.c.
graduations.

The operating variables that required consideration were
liquid flow rate, absorber temperature, absorber pressure, sphere
size, distance between the sphere and the feed jet (i.e. jet length),
and the distance between the base of the sphere and the liquid level
in the take-off tube (i.e. take-off height).

The liquid flow rate should be such that laminar flow is
maintained on the sphere surface. Although the flow of liquids
in a thin film over a solid surface has received a large amount
of attention [30,31], the criterion for éonditions that will eliminate
convective mixing is not well defined. Previous work with gas-

water systems [3,4,9] based on a Reynolds number criterion evaluated

~d
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at the sphere equator suggests that a film of aminomethane should
be laminar at flow rates upto 1.0 cc/sec at temperatures from
-15°C to -30°C. However, experimental data which agreed with the
absorption model could only be obtained at liquid flow rates upto
approximately 0.45 cc/sec or at Reynolds numbers less than about
50. The occurrence of surface activity was much more apparent on
the support rod than on the sphere and it was generally observed
that when ripples were present on the rod, they were also present
on the sphere.

The Reynolds number criterion, however, does not incorporate
the effects of surface tension of the liquid which appear to affect
the rippling phenomena. The surface tension of aminomethane is
about one third that of water and this significant difference
could well be responsible for reducing the upper limit of the
Reynolds number for stable flow over the sphere absorber. The
effect of surface tension needs to be studied in more detail than
has been done at present before conclusive evidence in this direction
is available.

The laminar jet was operated within its upper and lower limits
of stability. These limits have been defined and observed by
Goettler [9] and reconfirmed by Moore [8]. A jet length of 2.0 mm
and a take-off height of 1.25 cm was used throughout this investigation.

The startup and operating procedure for the single sphere absorber
is essentially the same as that reported by Moore [8] with some
modifications. Details of this procedure are included in Appendix Bl.

The manner in which the data obtained from a run was used to

determine the diffusivity of hydrogen in aminomethane using equations
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(1-28) and (1-29) has been described in detail by Moore [8]. From
the measured values of the different variables indicated earlier
like liquid flow rate, temperature and hydrogen absorption rate,
the molecular diffusion coefficient D was taken to be the value

which minimized the function
N
E= LIIE), - (e £ (@) | (1-45)

where N = number of determinations.

The experimental data is reported in Appendix Al.
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CHAPTER 4

RESULTS

Experimental measurements of the rate of physical absorption
of hydrogen in aminomethane were taken on the 3/4 inch and the
1 inch spheres. These are reported in Tables 2 and 3 along with
the calculated values of the diffusion coefficient.

Figure 4 is a plot of the hydrogen absorption rate corrected
to 1 atmosphere hydrogen partial pressure versus the liquid flow
rate over the sphere at -29°C. Average values of the gas flow
meter temperature and system temperature were used to generate
the plots shown. The gas flow meter temperature is required to
estimate the appropriate gas density for usz in expressing mass
flow rates. The maximum deviation of both these temperatures
about the mean over a period of approximately four hours, did not
exceed +0.2°C. The solid curves shown represent the simulated
variation of the hydrogen absorption rate versus the liquid flow
rate, using the high depth of penetration model, for two assumed
values of the diffusion coefficient. This was done using a computer
program written by Moore [8]. The plot depicts the degree of agree-
ment of the absorption rates with those predicted by the model .

Figure 5 shows the variation of the absorption rate with the

length of the exposed support rod. This piot indicates that a
length of 1.25 cms. corresponds to the case where the stagnant
layer lies at the junction of.the sphere and the support rod and
shorter lengths would cause it tc move on to the sphere.

The logarithm of the diffusion coefficient as determined with



TABLE 2

Experimental Results for the Diffusivity of Hydrogen
in Liquid Aminomethane Using the 3/4 inch Sphere

L 6(1 atm)x10° b x 10°
T(°C) (cc/sec) (gms/sec) % Saturation (cm”/sec)
-25.9 0.349 0.157 75.6 106.3
-25.2 0.350 0.161 76.8 110.9
-25.8 0.303 0.146 80.7 105.4
-26.6 0.351 0.156 74.9 105.0
-27.8 0.336 0.149 75.6 102.1

TABLE 3
Experimental Results for the Diffusivity of Hydrogen
in Liquid Aminomethane Using the 1 inch Sphere

L 6(1 atm)x10° > x 10°
T(°C) (ce/sec) (gms/sec) % Saturation (cm?/sec)
-30.0 0.400 0.192 83.9 91.4
=-29.9 €.378 0.188 86.5 94 .1
-29.0 0.403 0.196 84.3 93.4
-28.9 0.372 0.188 87.3 94.8
-26.7 0.402 0.207 86.9 102.2
-26.7 0.405 0.203 8L.9 95.1
-2k4.0 0.418 0.218 85.8 101.8
=-23.9 0.418 0.219 86.1 102.7
-23.9 0.410 0.217 87.0 104.0
-20.0 0.426 0.235 87.0 107.7

-20.0 0.421 0.235 87.9 110.0
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the 1 inch sphere is plotted versus the reciprocal absolute tempera-
ture in Figure 6. Experimental data for hydrogen ammonia [32] is

also shown for comparison.
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CHAPTER 5

DISCUSS1ON

5.1 Experimental Data

It is apparent from Figure 4 that for liquid flow rates where
the absorption data agree with the theoretical model (<0.45 cc/sec),
a small change in the measured absorption rate will cause a large
change in the calculated diffusion coefficient. This also means
that, at flow rates of about 0.4 cc/sec a 2% error in the measure-
ment of the hydrogen absorption rate will cause a 6% error in the
value of D, and emphasi#es the importance of having very good control
of the experimental conditions.

Use of the 3/k inch diameter sphere was prompted by the fact
that the resulting lower saturations of the outgoing liquid might
provide better agreement with the absorption model by reducing
possibilities of high errors occurring at very high saturations.

As may be seen from Tables 2 and 3 the values of diffusivity obtained
were always higher than those obtained using the 1 inch sphere.

The reason for this is uncertain but may have been due to an end
effect on the take-off rod.

Deviations of the measured absorption rates from the theoretical
model for liquid flow rates in excess of 0.45 cc/sec are probably
due to convective mixing in the liquid film around the sphere.
Although, at these flow rates, considerable activity was observed
on the take-off level, the liquid film around the sphere appeared
smooth. The condition of the take-off level as observed visually,

was therefore taken to be a more reliable criteria for detecting
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convective mixing than a similar observation of the liquid film
around the sphere.

The reported values of the take-off length used in previous
investigations [3,4,7,9,33] with gas-water systems cover a fairly
wide range. Lynn et al. [33] indicate that the allowable take-
off length varies inversely as the liquid flow rate and report
values ranging from 0.1 cm for high to 2.0 cms for low flow rates.
Davidson and Cullen [3] took all their data at 1.5 cms though
their data indicates that 1.0 cms would also have been adequate.
Goettler [7,9] and Ratcliff and Reid [4] used values of 2.0 and
4.0 cms respective]?. Their data indicates no discernable
dependence of the take-off length on liquid flow rate. It is
apparent that each investigator repeated the original experiment
of Lynn et al. to determine the take-off height best suited to
their system. It is probable therefore that apart from the hydro-
dynamics, system properties and general surface characteristics
may also play a role in deciding the best take-off height for any
one investigation. The value best suited for this investigation
was 1.25 cms.

When the stagnant layer is on the support rod the velocity
profile on the rod may be assumed to be fully parabolic. This
implies that the rate of gas absorption on the rod is reduced
considerably. A plot of the gas absorption rate versus take-off
height will thus show a decrease in sloﬁe when the stagnant layer
reaches the junction between the bottom of the sphere and the
support rod. If in addition, the surface area of the rod exposed

for gas absorption is very much smaller than that of the sphere,
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the slope of the plot will tend towards a limiting value of zero.
In such an event using a value of take-off height somewhat larger
than that for which the stagnant layer is at the bottom of the
sphere would cause a negligible error in the measured gas
absorption rate. The data of Goettler [7,9], Davidson and Cullen
[3] and Ratcliff and Reid [4] apparently fall in this category.
iIf, however, the surface area on the exposed rod is such that the
gas absorbed on it could form a considerable part of the total,
then the take-off level should be maintained such that the stagnant
layer is at the bottom of the sphere. This condition would minimize
errors in the measured gas absorption rate and thus in the calculated
value of the diffusivity.

Ratcliff and Reid [4] have reported an equation for the rate
of gas absorption in a liquid flowing over a sphere assuming the
velocity profile in the liquid film to be fully parabolic. The

equation is of the form:

1 14/9 2/3 1/9
6, = 52y Oxi 58; L6 J R p L (c,-c) (1-46)

They assumed the low depth of penetration model of Davidson and
Cullen [3]. The ratio n of the absorption rates given by equations
(1-46) and (1-26) thus represents the reduction of mass transfer
due to the stagnant layer. Since the equation for gas absorption
over a sphere was derived [3] using the approach of Pigford [16]
and Vyazovov [17] for gas absorption over a cylinder, the above
ratio is identical for a cylinder of an equivalent radius. It

may also be assumed that the ratio is the same for both the low
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and the high depth of penetration models. Table 4 gives the cal-
culated values of the diffusivity assuming the exposed rod to be
(i) completely inactive (n=0), (ii) completely active (n=1.0)
and (iii) partially active (n=n). It is seen that under condition
(iii) about 1% of the total measured absorption occurs on the
support rod and this yields diffusivity values ahout 3.5% lower
than those under condition (i).

It was suggested earlier that the diffusivity values obtained
using the 3/4 inch sphere were always high possibly because of an
end effect on the support rod. Table 5 gives the calculated values
of the diffusivity in a manner similar to that in Table 4 for the
1 inch sphere. 1t is apparent that the end effect can be much
more significant for the'3/4 inch sphere than for the 1 inch sphere.
The diffusivities obtained under condition (iii) are within 3% of
the corresponding values obtained using the 1 inch sphere. In the
range of liquid flow rates investigated the average values of n
obtained with the 1 inch and 3/4 inch spheres were 0.3024 and 0.3157
respectively. The 1 inch sphere data reported in Figure 6 corresponds
to the case where the support rod is considered inactive (i.e. n=0).
The reliability of the data being within +5% it was considered
unnecessary to incorporate condition (iii).

Moore [8] has indicated that the model of Davidson and Cullen
[3] or Olbrich and Wild [15] is sensitive when the liquid saturation
levels get high resulting in an increasing possibility of errors in
the diffusion coefficient. A detailed derivation of the equations
involved in developing the error analysis of the data obtained

during this investigation is given in Appendix Ci. The final form
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of the error equation is

« )2 o 2 o ¢ 2 aq 2
D - - 2 7L 2 i o 21 s
[—u} = (2 - 4/3) [—L] N v R i
i o s
1 a\) 2 L
-l vy (1-47)

where s e s aci_co, aq and @ are the standard errors of the
diffusivity, liquid flowrate, concentration driving force, gas

absorption rate and viscosity respectively. Z is defined as

T (1-472)

f(a) and o are as defined by equations (1-28a) and (1-29) and 8(a) is

given as

- d flo) : -
Bla) = =32 (1-47b)

It may be noticed that as the saturation level approaches 100%,

o
f(a) + 1, 8(c) > 0 and Z > » which implies that —g- > o at high

saturations. Examining these equations it is also apparent that

fﬁ_ > ® as a > and consequently as L + 0. This implies that

the saturation level of 100% is a limiting value at a limiting liquid
flowrate of zero. Figure 7 is a plot of o vs. L over a liquid flow
range of 0 to 0.65 cc/sec. The saturation levels have also been
indicated relative to the liquid flow rate. It is apparent that
E%- is very large at low values of L where the errors in diffusivity

da

would indeed be large, but aT decreases sharply with increasing

liquid flow rate. In the range of flow rates corresponding to this
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investigation (i.e. saturation levels of 80 to 85%) the value of
%% is not very different from that at flow rates of 0.65 cc/sec.

The reproducibility of the model in this region is therefore

thought to be adequate.

5.2 Experimental vs. Estimated Values

Several semi-empirical correlations are available which are
suitable for estimating the diffusivities of sparingly soluble gases
in liquids. Figure 6 compares the measured diffusivities with values
predicted using the Wilke-Chang [22] and Ferrell and Himmelblau [24]
correlations. A comparison is also made with the experimental data
of Haul and Puttbach [32] for hydrogen in ammonia.

Moore [8] indicated that the correlation of Lusis and Ratcliff
[23] was best suite” for the data obtained with the hydrogen-amino-
methane system. The diffusivity data obtained by Moore was, however,
preliminary and further work during this investigation indicated
that the correlation of Ferrell and Himmelblau [24] is better suited
for both the hydrogen aminomethane and hydrogen-ammonia systems.
Despite the fact that the equation of Ferrell and Himmelblau was
developed for water, the estimated vaiues of the diffusivity of hydrogen
in aminomethane using this equation were found to be within 12% of
the experimental values obtained during this investigation. In
addition, the deviation of the estimated values from the experimental
data was approximately constant over the entire range of temperature
investigated. Although, the average deviation obtained using the
Lusis and Ratcliff correlation was 11%, the errors at higher tempera-

tures were larger than those at lower temperatures. In other words,
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a plot of diffusivity vs. temperature as shown in Figure 6 is not
parallel to the mean line through the experimental data. For the
hydrogen-ammonia system the equation of Ferrell and Himmelblau
predicts values of diffusivity that are low, on an average, by
about 9%, the deviation being about 12% at -10°C and about 4.5%
at -40°C. In comparison, the equation of Lusis and Ratcliff
predicts values that are low by about 19% through the entire range of
-10°C to -40°C. The experimental data of Haul and Puttbach [32] was
used for comparison.

It is evident from Figure 6 that the correlation of Wilke=
Chang [22] with an assumed association parameter of 1.0 is quite
unsuitable for estimating the diffusivity of hydrogen in amino-
methane. A similar situation is encountered for the hydrogen-
ammonia system.

The Wilke-Chang correlation employs an association parameter
which accounts for the effective molecular weight of the solvent.
In the absence of more reliable data, a value of 1.0 was used for
the curve presented in Figure 6. In general, predictions obtained
from the Wilke-Chang equation are poor when the solute gas is
hydrogen. The experimental data for the hydrogen-aminomethane,
hydrogen-water [24] and hydrogen-ammonia [32] systems were used
to evaluate average apparent association parameters that may be
used in the Wilke-Chang equation for predicting data for these
and other similar systems. The average apparent association
parameters are given in Table 6. Molar volumes for this correla-
tion and the correlation of Lusis and Ratcliff were estimated by

the method of Le Bas [34].



TABLE 6

Average Apparent Association Parameters for
the Wilke-Chang Equation

Average Apparent Reference of
System Association Parameter Experimental Data Used
+20
Hy=H,0 b.h + 1.2 Ferrell & Himmelblau {24]
HZ-CH3NH2 2.7 + 0.2 This Work
HZ-NH3 L1 + 0.4 Haul and Puttbach [32]
D2-NH3 3.7 + 0.2 Haul and Puttbach [32]
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It was pointed out earlier that Ferrell and Himmelblau [24] used
the theory of absolute reaction rates to arrive at a generalised
correlation that expressed the change of diffusivity with temperature.

The generalised form of the equation was given as

D = A —I
° a
|
o
Du] 1
or T = Ao (1-48)
where AO is a constant for a particular solute-solvent pair. This is in

contrast to the Stokes-Einstein [35] or the Eyring [26] models which
Du

suggest that "FL is a constant for a particular size of the solute

molecule and for a particular solvent. Ferrell and Himmelblau indi-
Du

cated that _Tl' tends to decrease with an increase in temperature for
the hydrogen-water and helium-water systems. The same fact is bor?e

Du, ¢
out for the hydrogen-aminomethane system. Average values of !

T
Du
and ~— are given for different temperatures in Table 7. A word of

caution is, however, in order with regards to the use of Table 7. The
experimental data have been obtained between the temperature range of
~20°C to =30°C but Table 7 includes values at -10°C and -40°C which were
obtained by extrapolating the mean line of the D vs. 1/T curve shown in
Figure 6.

In order to take account of the presence of quantum effects in the

diffusion of lighter gases dissolved in liquids, the quantum parameter

-



TABLE 7

A
Du Dul

Comparison of - and -

for the Hydrogen-Aminomethane System

Du " Du
Teg) x| = x0f
263 1.68 1.34
253 1.68 1.37
243 1.66 1.39
233 1.65 1.41

46.
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A* of Hildebrand et al. [25] was used to give the following equation:

] b

Du 22 1
1 = O I 0 S -
L —Ao—al: . (1-44)

Although Ferrell and Himmelblau [24] used this equation for predic-

ting diffusivities of sparingly soluble gases in water, in principle

there is a set of constantsaé and b for each solvent.
Duqy |
Average values of } were determined from the data of Haul and

Puttbach [32] for hydrogen-ammonia and deuterium-ammonia systems along

with the values for hydrogen-aminomethane obtained from the best fit line
' 2
+ A*
of Figure 6. These are plotted vs. [J—WTJL—-] on Figure 8. The best
_ 2
values of a and b determined from this plot are given as

2 5.66 x 107/

and b 0.53

The general equation (1-44) thus becomes

,70-53

D = 4.66 x 107 —L [‘ + A } (1-49)

o Vv
1 2

¥

The molar volumes of the solute species used in this equation are as
reported by Scott [36].

Equation (1-49) was used to predict the diffusivities of hydrogen,
hydrogen deuteride and deuterium in aminomethane and ammonia. Represent-
ative values of the diffusion coefficient using this equation are compared

with available experimental data in Table 8. The predicted data are



0.3

(1+A*2) N /

0.1 |

FIGURE 8

Estimation of Best Parameters for Equation (1-44)

48.
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within 5% of the experimental values. It is suggested that this equation

be used to predict diffusivities of these systems in absence of experi-

mental data.

5.3 Hydrodynamics

In order to be able to use the models of Davidson ard Cullen [3] for
evaluating the diffusivity of hydrogen in aminomethane, it is necessary
that the flow over the sphere absorber be laminar. This is evident from
the fact that both the low depth anﬂ the high depth of penetration models
assume the film thickness around the ball to be represented by Nusselt's
equation of flow over a flat plate [12].

Based on a Reynolds number criteria the data of Davidson and Cullen
[3] and that of Goettler and Pigford [9] indicate that the condition of
ripple free flow was maintained for values of Re in excess of 110. In
comparison with this, the experimental data of a number of other authors
137-42] have indicated that wave inception begins on the liquid at
extremely low flow rates well within the viscous flow region. Kapitza

[43] has deduced that the Reynolds number at wave inception is given by

1/11
_ &3
Re] = 2.4 [—E] (1-50)
gv

and has shown that in the pseudo laminar region for Reynolds numbers
Re > Rel the velocity profile in a liquid film flowing over a vertical

plate remains parabolic (as derived by Nusselt), but the mean film thick-

ness is given by

{ 2.4 vr /3
Vv

A= ——é—_—J (1-51)

\
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The work of Tailby and Portalski [44-48] has contributed to a better
understanding of the flow of liquid films. Portalski defines the follow-
ing flow regimes with increasing liquid flow rate {471:

(i) Steady Laminar (no waves or ripples)

(ii Pseudo Laminar (wavy flow)

(iii) Transition

(iv) Pseudo Turbulent

(v) Turbulent
(i) and (ii) constitute what has been known as the viscous or laminar flow
regime, and (iv) and (v) constitute the turbulent regime. Portalski [47]
suggests that Nusselt's equation applies only in the steady laminar region
but not in the pseudo laminar regime where Kapitza's equation represents
the experimental data better. Beyond the pseudo laminar region even
Kapitza's equation deviates from experimental data considerably. He also
indicates that the physical properties of the system, namely specific
gravity, viscosity and surface tension affect the film thickness and
suggests that in the pseudo laminar region as the surface tension becomes
smaller the deviation between the values predicted by Nusselt's and
Kapitza's equation becomes smaller. This implies that the use of
Nusselt's equation in the pseudo laminar region for a system such as
aminomethane could well be justified.

In order to establish the above regimes firmly, however, it is nec-
essary that more work be done with systems where effects of viscosity,
specific gravity and surface tension can be independently investigated
through actual measurements of the liquid film thickness.

For the flow of liquid aminomethane over the sphere absorber it was
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found that the meximum Reynolds number that could be attained without

any rippling as seen through the naked eye corresponded to about 50.
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CHAPTER 6

CONCLUSIONS

The single sphere absorber has been used to obtain reasonable values
of the molecular diffusion coefficient for hydrogen in aminomethane. The
accuracy of the reported diffusivities is dependent upon the careful
control of experimental conditions, on the accuracy of solubility and
viscosity data, and on the applicability of the hydrodynamic model. it
is estimated to be within the *5% range reported by others who haQe used
the sphere absorber.

Agreement with the theoretical model of Davidson and Cullen [3] was
obtained only for liquid flow rates where the depth of penetration of the
solute gas into the liquid film was high. Deviations from the model are
thought to be due to convective mixing. Surface tension may be an important
factor in determining allowable flow rates, but additional work is
required to establish criteria useful for predicting the onset of con-
vective mixing in films over spherical surfaces.

The method suggested by Ferrell and Hfmmelblau [24] has been used to
correlate experimental data for the diffusivities of hydrogen in amino~
methane and ammonia. Equation (1-49) is recommended for use in esti-
mating the diffusion coefficients for hydrogen, hydrogen deuteride and

deuterium in aliphatic amines.
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NOMENCLATURE
A interfacial area (cmz)
An corrected interfacial area (cmz)
A, surface area of a dry sphere (cmz)
Ao a constant for a given solute-solvent pair defined by
equations (1-42) and (1-4k) [ QEEEE%}-]
sec” °K
A constant in Erying's equation (1-37)
A, constant of integration in equation (1-}1)
a association parameter in equation (1-33)
a constant in equation (1-4&)
b exponent in equation (1-44)
c concentration of solute (QE%J
P concentration of solute a:mthe interface (EE%J
o concentration of solute in the bulk liquidCTEE%)
Cs concentration of solute in the bulk liquid lZZving the nozzle (5230
D diffusion coefficient of the dissolved solute (%EE) ©
d diameter of take-off tube (cm)
dj diameter of the jet (cm)
E given as the function defined in equation (1-45)
Ep energy of activation for diffusion (§5§%%TE)
Eu energy of activation for viscosity 655§%%T39
G rate of absorption of the solute gas in the liquid (€22

sec
G(1 atm) rate of absorption of solute gas corrected to 1 atm solute

. gms
partial pressure (sec)
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rate of absorption of solute gas in the liquid jet €£59

rate of absorption of solute gas in 1iquid over. the sphere (gg%)

rate of absorption of solute gas in liquid ocver the sphere

. . s
after area correction due to surface film (%EEJ

rate of absorption of solute gas due to a temperature

fluctuation (SEEQ
sec

rate of absorption of solute gas due to a take-off level

fluctuation GEEJ
sec

acceleration due to gravity cm2
sec

atm

, . .
Henry's Law coefficient (mo]e Froction

Planck's constant (erg-sec)
height or length of jet (cm)

take-of f height (cm)

3
Lo cm
liquid flow rate (T2o)
. ms
molecular weight of solvent (gm-mole)

molecular mass (gms)

Avogadro's number (g_gng_r]n_se_)

number of moles

total number of terms in equation (1-28)
vapour pressure of the solvent (atm)
partial pressure of solute gas (atm)
total system pressure (atm)

volumetric flow rate of solute gas (ggz

radius of sphere (cm)
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Re
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cal
gas constant (m)

Reynolds number

Reynolds number at wave inception
temperature (°K)

absorber temperature (°C)

hydrogen soap-meter temperature (°C)
contact time (sec)

volume of absorption system (cm3)

volume of absorption system excluding take-off volume (cm3)

e
molar volume of solvent (————)
gm-gole
molar volume of solute (—=0—)
gm~mole

velocity of liquid along a stream line (Egkﬁ

.velocity of liquid at the surface of the film (§229

distance measured perpendicular to the stream lines
from the surface of the film inwards (cm)

mole fraction of the solute gas in the liquid

dimensionless distance = %-

function defined in equation (1-47a)

Greek Symbols

A

+
A

thickness of the liquid film around the sphere (cm)
thickness of the liquid film at the equator of the
sphere (cm)
kinematic viscosity of aminomethane liquid (EEZJ
the angle between the vertical and a radial line (radians)

a stream function as defined by equation (1-16)
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¢ a transformation variable defined by equation (1-19)
¢y the limit of ¢ for a sphere; defined by equation (1-25)
o a transformation variable defined by equation (1-29)
@ a property of the solute defined by equation (1-36)
o standard error in diffusivity
o standard error in liquid flow rate
o ¢ standard error in driving force
% ° standard error in gas absorption rate
avs standard error in kinematic viscosity
8 a transformation variable defined by equation (1-32a) (°Kf])
Bi pre-exponential coefficients of equation (1-28)
Y; exponential coefficients of equation (1-28)
u viscosity (centipoise)
My viscosity of solvent (centipoise)
A* quantum parameter defined by equation (1-43)
o collision diameter of the solute molecules (A)
o, surface tension of the solvent (dynes/cm) )
€ collision energy of a solute molecule [ ﬂﬂi{?l}
sec

n ratio of absorption rates as defined by equations (1-46)

and (1-26)

. . . % cm3
s kinematic surface tension of the solvent = ry { --3?]

sec

o density of the solvent 63259

cm 2
¥ liquid volumetric rate per unit length (EEE)
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APPENDIX Al

Experimental Data

The experimental data on the physical rate of absorption of hydrogen
in aminomethane are summarized in Tables Al-1 and Al-2.

Only those runs where the experimental control of the variables was
satisfactory have been included.

The significance of the variables listed in the tables is indicated

in the nomenclature.
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APPENDIX B1
The following start-up and operating procedure may be used for the
measurement of diffusivity of hydrogen in liquid aminomethane using the
single sphere absorber.

(1) Charge the system with hydrogen and make a few soap bubbles in the
soap-meter to check for possible gas leaks in the system.

(2) When the soap bubbles are stationary for about 30 minutes, charge
the hydrogen saturator with pure aminomethane.

(3) Open the solenoid valve S] between the hydrogen saturator and the
gas absorption chamber.

(4) Start the peristaltic (hydrogen circulation) pump and circulate
hydrogen for about one hour. The system temperature will rise
during this time.

(5) Stop the peristaltic pump, close solenoid valve S, and allow system
temperature to stabilize.

(6) Immerse the aminomethane dump tank in liquid nitrogen.

(7) Open the solenoid valve S] and the solenoid valve 52 between the
liquid distributor and the absorption chamber.

(8) Introduce aminomethane to the system by opening the micrometer
control feed valve. Maintain the flow rate at a level higher
than the discharge rate of the nozzle. This will cause amino-
methane to accumulate in the distributor.

(9) Step 8 will cause the system pressure to increase substantially
due to aminomethane vapour pressure. Vent the system periodi-

cally to ensure that the pressure remains above the setting of



(10)

(1)

(12)

(13)

(14)

(15)

(16)

a7)

(18)

(19)
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the gas regulator.

When the aminomethane level appears in the take-off tube, open the
valves in the liquid return line and adjust the micrometer
control liquid return valve so as to maintain the liquid level
in the take-off tube.

When the level of aminomethane in the liquid distributor reaches
the glass tube above the distributor, close the solenoid valves
S] and 52 and adjust the feed control valve to maintain the
desired flow rate as seen on the liquid rotameter.

Bring the pressure of the system to the value corresponding to the
regulator setting by venting the excess pressure from the system.

Open solenoid valves S] and 52 momentarily to balance system
pressures and then close them again.

Wet the soap-meter wall with soap solution by allowing some hydrogen
gas to bubble through it and go through the soap-meter.

Carry out the final adjustments on the aminomethane feed rate and
liquid level in the take-off tube.

Open the hydrogen feed valve and allow the system to stabilize.

Record the :eadings of the four system thermocouples during this
transient period. A steady temperature record indicates that
the system is reaching stability.

After reaching a steady state with regard to the temperatures, form
two soap films in the soap-meter and record the time taken by the
bottom bubble to sweep a given volume (5.0 cc).

Control the liquid level in the take-off tube at the desired level

for the entire duration of the run. A cathetometer should be
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used for this purpose.

(20) The liquid flow rate or take-off height may be changed during a
run, but at least 20 minutes should be allowed for the system
to stabilize after any change is made in the absorber conditions.

(21) Upon completion of a run, close the hydrogen feed valve and drain
the liquid aminomethane from the absorber flow lines and the
liquid saturator into the dump tank. The remaining aminomethane
in the feed tanks should also be drawn into the dump tank.

(22) 1solate the dump tank from the absorber and evacuate the dump tank
to a pressure of about 5 microns. Ascertain that sufficient
Tiquid nitrogen is present around the dump tank.

(23) Isolate the dump tank from the vacuum system and allow it to warm
up to room temperature.

(24) Evacuate the gas-absorption system so as to clear it of any
residual aminomethane and hydrogen.

(25) On the day following the run, immerse the feed tanks in liquid nitro-
gen and evacuate them. Isolate the vacuum system and feed
aminomethane, under its own vapour pressure, from the dump tank
to the feed tanks.

(26) When all the aminomethane is transferred, isolate the dump tank and
evacuate the feed tanks so as to degas the aminomethane further.

A pressure of about 1 micron should be maintained in the feed tanks
for about four or five hours. This requires that the liquid
nitrogen level around the feed tanks be kept high during this time.

(27) lsolate the feed tanks and allow to warm up to room temperature. A

period of about forty hours should be allowed for this purpose.
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APPENDIX CI
The equations used for the analysis of the errors in the data
obtained for the determination of the diffusivity of hydrogen in amino-
methane may be developed as follows.
The error of a number of measured quantities may be expressed in

terms of a standard error defined as

o* = - (c1-1)
N
where
¢ = standard deviatibn of the measured quanfity
and N = the total number of observations.

For any function

¢ = f(A,B,C,D)

The standard error aG_in G is given by

2 2 2
2 af 2 . of, 2 f. 2 3f, 2 )
o= GR ot Gy g * G . * G % (c1-2)

where G is the mean of G and aps Gps %o ay are the standard errors in the
means of A, B, C and D.

The rate of gas absorption on the sphere absorber is represented by
the high depth of penetration model of Davidson and Cullen [3].  Neg-

lecting the last two exponential terms in f(¢) the equation may be written

as

o
It

. L(Ci-Co) [1 - 0.7857 exp(~3.414a) - 0.1001 exp (-26.212)] (C1-3)

1/3 (/3

D (1-29)
LE/3

where o 2 x 1.68n [2§§J
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The contribution of the two exponential terms neglected in equation (C1-3)
is negligible at the saturation levels involved in this study. Equation

(c1-3) may be expressed in general as

G, = fl[L,(Ci-Co), D, v] (c1-4)
3G 2 3G 2 3G 2
o 2 o 2 + S a2 + s o 2
- G aL L a(ci-coi (ci-co) oD D
%, 2 )
ol Bl N (c1-5)
Representing
£(a) = 1 - 0.7857 exp(-2.414a) - 0.1001 exp(-26.21¢a) (c1-6)
3G 3G 2G 3G
S S

- . S S
the derivatives =7, a(ci-co) > 3D and 5y MY be represented

as follows:

G

2_L5_ = (c,-C.) fla) + L(c;-C) [-0.7857 (-3.414) exp(-3.41ka)
vq 0Q
- 0.1001(-26.21) exp(-26.21a;] e
- 36
or I = (ci-co) fla) + L(Ci-Co) [2.6824 exp (-3.L41ka) + 2.6234
exp(-26.21a)] %%- (c1-7)
Representing
8(a) = 2.6824 exp(-3.414a) + 2.6234 exp (-26.21a) (c1-8)

equation (C1-7) reduces to
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3G
S

== (e fle) + L) 8la) 52 (c1-9)

The remaining derivatives are obtained in a similar manner:

S — -

c=cy - L@ (c1-10)
] [o]

aGs a

5 - L(ci-co) g(a) 35 (c1-11)

aGs Ja

_3-\)_ = L(Ci"co) B(u) v (C]‘]Z)

The partial derivatives of 'a' may be obtained from equation (1-29) as

da  _  _ -3 _
T = 8/3 T (c1-13)
& _ & -
2= 3 (c1-14)
& _ [ -
= = -3 (c1-15)

Substituting from equations (c1-9) to (C1-15) in equation (C1-5), og May
s

be written as

S

a? = {«:i-co)2 () + % o2 g - 3 e(a)a]} o
(¢
s12 @l )t L2(c,-c_)? 6°(a) 2 1D
1 (o}

+ (-3%)2] (c1-16)
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Considering the fractional errors to be all additive (thus representing

the worst situation), oy may be expressed as

op2 F)? . 168 L fl)) Sl fl),?
) -“(—msZ) * g3 (—msi)} ) + Gy
% ¢ )2 2 g 2 o 2
i ‘o f(a) s 1 v -
lm] * Gy [—es] * 3 &) ] (c1-17)

Representing

z= 327(‘;-‘); (c1-18)
equation (C1-17) reduces to
2 o 2
ap 2 _ 2 % 2 2 o‘Ci-Co 2 Gs
) = @-43) O +Z =< | *? T
) s
%2
+g ) (c1-19)

The total measured hydrogen absorption rate in gms/sec into the

absorber may be written as:

P
_2.016 (273.15; (T -
Sy = 2556 | T, &)Y (c1-20)
where
T, = hydrogen soap-meter temperature (sec)
Q, = volumetric flow rate of hydrogen (cc/sec)

Following a similar pattern of analysis as shown for ag > the following

s
equation may be written:
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0 12 2 (ap 32 2
-;—'i = u:—“ + —:—T + iQ—“— (c1-21)
H H T QH

Also QH = =3 (c1-22)

where Voo, = vol. of hydrogen swept in soap-meter (cc)

t = time for sweeping volume V., (sec)
2
aQ, ]2 %y o, 2

TH_ - VSFM + (Tt) (c1-23)

H SFM .

o 2 a 2 a 2 o 2 2

X R T Pr Veey | o )
.e —é— = T— + —P— + v + (T) (C] 21")

H H T SFM

The total measured hydrcgen absorption rate may be considered to

consist of the following:

— (ol IS

GH = GA + Gj + GT + GTL (C1-25)
where

GH = total measured gas absorption rate (g—t;%)

G, = actual absorption rate on sphere ('2-2—5)

G. = gas absorbed on jet (&)

J sec

GT = hydrogen absorption rate due to a change in absorber

. ms
temperature during a run (SE-E)

GTL = hydrogen absorption rate due to a change in the take-off

level during a run (LN
sec
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GT and GTL are assumed to have a mean of zero so that only the expected
error due to their presence is considered. From equation (C1-25)

the fractional error may be expressed as

2 2 2 2 2
og %g oG . ag og
_A = i + | + T + TL (c1-26)
G G G G G '
H H H H H

The absorption rate on the jet is given by

_ o 3 .
Gj = l;.o(ci co) {hjLD} (1-1)

Assume C'!' =0
o

.. fractional error is given as

g, )2 (oc, )P ap, )2 o 2 ap. 2
—.LG. = | = + 1/4 _.Lh. + ]/l&(T) + ]/Q(T) (c1-27)
J J

The effect of a change in the absorber temperature and the liquid

take-off height may be determined from the equation describing the

hydrogen partial pressure in the absorber.

P, = P - P, (c1-28)
where P2 = hydrogen partial pressure

PT = total system pressure

P] = aminomethane vapour pressure

Assuming the gas law to hold

nRAT,
Py v (c1-29)

s v T 1 (c1-30)
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Also

_ {8n -
G+ 6y = {Bt )P X 2.016 (c1-31)
T

since the effect of GT and GTL is to change the number of moles at

constant total pressure.

From equation (C1-30)

) (P-P,) oy V(PP [ T,
5t T, 5, =7 |,
T T A T
3p
S R 293
T [ 3t JP (C1-32)
.

Since GTL is a change represented through a change in volume one might

say that
(Pr-P})
o = 2.016 ==L @39 (c1-33)
TL A P
T
and also as GT is manifested through a temperature change
oP T
= - v - T |t A -
aGT = -2.016 Tz {P, TA[STAJ } [Bt }P (c1-34)
A L P T

T
The change in absorber volume due to a change in the liquid take-off

height may be evaluated as follows:

wdz
VvV = 5 hTL + VS (c1-35)
where d = diameter of the take-off tube
hTL = take-off height
V_ = volume of the absorption chamber excluding the take-off tube
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2 dh
. v _ 7d TL -
s (5?) = I [—BT—]P (c1-36)
T

dh
Approximating [ _EE_'] by a linear relationship between hTL and t

2 Ah
dvy . wd TL _
(E')P * I (c1-37)
T
P 2 bh
Lo = 2.016 = () D) (c1-38)
TL A
oP
Similarly, for g the derivative s is required. This may be
T A

evaluated from the expression of P] as a function of TA’ namely

in P] = 100.90554 - éZlé%égégé + 0'022h8TA - 15.3 1In TA (C]‘39)
A
3P
FL [ 1] - 5716.32506 . nooug - 15:3 (C1-40)
oT 2 T
1 A TA A

BP] BTA
Substituting for {ET-J in equation (C1-34) and approximating (5?—
ATA A

bY —+
_ -2.016 _ 5716.32506 _
0g =~ P, = P, [_—T— + 0.02248TA 15.3]
T RAT, A
AT
A -
[TJ (C1-41)

The actual hydrogen absorption rate over the sphere GA is related *to the

rate GS through the area correction accounting for the film thickness over

the sphere.

Gs = ACOR (C1-42)
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Ap N
where ACOR = 4= =1 + 2.58 & (1-30)
S
173
+ 3vlL -
A = (2ng) (1-31)

This leads to the relation
o 2 2 : 2
G ag a
S _ A ACOR -
[ Gs] ‘l GA) *[ ACOR] (c1-43)

Using the definition of ACOR (equation 1-30) and equation (1-31), the

following equation may also be written down:

[“Acoa ]2 _ [ 2.588" ]2 (“TL)Z . [ 2.588" ]2 (“Tv)?'

ACOR 3R (ACOR) 3R (ACOR) (C1-44)

The bulk concentration Co of hydrogen in aminomethane flowing over

the sphere is given by
—3 .—L -
N L | (1-2)

which leads to the relation

2 2
[3] ‘i} e -
C ‘l 3 T 45)

by

C; = T P (C1-46)
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where M] molecular weight of aminomethane

= density of aminomethane

O
—
|

X
1

2 Henry's Law coefficient

U
|

9 = partial pressure of hydrogen

Following the procedure outlined earlier, the fractional error in the

interfacial concentration is given by

GC. 2 ap 2 aH 2 G'P 2 °"P 2
L | | L} e 2 i —1 i T
¢ oy Hy Pr =P i S

O.T 2
A (C1-47)
where
1__ |12, 1 ¥y 1
AT, Py 3Ty (Pr =P ol (Pp - Py)
Moo
BTA H2 BTA
oP
Assuming PT to be constant, thus neglecting 7 the above equation
A
reduces to
op p oH
1 1 1 1 1 1 2 (
= | — —=— - - - —_— == C1-48)
AT, {p] 3T, P - P) 3T, H, BTA}

The derivatives of Pys P] and H2 with respect to temperature are obtained

from the defining relations of Py» P] and H2 as a function of TA. The

relations for P, and H2 are given as equations (C1-39) and (1-32) respec-



77.

tively. The variation of density i with temperature is given as

CP 0.90580 - 4.00947 x IO_ATA - 1.45769 x IO-GTA2 (c1-49)
. %
From the relations of —EL and —EQ- the fractional error in the

i o
driving force (Ci-co) may be obtained from

“c.-C, 2 o, 2 oc_ 2
tc | T |, * C-C_ (C1-50)

Using the relationships derived for the different variables used during
an experiment (equations (C1-20) to (C1-50)) the error in the diffusion

coefficient may be explicitly evaluated using equation (C1-19).



PART 11

KINETICS oOF HYDROGEN -

AMINOMETHANE EXCHANGE
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CHAPTER 1

INTRODUCT ION

The kinetics of the hydrogen-aminomethane exchange reaction have
received limited attention in the past [1,2] and the data available do
not conform to the operating conditions of interest to industry.
Industrial contactors are expected to operate with a high concentration
of thé homogeneous potassium methyl amide catalyst and within a
temperature range of -40°C to 70°C. The data of Bar-Eli and Klein
[1] was restricted to very low lithium catalyst concentrations of
less than 0.3 gms Li/kg solution and temperatures of less than -22°C,
while Rochard [2] obtained her data at potassium methyl amide concen-
trations of less than 5 gms K/kg solution and temperatures not
exceeding -62°C. The above mentioned investigations were both conducted
in stirred type reactors and difficulties may have been encountered
in eliminating mass transfer resistance at higher temperatures and
catalyst concentrations.

The work reported here uses the single sphere absorber which allows
the measurement of the rate constant at conditions of greater commercial
significance.

The exchange of isotopic hydrogen with aminomethane in the region
of low deuterium concentrations can be described by the following

reversible reaction:

k

1
HD + CH,NH, & CHNHD + H, (2-1)
2

which takes place in the liquid phase and is catalyzed by potassium

-
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methyl amide. Bar-Eli and Klein [11 and Rochard [2] investigated the
kinetics of the above reaction and concluded that the exchange process
is of first order with respect to HD and CH3NHD concentrations. They
indicated that the reaction rate is substantially higher than for the
analogous hydrogen-ammonia system. Since the latter reaction is known
to be fast [3] it is reasonable to suggest that the hydrogen amine
system also invo]vés a fast reaction.

Assuming that the concentrations of CH3NH2 and H2 are large and
substantially invariant, the exchange process may be represented by
a pseudo;first order reaction given as

W 3 CHNHD (2-2)

K2

The equilibrium constant for the reaction (2-2) may be written down as

. [CH3NHD]e

k
= 1 -
S ) S (23]

where [CH3NHD]e and [HD]e represent the concentrations of the deuterated

species at equilibrium. The local rate of reaction 'r' may be expressed as
r = k,[HD] - kZ[CH3NHD] (2-4)

which on substitution from (2-3) gives

Ky
r = kl[HD] - — [CH3NHD]
K
[CH3NHD]
= k]([HD] - —) (2-5)
K

Equation (2-5) couid aiso be written as

r=k{c-c) (2-5a)
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where 'C' is synonymous with [HD] and Ce is a concentration of HD that
would be in equilibrium with [CH3NHD]. If the bulk volume of the
liquid aminomethane used is such that the molar ratio of the liquid

to hydrogen gas is large then the product concentration [CH_NHD]

3

is essentially constant and Ce in equation (2-52) would also be a
constant value.

The rate constant, kl’ of the exchange reaction can be simply
measured by knowing the total liquid holdup and the absorption data,
provided the resistance for transfer of deuterium in the liquid phase
can be sufficiently reduced so that the reaction becomes the rate
controlling process. This condition has been defined as the kinetic
regime by Astarita [4]. When, however, the reaction is a fast one it
becomes exceedingly difficult to reduce the mass transfer resistance
sufficiently to operate in the kinetic regime. The data of Bar-Eli
and Klein [i1] and Rochard [2] was obtained in stirred type reactors which
were provided with mechanical vibraters and stirrers so that mass transfer
resistance may be reduced. In spite of this, their work was restricted
to low catalyst concentrations and low temperatures because of diffi-
culty in operating in the kinetic regime.

In contrast to operation in the kinetic regime there are a number
of contactors which make it possible to conduct the exchange reaction
in the fast reaction regime [4]. These include the wetted wall column,
the laminar jet, the multiple sphere absorber, the single sphere
absorber, the disc column absorber and the rotating drum absorber.

The fast reaction regime is typified by high diffusion times as com-

pared to the reaction times and a narrow reaction zone close to the gas-



liquid interface. For the pseudo-first order reaction (2-2) operating
in this regime, the overall chemical absorption coefficient KL is given
by

K= /KD (2-6)

where k1 is the pseudo-first order rate constant and D is the molecular
diffusion coefficient of the solute in the liquid phase. The rate of

absorption of the solute specie is represented as
6 =K A(C-C) (2-7)

where Ci and Ce are the interfacial and chemical equilibrium concentra-
tions of the solute in the liquid phase. |If KL is known through experi-
mental determination, then using the values of D estimated in the first
part of this thesis, it is possible to evaluate the kinetic constant
k; from equation (2-6).

In preference to the other contactors mentioned above, the single
sphere absorber was used for this study. Its merits over the other

absorbers may be summarized as follows:

(i) It minimizes the end effects common to other gas liquid
contactors.
(i1) It provides longer contact times (0.1 sec to 1.0 sec) which

is desirable for operation in the fast reaction regime.

(iii) Relatively high liquid flow rates without surface rippling
may be employed with this absorber.

(iv) Its surface area exposed for absorption is large which makes

it suitable for absorption of sparingly soluble gases such as hydrogen.
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CHAPTER 2

LITERATURE SURVEY

A study of the kinetics of the exchange of hydrogen with ammonia
or aminomethane involves an investigation of .the manner in which the
rate of exchange varies with the concentrations of hydrogen and of

the catalyst in solution. The work of previous investigators [5,6,7,8]

in this area is outlined below.

2.1 Hydrogen-Ammonia System

Aminomethane is a simple substituted derivative of ammonia and as
such, exchange studies éf the hydrogen-ammonia system with alkali metal
amides as catalysts are pertinent and useful towards an assessment of
the behavior of the hydrogen-aminomethane system.

Wilmarth and Dayton [5] used a stirred reactor to obtain exchange
data for the hydrogen-ammonia system at -53°C using potassium amide
as a catalyst in solution. Their work was restricted to very low
catalyst concentrations ranging from O to 10 millimoles/litre (mm/1).
The rate of exchange was reported to be proportional to the concentra-
tions of hydrogen and the amide ion. A rate constant kl = 1.3 min_]
was obtained at a potassium amide concentration of 2.7 mm/1. Bar-Eli
and Klein [6] also used a stirred reaction cell and extended the
hydrogen-ammonia study to higher catalyst concentrations ranging from
5-200 mm/1. They covered a temperaiure range of -80°C to 0°C
but their data of k vs. temperature appears to be inconsistent

when compared with the data reported for k vs. catalyst concentra-

tion. Based on the data of k vs. temperature, however, they
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indicate that an activation energy of 7.5 kcal/mole was obtained for
the hydrogen-ammonia exchange reaction. Dirian et al. [7] investigated
a fairly wide range of potassium amide catalyst concentrations extending
from 0.4 to 1400 mm/1. They indicate that the mass transfer resistance
in the liquid phase could not be eliminated at conditions of high
catalyst concentrations and high temperatures inspite of stirrer

speeds of about 9000 rpm. At -50°C the mass transfer resistance could
be eliminated only for catalyst concentrations upto 60 mm/1. Froﬁ a
plot of the kinetic rate constant vs. the catalyst concentration at
-50°C reported by them, it appears that k] = 1.5 min-] at abgut 2.5 mm/1
and k1 = 2.5 min-] at about 5.0 mm/1. This would indicate concurrence
with the work of Wilmarth and Bayton [5]. An activation energy of 8.0
keal/mole was reported for the reaction. Delmas et al. [8] also
conducted a study of the exchange of the hydrogen-ammonia system using
a stirred reactor. Their work was directed towards the evaluation of
the dissociation coefficients of the potassium amide catalyst in solution
and their conclusions have helped to identify the catalytically active
specie. The study covered an investigation of amides of potassium,
rubidium and cesium within a concentration range of 1 to 200 mm/1 at
-45.3°C, -59.3°C and -70°C. Typical values of the rate constént at
-59.3°C and at potassium amide concentrations of about 5 mm/1 and 150
mm/1 are approximately 1.0 min-] and 20.0'rnin_1 respectively. A value
of 5.5 kcal/mole is reported for the activation energy of the reaction
and the discrepancy with the value of 7.5 kcal/mole obtained by Bar-Eli
and Klein [6] is attributed to different values used for the solubility

of hydrogen. The work of Bourke and Lee [3] appears to be the only one
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where the exchange reaction was conducted with contactors which allowed
accounting for the diffusional resistance in the liquid phase. They
used a wetted rod column and a disc column to obtain the dependence
of the rate constant with temperature and catalyst concentration.
They reaffirmed the first order dependence of the rate of reactjon on
the hydrogen concentration and indicated that the reaction zone in the
Tiquid was very narrow, with the bulk of the reaction occurring within
a depth of about 0.001 in. below the gas-liquid interface. Rate constants
were found to lie in the range 10-500 sec-] at potassium amide catalyst
concentrations of 4-40 gms KNHZ/I (73-730 mm/1) . The temperature
range investigated was -40°C to 20°C, and an activation energy of 8.0
kcal/mole was reported. The above authors, however, used diffusivity
values for hydrogen-deuteride in ammonia as predicted by the Wilke-
Chang equation using an association parameter of unity. This equation,
as indicated in the first section of this investigation, underestimates
the diffusion coefficients for the hydrogen-ammonia system by as much
as 100%. The data of Bourke and Lee [3] when corrected for diffusivity
using equation (1-49) gave values of the rate constant in the range
10-160 sec-] for the same temperatures and catalyst concentrations. The
activation energy corresponding to the corrected data was found to be
5.8 kcal/mole. A plot of the corrected values of the rate constant k]
vs catalyst concentration at 20°C indicated that k] varied linearly
with catalyst concentration upto about 365 mm/1.

Values of the rate constant at two temperatures and catalyst
concentrations as obtained by some of the authors mentioned above 3,6,

7,81 are compared in Table 1. In order to obtain a common basis for

comparison the data had to be extrapolated linearly both for tempera-
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ture and catalyst concentration wherever necessary. |t may be noted
from Table 1 that there is a reasonable agreement between the values
obtained from the data of all the investigators at 163.7 mm/1 and
=59.3°C whereas at 655 mm/1 and -23°C the value obtained from the

data of Deimas [8] is significantly lower than that obtained from the
data of the other authors [3,6,7]. This appears to be due to the

fact that a linear extrapolation in catalyst concentration upto 655
mm/1 underestimates the rate constant obtained from the data of Delmas
[8] and this cannot be compensated for through a temperature extrapola-
tion using an activation energy of 5.5 kcal/mole. The higher activation
energies reported by Bar-Eli and Klein [6] and Dirian [7] seem to com-
pensate for the underestimation and result in a better agreement with
the measured value reported by Bourke and Lee [3].

2.1.1 Effect of Catalyst Concentration. In order to understand

the manner in which the catalyst concentration affects the rate constant
kl’ it is desirable to have some information regarding the catalytically
active specie. Wilmarth and Dayton [5] reported that the rate of
exchange of the hydrogen-ammonia reaction is first order with respect

to the amide ion concentration [NH;] which implies that the amide ion

is the catalytically active specie. The rate constant could thus be

cApressed as
ky, = ko[NHZ] (2-8)

The authors suggested that the dissociation of potassium amide in solution

occurs according to the equation

. + -
KNH, Z K+ NH, (2-9)
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and that the reaction proceeds through the formation of a hydride ion
i.e.

> -
NH2 + HD < NH2D + H

(2-10)

H + NH3 > NH2 + H2

Bar-Eli and Klein [6], however, suggest that in addition to the amide
ion, the undissociated potassium amide also catalyzes the reaction
although its activity is 20 times lower than that of the amide ion.
Their data indicates that the reaction rate is linear with catalyst
concentration through the entire range of concentrations investigated

(5-200 mm/1) . The rate constant k] was expressed as
- 1
k1 = ko[NHZ] + ko [KNHZ] (2=-11)

Dirian and his coworkers [7] reported the catalytic effect of the alkaline
cation and suggested the following equation for the rate constant:
'
17 ko1 * ko1 3 (2-12)
2 2

where aNH; and a, + are the activities of the anion and the cation
species respectively. The rate of exchange was found to depend linearly
on cata]&st concentration only up to a value of 20 mm/1 after which the
first order dependence was found to be invalid.

The apparent uncertainty about the catalytically active specie
was due to the lack of information regarding the dissociation coefficients
of amides and the activity coefficients of ions in liquid ammonia.
Deimas et al. [8] conducted a kinetic study of the hydrogen-ammonia
exchange reaction and carefully calculated the dissociation coefficients

for amides of potassium, rubidium, and cesium. They conclude that the
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TABLE 1

Comparison of the Reaction Rate
Constant for the Hydrogen-Ammonia System

Catalyst Activation
Reference | Concentration | Temperature | Rate Constant Energy
mm/ 1 °c . =1 kcal/mole
Min
Bar-Eli ¢
Klein 163.7* -59.3 23.5 7.4
[6] 655.0% -23.0%* 1570
Dirian
et al. 163.7* -59.3 22.8 8.0
(71 655.0% -23.0% 1566
Delmas
et al. 163.7* -59.3 22.3 5.5
[8] 655.0% -23.0% 701
Bourke
& Lee 163.7 -59.3% 28.2 5.8
[3] 655.0 -23.0 1428

* Indicates that the variable was extrapolated outside the reported range.
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free amide ion is the only catalytically active specie and the rate of
exchange is linear with the concentration of the amide ion of potassium
upto a value of 5 mm/1. This corresponds to a potassium amide overall
concentration of about 65 mm/1. They suggest that the deviation from
the first order law above these concentrations is due to the presence

of triple ions like (K2NH2)+.

2.2 Hydrogen-Aminomethane System

(a) System Properties

The investigation of the hydrogen-aminomethane exchange
system is of recent origin and as such the extent of data available on
fundamental properties of the system is very limited. The properties
of particular interest from the point of view of this investigation
include:

(i) The hydrogen solubility.

(ii) The diffusivity of hydrogen-deuteride in aminomethane.

(iii) The equilibrium constant of the exchange reaction.

Rochard [2] has reported data for the solubility of hydrogen in
aminomethane at three specific temperature namely -62.2°C, -77.2°C and
-90°C. These were the temperatures at which her exchange studies were
conducted. Moore [9] undertook a study to measure the solubilities of
hydrogen in amines over an extensive temperature range. His work for
aminomethane covers a temperature range of -62°C to +23°C. Assuming
Henry's Law to apply the temperature dependence of the Henry's Law

coefficient is reported as

Tn Hy = 4.1403 + 1.66128 - 0.11608°2 (2-13)
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where B = %%g%) (2-14)
and P2 = sz2 (2-15)

P2 is the partial pressure of hydrogen in atmospheres and X, is the mole
fraction of hydrogen in aminomethane. Equation (2-13) is used for esti-
mation of the hydrogen deuteride solubility for this investigation.

The data obtained in the first part of this study is perhaps the
only data available for the diffusivity of hydrogen in aminomethane.
The diffusivity of hydrogen deuteride is estimated using the modified
Ferrell and Himmelblau equation reported as equation (1-49) in this
thesis.

The equilibrium constant for the hydrogen-aminomethane exchange

reaction (2-1) may be written as

_ [CH3NHD][H2]

K = (2‘]6)
eq [CH3NH'2] [HD]

where [CH3NHD], [Hz] etc. represent the concentrations of the species at
chemical equilibrium. The separation factor relating the deuterium

concentrations in the amine and hydrogen at equilibrium is expressed as

_ [D/H]amine

o = 57T, (2-17)
€q D/H hydrogen

Rearranging equation (2-16) one obtains

[CH3NHD] m*[?ﬂ
[CHBNH2] H amine

K T e— = — (2-18)
eq [HD] n*[Q]
[H2] H hydrogen
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or K =
eq

33

%eq (2-19)

where m* and n* are the number of exchangeable hydrogen atoms per mole-
cule of the amine and hydrogen respectively. Since aminomethane and
hydrogen both have two exchangeable atoms per molecule m* is equal to

n* for the hydrogen-aminomethane system. This implies that

Keq = aeq (2-20)

AECL [10] have conducted some studies to measure the separation
factor for the hydrogen aminomethane system. Their present conclusions
indicate that the separation factor for this system may be taken to be
equal to that for the hydrogen-ammonia system. The expression for the
change of the separation factor with temperature for the hydrogen-

ammonia system is given as
£ == 237.59 -
19y % = 0.2422 + = (2-21)

where T is the temperature in °K. In the absence of indications to the
contrary aeq is taken equai to a*eq for this investigation also.

(b) Exchange Studies

Kenyon and Pepper [11] noticed in 1961 that small
additions of certain amines to the hydrogen-ammonia system enhanced the
rate of reaction. Bar-Eli and Klein [1] undertook to measure the rate
of exchange of hydrogen-deuteride, tritium hydride and deuterium with
aliphatic amines in the presence of lithium and potassium alkyl amide
catalysts. Their study was conducted in a stirred reactor in a manner

very similar to the study of the hydrogen-ammonia system [6]. The

data for HD-CH3NH2 in presence of LiNHCH3 indicates the rate constant
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to be about 6.5 min~! at -29°C and about 3.5 min~! at -46°C. The
maximum lithium amide concentration studied appears to be about 30
mm/1. A comparison of the rates of exchange of deuterium in amino-
methane and in ammonia indicated that the rate in the amine was up to
35 times higher at -66°C. Based on the kinetic data obtained for the
HD—CH3NH2 system an estimated value of the activation energy was reported
to be 3.6 kcal/mole.

The work of Rochard [2] also conducted in a stirred reactor inves-
tigated the exchange of the hydrogen-aminomethane system between -62°C
ard -90°C and a potassium methyl amide catalyst concentration of 0 to
70 mm/1. For a catalyst concentration of about 9 mﬁ/l a rate constant
of 55 min-I was observed at -62.2°C. In contrast to the value of the
activation energy reported by Bar-Eli and Klein [1], Rochard [2] estimates
the activation energy to be 6.8 kcal/mole and attributes the discrepancy
to a different value of hydrogen solubility used by Bar-Eli and Klein [1].

2.2.1 Effect of Catalyst Concentration. The works of Bar-Eli and

Klein [1] and Rochard [2] are the only ones dealing with the effect of
catalyst concentration on the exchange of the hydrogen-aminomethane
system.

Bar-Eli and Klein [1] noted that at -22°C the rate of the reaction
became invariant to increases in catalyst concentration beyond a value of
10 mm/1. This effect was attributed to the saturation of the amiro-
methane with lithium methyl amide at 10 mm/1. A linear variation of the
rate constant k] with catalyst concentration was observed Qp to the
suggested saturation value. Rochard [2] also observed a linear
dependence of k] with catalyst concentration upto a value of about 20

mm/1 at -90°C and suggested that the subsequent levelling off might be
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due to the variation of the degree of dissociation with catalyst con-
centration. By analogy with the work of Delmas [8] for hydrogen-
ammonia, Rochard suggests that the free alkylamide ion [CH3NH-] may

be the only catalytically active specie. Additional work is, however,
required to determine the degree of dissociation of the alkyl amide
catalyst in the hope of establishing whether the alkylamide ion is

in fact the only catalytically active specie.

2.3 Catalyst Solubility

Since catalyst concentration is an important variable for the
kinetic study of the hydrogen-aminomethane exchange reaction it is
desirable that the limits of solubility of the alkyl amide catalyst
in the liquid be known.

Hayashi tani [12] conducted a study to determine the solubility of
potassium alkyl amide in amines over a temperature range of -78°C to
+40°C. His work indicates that the solubility of potassium methyl
amide in aminomethane decreases with increasing temperature. Typical

values of the solubility reported are 40 gms K/kg amine at -78°C and

25 gms K/kg amine at 25°C.

2.4 Reaction Mechanism

The reaction mechanism for the hydrogen-aminomethane exchange is
derived from the mechanism of the analogous hydrogen-ammonia reaction.
Wilmarth and Dayton [5] suggested that hydride ions were formed in liquid
ammonia solution as a reaction intermediate but this was contested by

Bar-E1i and Klein [6] on the basis that tithium hydride failed to
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catalyze the reaction. They believe that the free electron pair in the
catalyst ion or ion pair initiates the exchange. This, they suggest,
is done by stretching the D-H bond and partially forming a N-D bond.
The solvent molecule then supplies a hydrogen atom and the exchange

is completed by the transfer of charge as shown below.

NH +HD > HiN:D:IH > HiN:D H H:N:ZH
2(solv) > - (solv) T HiN:D H HIN
H H H
Transition Intermediate _
State : Complex (2-22)
> HZND + Hs H: ﬂ# H - HZ + NHZ(solv) + HZND

H

Delmas et al. [8] suggest that the exchange occurs between a HD molecule

and the solvated NH2 ion. A N-H bond of the solvated ammonia molecule

is polarized by NH; and then weakened. A four center mechanism is

involved, i.e.

H(-) + ~=H
i S &
H - Nf----- H-N-H H(-) o6 & H ]
. | /
+ z H = N-z--- H-N-H
. Lo
- P n
----- H 2-2
L» D _ (2-23)
H H(-)
| i
> H-N+H+ |N-H
[
D H

Rochard [2] suggests that the above mechanism proposed by Delmas [8] is

the most plausible one for the hydrogen-aminomethane exchange.
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CHAPTER 3

ANALYSIS OF MASS TRANSFER AND CHEMICAL REACTION OVER A SPHERE

In order to obtain a theoretical support to the experimental study
of mass transfer with chemical reaction in a liquid flowing over a
sphere it is necessary to solve the equation which describes the above
phenomena. In essence this equation is the equation of continuity of

the solute specie and is written as

% +y.vC=DVC-r (2-24)
where %%— = The accumulation term
v.VC = The convective transfer term

3
i

The molecular diffusion term

_‘
]

The rate of reaction (disappearance of the specie)

o
]

The diffusion coefficient of the solute in the liquid phase.

Equation (2-24) may be written in spherical coordinates to represent
a solute mass balance in a liquid flowing over a sphere. With reference
to the set of coordinates given in Figure 1 and neglecting convective
terms in the R and ¢ directions and the diffusion terms in the & and

¢ directions, equation (2-24) may be simplified to give

owla
b3 [

_ v, f3aC oC
DR = 20 = lb(—é)w + Rr+ 22 (2-25)
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x direction

FIGURE 1

Co-ordinate Representation of Flow Over a

Sphere Absorber
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Under steady state conditions and assuming a first order or pseudo-

first order reaction, equation (2-25), becomes

2
3°c 3C  _ 3C _ _
DR _sz D 5 = v, (—ae)w + Rk, (c co) (2-26)

The boundary conditions associated with equation (2-26) may be stated

as follows:

C= Ci X =0 6 >0 , (2~272)
oC _ -
K—O X = A 6 > o0 (227b)

Cc = Co X >0  =o (2-27¢)

where A is the liquid film thickness.

The boundary condition given by (2-27b) is used when the depth of pene-
tration of the éolute in the film is high so that the presence of the
sphere influences the concentration profile. When the depth of penetra-
tion is small (2-27b) may be replaced by

C = Co X = 6 >0 (2'27d)

which considers the film to be infinitely deep as compared to the depth
of penetration. The low and high depth of penetration cases were
reported for the case of pure physical absorption in a liquid flowing
over a sphere by Davidson and Cullen [13].

When the reaction rate is such that the concentration in the bulk
of the liquid is at chemical equilibrium then Co may be replaced by Ce
in (2-27d). A fast reaction, in fact, has the effect of reducing the
concentration level to Ce very close to the interface thus steepening

the concentration gradient in the film. This also implies that when a
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chemical reaction occurs simultaneously with gas absorption the depth
of penetration of the solute species is lower than the case for pure
physical absorption. For higher rates of reaction this effect is more
pronounced. The boundary condition (2-27d) would thus apply in most

cases where a fast reaction was involved.
Ratcliff and Holdcroft [14] presented a solution to a simplified

form of equation (2-26) wherein R was assumed much larger than A and
2

%&- was neglected in comparison to R 2—%~. Their solution was asymp-
X

totic to the equation for physical absorption of Davidson and Cullen
[13] but failed to approach the equation describing the gas absorption

rate at high values of the rate constant namely

G = 4nr? KD (c,-c,) (2-28)

where (hnRz) is the interfacial area for absorption on a sphere. Astarita
[15] pointed out this anomaly and assuming no stretching effect of the
liquid film obtained the following solution to the original differential

equation of Ratcliff and Holdcroft [14].

exp(-k,t)

. ,
G = 2R2 o EZi f (\/k]w erf (Vk]t) + )Sinede (2-29)
c

vt

G
where t = R J Sin]/3 8 do (2-30) -

* Jo
[e]

and V: is the interfacial velocity at the sphere equator. The boundary
conditions used for equation (2-29) correspond to conditions (2-27a),

(2-27¢) and (2-27d) with Co and C, assumed equal to zero.
k,R
For a fast reaction when k]t or —Jj; is >1, erf (/k]t) and
v
o
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exp (-kt)
Jt .
equation (2-28). It is important to note that equation (2-28) is

approach 1 and 0 respectively, and equation (2-29) reduces to

independent of liquid flow rate which implies that at high reaction
rates the hydrodynamics over the sphere do not affect the rate of

gas abscrption. This, however, is only true as long as the surface
area of contact can be estimated by the expressfon hsz. For values

of k]t or EE; <<1 equation (2-29) degenerates to

v
o

m Sin6d®
s 173 172 i
0 (f sin  ada ) (2-31)

_ _ 2 +
G = 2(Ci Ce)R owvo /R

For k]t = 0, which corresponds to the case of pure physical absorption,
C, the equilibrium concentration in equation (2-31) may be replaced by
Co the bulk liquid concentration to give an equation which is identical
to the one given by Lynn et al. [16]. In developing equation (2-31),
however, Astarita [15] followed the approach of Lynn et al. [16] who
neglected the stretching effect of the spherical liquid film. Wild

and Potter [17] indicate that when the stretching effect is neglected
the solution given by (2-31) for low reaction rates is about 18% in
error. For high reaction rates the effect is indeed negligible. They
solved equation (2-26) numerically for low depths of solute penetration
and reported different equations representing the absorption rate in

different ranges of k]. Defining

2 5/3
dy = 2 de = 4"R+° Sin  ede (2-32)
v A 3LA

where Vo, the interfacial velocity, and A, the film thickness over the
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sphere, are given by equations (1-5) and (1-3) respectively, in the
first part of this thesis. N is the film thickness measured at the
sphere equator and is given by equation (1-31). The maximum value

of ¢ for the sphere is given as

o= | o (2-33)
Lo

and tmax the maximum contact time is expressed as

T

1/3
¢ = R [ stn ~ 8de (2-34)

max +
o O

<

The solutions obtained by Wild and Potter [17] may thus be written as:

(i) Kitrax = 0 (physical absorPtion)
—— - (&) (2-35)
Lic,c )%,
(i1) kltmax <1.0
G
—_— = 0.455 Kk,t __ + 1.693 (2-36)
1 "max
L(c,~¢ )%,
(iii) 1.0 < kltmax < 5.0
—E = s g+ 268 (2-37)
L(ci-ce)/a; kItmax
) +
(iv} 5.0 < k]‘max < 25.0
-6 1.428 T+ _0.54 (2-38)
L(Ci-ce)/ag k!tmax

~4
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and
(v) Kkt > 25.0
& 18T (2-39)
L(c.~c ) /o I max
1 e 2

[t may be noted that for equations (2-36) to (2-39) it is assumed that
the reaction rate is high enough to keep the bulk liquid concentration
at the chemical equilibrium ve'ue Ce.

Wild and Potter [17] also indicated that their numerical solution
could be closely approximated over the entire range of kltmax by the
equation

s

-n
S N— ' 37X T J (erf/rT P )Sinede (2-40)
L(c.-c ) Vo, max 0 ym
i e 2
where 6
kItmax -4/3 5/3
n = —2-;-8— Sin 5] J Sin ode (2"-!])
* 0

Equation (2-39) is representative of high values of kytax and is
in fact identical to equation (£-28). Using equations (2-35) and (2-40)

one may express the enhancement factor ¢ due to chemical reaction as

u

¢ = 0.421 r/k]t 3 J (erf/rT + é“) Sin6ds (2-42)
max 0 m

Danckwerts [18] obtained a solution for ¢ for a semi-infinite slab
model (i.e. neglecting the stretching effect of the film) which is

expressed as
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ol 3

1 exp(_kltmax)
Jk]t + — erf(/k]t ) + ————\ (2-43)
max sz—-E—— max -

1 ‘max

Wild and Potter [17] compared equations (2-42) and (2-43) for various

values of kltmax and indicated that for low reaction rates neglecting
the stretching effect predicted absorption rates about 18% lower than

the values obtained by considering the sphericity of the liquid film.
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CHAPTER 4

EXPERIMENTAL

L. Apparatus

4.1.1 General. The mechanics of the hydrogen-aminomethane
exchange experiment involve contacting the aminomethane flowing over
the ball absorber with hydrogen gas which is enriched in deuterium.

The hydrogen-deuteride (HD) transfers from the gas phase to the

liquid where it dissolves and reacts. The reaction transfers the
deuterium atom (D) to the aminomethane in exchange for a hydrogen

atom (H) which combines with the remaining H atom of the HD resulting

in a slight supersaturatidn of the aminomethane liquid with HZ' This
excess hydrogen gas then diffuses back to the gas phase. The consequence
of the exchange is therefore to deplete the gas phase of its deuterium
content.

The solubility of HD in liquid aminomethane is very low and
consequently the driving force for mass transfer in the liquid phase
is small resulting in low gas absorption rates. This implies that if
the gas phase were contacted with the liquid on a single pass basis
the depletion of the deuterium in the gas phase would be very small
which in turn would cause difficulties in detection of the small change.
In order to alleviate this problem the gas phase was contacted with the
liquid on a recirculating basis making the depletion of deuterium
cumulative with time. A gas sample drawn from the circulating gas
phase at a suitable time would indicate a deuterium content which is

sufficiently lower than that of the previous sample to make the analysis
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reliable.

The potassium methyl amide-aminomethane (PMA) solution is hazar-
dous to work with and certain general precautions should always be
observed to ensure adequate safety. These precautions may be briefly
summarized as follows:

(i) Potassium methyl amide reacts violently with water libera-
ting hydrogen which ignites creating explosive conditions in an air
atmosphere. Moisture must therefore be kept out of the system at all
times and contact with air must always be avoided.

(ii) When handling PMA solution in a refrigerated condition care
should be taken to allow for volume expansion in case a warm up should
occur or become necessary. Cold PMA solution should therefore, not be
left trapped between valves.

(iii) Aminomethane is toxic and a powerful irritant. Continued
exposure to it can cause eye irritation and respiratory problems.
Adequate ventilation and purge fans should be available when working with
this system.

(iv) The equipment used to feed and to store PMA solution must
be protected against possible pressure buildup by providing pressure
relief valves.

(v) Amyl alcohol and methyl alcohol can be used to destroy the
PMA solution and must be available at hand when required. Adequate
fire fighting equipment should also be available.

(vi) Face protection shields should be worn when handling PMA
soiution to avoid severe burns of the skin and eye damage from possible

splashes.
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The materials of construction used in the design of the hydrogen-
aminomethane exchange equipment were limited to 316 stainless steel
and glass due to the corrosive nature of the PMA solution. The stain-
less steel equipment was designed for 500 psig pressure and temperatures
lower than -200°C. Operating pressures and temperatures in the steel
equipment during an experiment were in the range of 40-50 psig and -4o0°c.
The glass equipment was used where visual observation was desired. It
was designed for a pressure of 50 psig although the most severe operating
conditions were limited to 15 psig and -30°C. Neoprene rubber was used
for most gaskets and O-rings. Polyethylene gaskets were used only where
liquid PMA solution contact was anticipated and polypropylene glands
were used for all valve packings. Polypropylene tubing was used in
place of 316 ss tubing where flexible lines were considered desirable.

4.1.2 Hydrogen-Aminomethane Exchange Apparatus. The basic purpose

of the hydrogen-aminomethane exchange system was to contact a circulating
stream of enriched hydrogen with PMA solution flowing over the sphere
absorber on a once through basis. An adequate volume of liquid feed was
available to allow the liquid to flow on a once through basis and yet
provide a sufficient time for the experiment. The planned temperature
range of investigation was between -10°C and -30°C and to achieve this
the entire exchange apparatus was enclosed in a refrigerated air bath
whose temperature could be controlled between -5°C and -30°C with a
sensitivity of about £1°C. The refrigeration was provided by é Work!"
unit model F62C-502E, six cylinder, two stage internally compounded
refrigerant 502 compressor, with a capacity of 7920 BTU/hr. at ~-100°F

saturated suction temperature. Methyl hydrate was used as the external
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heat transfer medium. Auxiliary refrigeration units of smaller capacity
were used to service the feed and catalyst wash sections of the apparatus.
Details of the equipment that constitutes the exchange system are shown
in Figure 2.

Pre-cooled liquid feed (PMA solution) from the liquid feed
section (I11) came into the absorption system through a ''Whitey 21RS4'
316ss feed control valve (6) provided for accurate flow control. Ahy
solid particles that might have been carried over by the liquid stream
from the feed section were retained in a 60u size 316ss filter (15).
The feed was then passed through a temperature stabilizing coii (16)
and its flow rate was measured with a rotameter (18). A distributor
(19) was provided in line to dampen any fluctuations in liguid flow
before it was admitted on to the sphere absorber (23). The PMA solution
passed over the sphere absorber through a jet nozzle (20) and the
return liquid was collected in a take-off tube (24) from where it was
led out of the air bath. Care was taken to keep the return liquid
outside the air bath cold by installing concentric pipe heat exchangers
(7.8) in the return line. This was done to ensure that no inverse
pressure gradients, created by a possible fluid warm up, would impede
the flow of the liquid to the receiving tanks (IV). A flow control
valve (5) similar to the one in the feed line (6) was provided for
accurate regulation.

Details of construction of the distributor, the nozzle, the ball
absorber and the absorption chamber {25) have been included in the

section on the diffusivity of hydrogen in aminomethane.
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Symbols for Figure 2

1. Amyl Alcohol Container
2. Methyl Alcohol Container
3. Alcohol Pump

k. Drain

5. '"Whitey" Control Valve on PMA Solution Return Line

6. 'Whitey' Control Valve on PMA Solution Feed Line

7,8. Concentric Tube Heat Exchangers on Liquid Return Line
9. Saturator Amine Retrieving Tank

10. Saturator Amine Feed Tank

11. Pressure Gauge

12. Gas Phase Circulation Pump

13. Gas Saturator

14. Solenoid Valve

15. 316 SS Micron Filter

16. In Line Cooling Coil

17. Thermocouples

18. Liquid Feed Rotameter

19. Liquid Distributor

20. Jet Nozzle and its Approach Tube

21. Gas Reservoir

22. Pressure Balance Solenoid Valve

23. Ball Absorber

2L, Take-0ff Tube

25. Absorption Chamber

26. Gas Rotameter
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28.

1.
[tt.
1v.
V.

Vi.

Refrigerated Air Bath Enclosure

Gas Vent Line

To Vacuum System

To

To

To

To

To

Enriched Hydrogen Feed Tank

Liquid Feed System

Liquid Return Tanks and Catalyst Wash Tank
Gas Sampling System

Mercury Manometer for System Pressure Record.
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Enriched hydrogen was introduced into the exchange system at the
beginning of an experiment and then was kept circulating through the
absorption chamber with the aid of a diaphragm pump (12). The
diaphragm was constructed from neoprene rubber and had to be
replaced periodically due to wear. In order to preven£ evaporation
of aminomethane from the surface of the sphere absorber the circulating
hydrégen was kept saturated with aminomethane. This was accomplished
by passing the gas through a column of pure, dry, catalyst free liquid
kept in the saturator (i3). It was introduced into the saturator from
a separate feed tank (10) through a solenoid valve (i14). !f necessary
this aminomethane could be retrieved through the same line into a
chamber (9) immersed in liquid nitrogen. From the saturator the
circulating hydrogen passed into a tank volume (21) where flow fluctua-
tions were dampended and the gas was led into the absorption chamber
through a rotameter (26) . The volume of the gas phase is a parameter
to which the time taken to deplete a given fraction of the deuterated
specie is proportional. The tank volume was thus suitably selected so
that sufficient time for exchange might be available. Gas samples for
analysis were taken from this tank through the gas sampling section (V).

In order to achieve a smooth gravity flow of the liquid over the
sphere absorber it was necessary to balance the pressures in the liquid
distributor and the absorption chamber. This was accompl ished through
a solenoid valve (22) connecting the vapor spaces of the two chambers.
The pressure in the absorption chamber was measured through this line
by a mercury manométer (vi).

At the end of an experimental run the lines of the gas-liquid
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exchange system had some residual PMA solution that could not be
retrieved into the receiving tanks. In order to avoid plugging of

the lines and the jet nozzle with solid catalyst due to evaporation

of the amine from the PMA solution, this trapped liquid had to be
disposed of in a suitable manner. This was achieved through the
catalyst wash and destruction systems. The wash system as shown in
Figure 3 was used to dilute the trapped PMA solution in the lines with
pure aminomethane until the straw yellow color of the solution could
no longer be seen.

The remaining catalyst in the diluted PMA solution was des troyed
using the catalyst destruction system as shown in Figure 2. 1in order
to destroy the catalyst, methyl hydrate was pumped through the lines
and the reaction products were led into the drain or waste disposal
area..

Potassium methyl amide reacts with alcohols to give a non-reactive

alkoxide and aminomethane. The reaction is given by

CHoNHK + ROH > ROK + CH,NH, (2-4%)

where R is an alkyl radical. With an excess of the alcohol the products
of reaction can be taken out of the system without difficulty. The
reaction (2-44) generates substantial amounts of heat the magnitude of
which depends on the alcohol being used. Higher alcohols give a mild
reaction but are disadvantageous from the standpoint of subsequent
system evacuation because of their low vapour pressures.

During an experiment, hydrogen gas samples were taken at suitable

intervals from the tank volume of the exchange apparatus into a line
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Symbols for Figure 3

1, 1-A Aminomethane Holding Tanks

2, 2-A Mild Steel Drums to hold liquid nitrogen when required

3, 3-A Steel Straps

4. Cooling Bath with Ethylene Glycol-Water Mixture

5. In Line Cooling Coil

()

. Intermediate Holding Tank

~

Catalyst Wash Receiving Tank

8. Glas Wool Filters

. Mercury Manometer

10. Pressure Gauge

i. To Vacuum System

11. To Liquid Feed-Receiving Tank System

I11. From Gas-Liquid Exchange Apparatus

IV. To Catalyst Destruction System (Alcohol Lines)
V. Aminomethane Wash Feed to Exchange Apparatus

Vi. Alcohol to Drain during Catalyst Destruction Cycle.
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whose volume was about 5cc. The sample was then expanded into sample
bombs. The aminomethane vapours in the gas sample were condensed in
chilled traps. At the end of a run the samples were analyzed using
mass spectrometry.

in order to characterize the data completely it was necessary to
take PMA solution samples and analyze them for concentration of
potassium. This sampling was not done as a regular feature at the
end of every experiment but was done frequently to ensure that the
catalyst concentration was well established. The analysis was done on
an atomic absorption spectrophotometer.

Additional equipment used to carry out the various operations
outlined above, for a hydrogen-aminomethane exchange experiment, is

described below.

4.1.3 Liquid Feed System. The liquid feed system as shown in

Figure 4 was made up of two parallel trains which served as the feeding
tanks (1-1A) and receiving tanks (2-2A) on an alternating basis. Each
set of tanks was made from two 6 inch diameter, 316 SS chambers immersed
in a bath of ethylene glycol-water mixture (11,12). The temperature

of the bath around the feeding tanks was controlled at 25°C and the

bath around the receiving tanks was kept refrigerated at -40°C. Methyl
hydrate was used as the heat exchange medium. A constant vapour pressure
of the PMA solution at 25°C was thus used to feed the liquid to the gas
absorption chamber. Liquid was fed from the feeding tanks through two
dip tubes and was cooled en route to the absorption chamber by concentric
pipe heat exchangers (13, 14, 15 16) and an intermediate cooling bath
(10) also containing ethylene glycol-water. Adequate residence time

was provided in the cooling bath by introducing an in-line cooling coil
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Symbols for Figure 4

1-1A. Liquid (PMA) Feed/Return Tanks (Ist Set)
2-2A. Liquid (PMA) Feed/Return Tanks (2nd Set)
3. Pressure Relief Valve

L. Pressure Gauge

5. In Line Cooling Coil

6. Intermediate Holding Tank

7. Glass Wool Filter

8. Cooling Coil carrying Refrigerant

9. Stirrer

10-12. Cooling Baths

13-16. Concentric Tube Heat Exchangers

I. To PMA Solution Storage Tank

Il1. PMA Solution Feed Line from Storage Tank
L11. To Argon Pressure Cylinder

IV. To Alcohol Lines for Catalyst Destruction
V. To Gas-Liquid Exchange System

VI. To Vacuum System
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(5) and an intermediate tank (6). Secondary filtering of the PMA
solution was achieved through a glass wool filter (7). Each set of
tanks was provided with vacuum, argon blanketing, pressure measuring

and pressure relief services.

4.1.4 catalyst Wash System. Two stainless steel holding tanks
(1,1A) (Fig.3) containing pure aminomethane were supported on thé edge
of two outer mild steel drums (2,2A) by steel sfraps (3,3A). The
holding tanks were connected in parallel to ensure an adequate supply
of aminomethane‘and to balance pressures. The aminomethane was pre-
cooled by passing it through a cooling coil (5) and a tank volume (6)
both immersed in a refrigerated bath (4) of ethylene glycol-water.

The wash amine was then filtered through a glass wool filter (8) before
being finally led to the gas-liquid exchange section. The diluted PMA
solution was returned into a mild steel refrigerated holding tank (7).
After three or four experiments the bulk of the amine in tank (7) was
flash distilled into the original holding tanks (1,1A) for re-use.

The flash distillation was achieved by filling the mild steel drums
(2-2A) surrounding the holding tanks with liquid nitrogen and connecting
the vapour spaces of the holding tanks (1,1A) with tank (7) which was
brought to room temperature before initiating the distillation proce-

dure.

L.1.5 catalyst Destruction System. Two glass bottles (1,2)(Fig.2)

containing amyl alcohol and methyl alcohol respectively, were connected
to the gas-liquid exchange system through a centrifugal pump (3). The
amyl alcohol was kept stocked as a standby in case of an emergency
situation. The methyl alcohol was used to destroy the remaining

catalyst in diluted PMA solution left in the lines of the gas-liquid
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exchange system after the wash operation was completed. The alcohol
was pumped into the absorption chamber through the PMA feed line,
return line and the drain line. These were the only lines that come
in contact with the liquid. The same pump was then used to pump

the 1iquid out of the chamber into a drain (4). The above procedure
was followed only when some PMA solution spillage had occurred during
an experiment. If such was not the case then the alcohol was simply
pumped through the liquid feed line and out through the return line

into the drain.

L.1.6 Catalyst Make-up Section. Potassium methyl amide catalyst

was made by contacting freshly cut potassium metal with dry aminomethane
in a 10 inch diameter 316 SS storage tank (1) (Fig. 5) of about 35
litres total capacity.

The potassium metal was cut into small pieces, washed in n-pentane
and introduced into the tank through a 1/2 inch bore under a blanket
stream of argon. This was done to prevent contact of air and moisture
with the highly reactive metal. The storage tank was then evacuated
through the main vacuum system (1V) to eliminate traces of air, argon
and n-pentane. When a vacuum of the order of 1-5u was obtained, the
required amount of dry aminomethane was flash distilled into the
storage tank (V) by cobling the latter in a bath of liquid nitrogen.

The frozen aminomethane was then allowed to thaw out and on doing so the
potassium metal began dissolving in the liquid. This could be seen by
observing the blue color of the solution through a sight glass (9).

The solution of potassium in aminomethane is a siow step in the preparation
of the PMA solution. In order to enhance the rate of solution the

aminomethane was circulated in and out of the storage tank by a 316 SS
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Symbols for Figure 5

PMA solution Bulk Storage Tank

Port for Introducing Potassium Metal
Alternate Line for Removing Feed from Tank
Pressure Gauge

Pressure Relief Valve

Glass Wool Filter

Sampling Bomb Assembly

Polypropylene Diaphragm Pump

Sight Glass

. Outer Vessel for holding Liquid Nitrogen When required

Return from Feed System

Liquid Feed to Feed System

. To Argon Pressure System

To Vacuum System

Feed Line for Flash Distilled Dry Aminomethane Vapour
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positive displacement pump with a polypropylene diaphragm (8). Any
solids foreign to the system were retained in a glass wool filter (6)
installed in the circulation loop. A by-pass was installed so that
liquid samples could be drawn from the circulating stream by introducing
a pre-assembled sample bomb (7) in line with the system. Other by-
passes were installed to isolate any piece of equipment from the PMA
circulation line, should any replacement.or maintenance become necessary.
Potassium metal reacted with aminomethane forming the amide and
liberating hydrogen. The liberated hydrogen resulted in an increase
in the total pressure of the storage vessel. This could be monitored
on a pressure gauge (4). A pressure relief vaive (5} was provided to
bleed of f any pressure in excess of a safe limiting value. A dip tube
(3) was also installed so that the entire charge could be dumped if
necessary. This was done as an extra safety measure.

4.1.7 Gas Sampling System. Gas samples were drawn from the gas-

liquid exchange system during a run, into an evacuated line of about
Scc volume. This sample was then expanded through a set of liquid
nitrogen chilled traps (1) (Fig. 6) into an evacuated sample bomb.
Aminomethane vapours carried over with the gas sample were condensed
in the chilled traps. A mercury manometer (3) was used to measure
the pressure in the sample bomb. After the sample was obtained, the
lineg were completely evacuated in readiness for the next sample.

tThe pressure in the absorption chamber was measured by a mercury
manometer (9). In order to know the pressure at which the sample was
drawn from the exchange system it was necessary to know the drop of

pressure in the absorption chamber after each sample was drawn. This
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Symbols for rFigure 6

1. Aminomethane Vapour Traps

2. Gas Sample Bomb

3. Sampling Pressure Manometer

Lk, Ultra Pure Hydrogen Cylinder

. Pressure Regulator Valve

. 15 Litre Tank Capacity filled with Ultra Pure Hydrogen
. Mercury Manometer to measure pressure in (6)

. Differential Pressure 0il Manometer

9. Mercury Manometer on the Gas Absorption Chamber

10. 0il Vapour Trap

11. To Vent

12. Valve isolating Sample Volume from Vacuum Pump.

13. Valve isolating Sample Volume from the Gas-Liquid Exchange Apparatus

14. Glass Valve isolating Sample Volume from the rest of the Sampling
Apparatus

15. Glass Valve to Sample Pressure Manometer

16. Glass Valve to Sample Bomb

17,18 Glass Valves on either leg of Sample Pressure Manometer
19. Valve to introduce ultra pure Hydrogen in (6).

20. Valve for Excess Pressure Bleed

21. Valve isolating (6) from Vacuum Pump

I. To Gas Absorption Chamber

Il. From Gas Reservoir in the Gas-Liquid Exchange System

ttt. To Vacuum Pump
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drop was small enough to go undetected on the mercury manometer (9) and
was thus measured with an oil manometer (8). Octoil-S, a high vacuum
diffusion pump oil was used as a manometric fluid. This oil has a
very low vapéur pressure which is desirable to prevent contamination
of the exchange system. A small ice chilled trap (10) was also used
between manometers (8) and (9) to reduce the risk of contamination.

One leg of the oil manometer was hooked to the absorption chamber
along with the mercury manometer (9). The other limb was attached to
a large fifteen litre tank (6) which contained pure hydrogen. The
pressure in this tank was measured by another mercury manometer (7).
At the beginning of an experiment the pressure in the tank (6) was
set to the starting pressure of the absorption system by matching
manometers (7) and (9). This was accomplished by adjusting the pressure
in (6) so that both limbs of the oil manometer (8) read zero. A hydrogen
supply cylinder (4) was used to introduce gas into tank (6) if required.

b.1.8 Analysis.

(a) Gas Samples
The gas samples taken from the exchange system during

an experiment were analyzed for deuterium content by a mass spectrometer.

The instrument, designed and built by Buckley [19] is a 90° sector
analyzer with a radius of 2.5 inches and employs dual collection of
the isotopes D and H. The sample is introduced into the instrument
as a gas and the signal from the collection cup for each isotope is
amplified and read on vibrating reed electrometers. The electrical
signal of the electrometers is also sampled on-~line by an !BM 1800
process computer which processes the data and computes the results

in accordance with pre-programmed instructions.
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(b) Liquid Samples

Liquid samples of the PMA solution were taken
occasionally from the feed tanks for analysis of total potassium.
Atomic absorption spectrophotometry was used to estimate the concen-
tration of the catalyst. The sample was weighed, hydrolyzed and
diluted to known volumes. A set of potassium standards ranging from
0.0 to 5.0 mg K/Titre solution were prepared and analyzed on the Atomic
Absorption Spectrophotometer (AAS) to gerierate the calibration curve.
The sample was then analyzed and its potassium content was estimated
from the calibration curve. The catalyst concentration was computed
from the potassium content of the sample and the known dilution
procedure. The AAS was a model 290-B '"Perkin-Elmer'' unit which employs
a hollow cathode type ''Intensitron Lamp" #566-M. The cathode of the
lamp contains the element which has to be analyzed. The sample is
aspirated and burnt through a flame which breaks the chemical bonds
of the compound and the individual atoms of the element of interest
float freely in the absorption area of the instrument. Light emitted
from the element of hollow cathode lamp is passed through the flame
and depending on the concentration of the sample a certain proportion
of the light is absorbed. The instrument measures the amount of absorp-
tion.

4.1.9 Hydrogen Make-Up and Purification. A Milton-Roy hydrogen

generator was used to produce a supply of hydrogen enriched with deuterium.
The feed to the generator was enriched water which was electrolyzed

to give hydrogen. The enriched gas was passed through a series of

three beds to remove impurities before entering the gas absorption

chamber. The beds consisted of activated charcoal for hydrocarbon
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impurities, palladium supported on alumina for oxygen-and silica gel

for water.

k.2 Operating Procedures

L.2.1. The Exchange Experiment. The operating procedure used for

conducting the hydrogen-aminomethane exchange experiment was similar
to the procedure for the measurement of diffusivity of hydrogen in
aminomethane as far as control of liquid flow rate, take-off level and
system temperature of the gas-liquid exchange section was concerned.
However, some basic differences between the exchange and diffusivity
experiments introduced important changes in the running of the equip-
ment. A step by step operating procedure for a typical experimental
run is outlined in Appendix A2.

One inch and one and one half inch diameter sphere absorbers were
used for the exchange experiments. The large ball was found to be
useful in effectively reducing the time taken for a given fractional
depletion and thus improved the chances of reaching chemical equilibrium
during the period of the experiment. A jet diameter of .0.046 cms and jet
lengths of 0.2 to 0.265 cms were used to obtain the entire data set.

In concurrence with the findings of the diffusivity work, a take-off
length of 1.25 cms was always maintained and it was assumed that for
this value of the take-off length the stagnant layer mentioned in the
first part of this thesis was always at the junction of the sphere and
the take-off rod. The take-off rod was 1/16 inch in diameter.

Pre-cooled liquid feed was introduced into the refrigerated,

controlled temperature exchange apparatus to contact with enriched
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hydrogen which had been previously saturated with aminomethane and
which was kept circulating at a rate of about 100 cc/sec. The total
gas volume of the system was about 2500 cc which meant that the turn
around time for the gas was about 25 seconds. A liquid flow rate of
about 0.3 cc/sec was maintained by controlling the feed rate with the
"Whitey' control valve. This flow rate was adequate to ensure that
there was minimal enrichment of a liquid element during its residence
over the sphere absorber. At the above mentioned liquid flow rate
there was no visual evidence of any ripples being present on the
sphere absorber. Minor disturbances of the liquid were, however,
observed on the take-off tube level and were perhaps indicative of
some activity on the take-off rod. Since the diameter of the sphere
absorber was 24 times larger than the rod some activity on the latter
could be expected. This only emphasized the importance of keeping the
take-off level well controlled at 1.25 cms.

A gas sample was taken before the liquid PMA solution was introduced
into the system and subsequent gas samples were generally taken at 10
minute intervals during the exchange experiment. This was achieved
by expanding a 5 cc sample into an evacuated glass sample bomb. Amino-
methane vapours in the sample were condensed in a trap immersed in
liquid nitrogen. Before allowing a sample into the sample bomb, the
equivalent of one sample volume (~5¢c) was discarded. This was done
to eliminate the effect of dead volume in the line up to the tank from
which the sample was drawn.

In order to justify the assumption of an essentially constant

composition of the liquid with respect to the deuterated specie the
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minimum molar ratio of liquid to gas in the system during operation was
about 300. This could be achieved by running the experiment at a
hydrogen partial pressure of about 1.2 atmospheres with a maximum total
system pressure of about 2.0 atmospheres at -10°C.

After the desired number of samples were obtained, the feed was
stepped and the PMA solution in the system was drained into.the
receiving tanks. Any left over solution in the lines was diluted with
pure aminomethane and the wash was separately stored. Finally the
system was washed with methyl hydrate to destroy any remarents of catalyst
in the system. The outgoing methyl hydrate, aminomethane and potassidm

methoxide mixture was drained.

k.2.2 PMA Solution Make-Up. The handling of potassium or lithium

metal requires adherance to safe working procedures so that a hazardous
situation might be avoided. The most prominent one of these is the
necessity of keeping the metals out of contact with air or moisture

at all times. The work of Hayashitani [12] has outlined details of

the methods recommended when working with potassium metal. These
methods were followed quite rigidiy.

A high catalyst concentration in the PMA solution results in
high rates of exchange which is a desirable feature from an industrial
standpoint. Catalyst concentrations upto 15.8 gms K/kg Amine were
prepared for this study.

Aminomethane was obtained in cylinders from Matheson of Canada
Ltd. ‘'Its analysis report indicated a maximum of 0.8% moisture content
which was removed by contacting the required aminomethane charge
(about 28 litres) with a slight excess of lithium metal in the absence

of air. The reaction of lithium with water produced lithium hydroxide
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and hydrogen. The equations that describe the reactions of lithium

with aminomethane containing moisture are:
Li + H,0 — LiOH + % H, (2-45)

Li (excess) + CHpNH, >  CHNH Li + % H, (2-46)
The hydrogen produced from these reactions increases the pressure of the
system which in turn inhibits the reaction. The gas was bled off
periodically and the pressure kept at about 30 psig at room temperature.
The reaction was assumed to have gone to completion when no further
increase of pressure was observed. The entire process of removing
water from the aminomethane took about 48 hours.

The PMA catalyst solution was prepared in much the same manner
as the drying of aminomethane. The amount of potassium metal required
for a charge of about 28 litres of PMA solution was cleaned, cut and
contacted with dry aminomethane in a 316 SS storage vessel in absence
of air or moisture. The aminomethane was flash distilled into the
vessel by immersing the latter in a bath of liquid nitrogen. 0On
thawing out, the aminomethane reacted wifh the potassium according

to the following equation.

K+ CHNH, > CH,NHK + I H, (2-47)

This reaction is catalyzed by traces of iron which were supplied by
the walls of the stainless steel vessel.

Potassium metal dissolves in aminomethane giving a blue color to
the solution. It then reacts te form the amide and on completion of

the reaction the color changes to straw yellow. The solution step is
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however, the slower of the two and as such the liquid of the make-up
vessel was kept circulating so as to improve the rate of dissolution.
As in the case of the lithium drying of aminomethane, the hydrogen
pressure buildup was continually relieved to keep the reaction pro-
gressing. In spite of these measures, however, the reaction may still
take a week or more to go to completion. A detailed sequential pro-

cedure for the make-up of PMA solution is included in Appendix A2.

4.2.3 Analysis
(a) Gas Samples

The mass spectrometer used for the analysis of gas
samples was calibrated using hydrogen standards containing 1.5, 99,
365 and 471 ppm deuterium.

The 1.5 ppm standard was prepared by collecting the hydrogen gas
evolved by contacting a water standard of 1.5 ppm deuterium concentration
with calcium metal. The water standard was supplied by the Chalk River
Nuclear Laboratory (CRNL) of AECL. The other three standards were
prepared by diluting a high deuterium concentration volume of hydrogen
obtained from the hydrogen generator with ultra pure hydrogen of natural
concentrations obtained from Matheson of Canada Ltd. These three
standards were analyzed at CRNL relative to the 1.5 ppm water standard
and the resulting values reported above were taken to be the absolute
deuterium concentrations of the samples.

The mass spectrometer was calibrated before and after the analysis
of a set of samples belonging to an exchange experiment. The current
ratios (13/12) obtained from the mass spectrometer for the standards

were compared with the absolute D/H ratios through the following

relationships.
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The ratio of mass three (HD) to mass two (HZ) currents

=
=
]
b}
o
=
E3
I

(l3/lz) for the sample at a fixed value of L, (also
described as a fixed value of hydrogen pressure). The

ratio l3/l2 is uncorrected for H+ contribution.

3
Rst = The ratio 13/12 for the principal standard at the same

value of ‘2'

1 Absolute value of the sample in ppm deuterium.

()
]

©
[

St Absolute value of the principal standard in ppm deuterium.

The principal standard chosen for this study was the 365 ppm deuterium
sample but in principle any of the 99, 365 or 471 ppm standards could
be chosen as the principal standard. I3 and l2 are respectively, the
current signals generated by the HD and H2 beams bombarding the collector
caps of the mass spectrometer. A plot of q“ and Gst was considered to
be the calibration curve of the mass spectrometer. The plot was
essentially a straight line whose equation was determined by standard
least square techniques. A typical example of this curve with the
plotted points representing the standards is shown in Figure 7. The
values ‘R' obtained from the mass spectrometer for each of the samples
taken during a run, were converted to the corresponding GDfs using

equation (2-48). The least square equation was then used to determine

the §_, ‘s from which the absoiute values ‘C;‘ were obtained by equation

(2-49) .
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A Typical Mass Spectrometer Calibration Curve
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(b) Liquid Samples

Liquid samples were taken from the system periodically
and analyzed for potassium methyl amide using the atomic absorption
spectrophotometer (AAS).

Two 316 SS sample bombs consisting of a sample volume and an
expansion volume were thoroughly evacuated and then used to sample the
PMA in line. An average sample was in the range of 4 to 6 gms and was
taken in duplicate. The sampled PMA was then hydrolzed in distilled
water and the resulting solution was heated in an oven at 200°F to
drive off the aminomethane. On most occasions the solﬁtion was
evaporated to'dryness but this is not essential. Usually heating for
about four hours is sufficient to drive off the aminomethane.

Six liquid standards containing 0.0 (distilled water), 1.0, 2.0,
3.0, 4.0 and 5.0 mgms K/litre solution were prepared by dissolving
appropriate amounts of KCl in distilled water. The dried sample was
re-dissolved in distilled water to make up a volume such that its
estimated concentration of potassium was between 0.0 and
5.0 mgms K/litre solution. The standards and the samples were then
analyzed on the AAS. A calibration curve of potassium concentration
vs AAS reading was prepared by using the standards. The AAS reading
obtained from the samples was then converted to potassium concentration
by using the calibration curve. The concentrations thus obtained were
interpreted to give PMA concentrations in gms K/kg amine by using the
dilution procedure and the weight of the samples. A typical calibration

curve for the AAS is shown in Figure 8.
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4.2.4 Method of Interpretation of Data. The number of moles of

HD in the circulating gas phase deplete cumulatively with time. This

depletion rate may be expressed as

- dy __PV dy _ -
”Hz at RgT dt G, (2-50)

where ny Total number of moles of hydrogen gas.

The partial of hydrogen (atm)

V = Total volume of the system occupied by the gas (cc)
- _ 82.06(cc) (atm):
Rg = Universal gas constant = Tom mole) (°K)
T = Absolute temperature of the circulating hydrogen {°K)
'Y = Mole fraction of hydrogen deuteride (HD) in hydrogen (HZ)
t = time (sec)

The negative sign indicates a decreasing concentration y of HD with time

in the gas phase.

A mass balance of the hydrogen deuteride across the gas-liquid

interface yields

- dy * . -
R ot K Ag (€7 -¢c) (2-51)
where AS = The surface area of contact for the dry sphere (cmz)

The overall mass transfer coefficient (em/sec)

o, 7
[}

The concentration of HD in the liquid phase in physical

equilibrium with the HD concentration in the bulk gas phase

gm moles
cc

Cé = The concentration of HD in the liquid in chemical equilibrium

with the concentration of CH,NHD in the bulk liquid gm_gglsz
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Since the molar ratio of the liquid to gas used was always very high

the value of CHBNHD in the bulk liquid was essentially constant which
implies that Ce is a constant for a given experiment. Assuming that

the total resistance to mass transfer can be represented by a two

film theory concept one can say that

i (2-52)

where p = molar density of the liquid EELE%lEE

= 1 . = atm
H2 The Henry's Law coefficient moTe Fraction
k. = Liquid phase mass transfer coefficient &M
L sec
k= Gas phase mass transfer coefficient -gm moles

cm”sec atm
Since the solubility of hydrogen in aminomethane is very low (i.e. H2
is very high) the resistance to mass transfer is essentially in the

liquid phase and therefore

~

Kr~

Tl‘ (2-52a)
L L
*
and C corresponds to the interfacial concentration as well and may be

replaced by Ci' Representing the solubility of HD in aminomethane by

the Henry's Law as

ypP = P, =H, X, (2-53)
o ox, =3 (2-54)
2
where P, = Partial pressure of hydrogen deuteride

X
i

2 Mole fraction of HD in the liquid phase.
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Noting that
Ci =P X
(2-55)
and Ce = 0L xe
Equation (2-51) may be expressed as
A A P_ - -
RT 4t~ LA L STRRA, (2-56)

Assuming that the concentration of HD in the gas at time t=o is given

by ¥;,» and replacing y, by y, integration of equation (2-56) between

0 and t leads to

m{ e Yo . i £ (2-57)
Y. =y VH

in ‘e 2

If the interfacial area of contact for the sphere is corrected for the

thickness of the film then As in equation (2-57) may be replaced by

AA where
A +
A _ 2.58 A -
E = ]+_R._ (2 58)

As being the surface area cf the dry sphere and A" the liquid film

thickness at the sphere equator.

Y-y
A piot of hx( ) vs t yields a slope of
in ‘e
K Ay o RT
-_-TTTT—-Jl_ from which KL the mass transfer coefficient may

2

be obtained. For high values of the chemical rate constant k] (i.e.

in the fast reaction regime) equation (2-6) may then be used to determine k

1
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i.e. K= /k_lT)' (2-6)

For lower values of k; equations (2-35) to (2-38) may be suitably

rearranged to isolate KL as a function of k] and known system properties.
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CHAPTER 5

RESULTS

Experiments were conducted to measure the rate of exchange of
hydrogen with PMA solution at four temperatures in the range of -10°C
to =30°C. Both the 1 inch and the 1.5 inch diameter sphere.absorbers
were used to obtain the data. Three catalyst concentrations were
investigated in the range of 5.0 to 16.0 gms K/kg amine. The rate
constants and the mass transfer coefficients calculated from the data
are given in Table 2. Equation (2-6) was used to relate K with k]
and the surface area exposed by the sphere absorber and the jet was

considered to be the interfacial area of contact. A detailed sample

calculation showing the procedure used is given in Appendix B2.

Y-y
In (—=—)vs time and indicates
YinVe

Figure 9 is a typical plot of

the pseudo-first order nature of the exchange reaction. The ratio
Y-y

§

in the gas phase. The equilibrium value y, was estimated either by

e ) is indicative of the cumulative depletion of hydrogen deuteride
Y
in ‘e

direct gas analysis or from the liquid concentration of deuterium and
the separation factor defined by equation (2-17). Eguation (2-21) was
used to represent the separation factor as a function of temperature.
For cases where the experiment was allowed to reach equilibrium, Yo Was
obtained directly by gas analysis and the corresponding liquid phase
equilibrium concentration was estimated using equation (2-17). Once
known, the liquid phase concentration was suitably adjusted to account
for liquid enrichment at the end of each experiment. This was achieved

by a simple mass balance of deuterium between the gas and the liquid
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phases. Details of this calculation are given in Appendix B2. Owing
to the very large molar ratio of liquid to gas (~300) the enrichment
of the liquid for each experiment was seldom above 1 ppm which meant
a change in the gas phase equilibrium value of about 0.2 ppm.

The logarithm of the rate constant k] is plotted vs the reciprocal
absolute temperature in Figure 10. The relation of k] with temperature
may be expressed by (a) the Arrhenius Equation, or (b) the Transition
State or‘Absolute Reaction Rate Theory. The temperature dependency

for the two cases is expressed as

_Es_
RgT
_ (o_
a) k] = koe {(2-59)
and __Ea
' Rg
b) k] = k° Te (2-60)
where -1
k., = pre-exponential constant (sec )
1 - -
ko = pre-exponential constant (sec ! °K ])
: _ . cal
Ea = Activation energy ole
T = absolute temperature (°K)
R_ = gas constant ——EE%—- = 1.987
g s mole®K :

Taking natural logs of equations (2-53) and (2-60) one obtains

E
a) Ink; = lnk - R—.?. (2-61)
g
1 Ea
and b) lnk]=lnko+1nT "R
g
' K ‘ Ea .
or In k] = In - = In ko “EFT (2-62)
g

A linear model fit to equations (2-61) and (2-62) suggests the following

parameters based on a least square estimation
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a) 1nk, =13.172
E, = 3.554 kcals/gm.mole (2-63)
and b) 1n k; = 6.641
E, = 3.053 kcals/gm.mole (2-64)

The activation energy of 3.6 k cals/mole reported by Bar-Eli and Klein
[1] was apparently determined using the model represented by equation
(2.59). Rochard [2] on the other hand used equation (2-60) to calculate
the activation energy of 6.8 kcals/mole reported in her work. She
attributed the discrépancy between the values obtained by her and by
Bar-Eli and Klein [1] to different values used for the solubility of
hydrogen in aminomethane. This is in contradiction to the fact that

the Henry's Law coefficient at -62.2°C calculated from equation (2-13)

L atm

and the value reported by Rochard [2] are 1.24 x 10 —e fraction

L atm

1.28 x 10 mole fraction

respectively and indicate a reasonable
agreement.

The variation of the rate constant k] vs the catalyst concentration
in the PMA solution is shown in Figure 11. The catalyst concentration
was analyzed in duplicate and a mean of two such duplicates was taken
to be the correct concentration. The maximum deviation of the samples
about the mean was within +1%. Figure 11 indicates that the rate con=
stant apparently increases almost linearly with catalyst concentration
for values of 'c' less than about 5.0 gms K/kg amine and subsequently
levels off and appears to become independent of 'c' at values larger

than about 20.0 gmsK/kg amine.
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CHAPTER 6

DISCUSSION

6.1 Gas Phase Resistance

It may be seen from Table 2 that the values of k x for each

ltma
experimental determination are larger than 25.0 which, in light of the
theoretical development of chapter 3 indicates that the exchange
reaction always took place in the fast reaction regime for both the
1 inch and the 1.5 inch diameter absorbers. When the rate of chemical
reaction increases and becomes high, the resulting increase in the
chemical absorption coefficient KL implies that the resistance to mass
transfer in the liquid phase has been reduced. Under such conditions
it is not uncommon for the gas phase resistance to become important,
in which case the absorption process would cease to be liquid phase
controlling. Due consideration must therefore be given to ascertain
whether the effect of the gas-phase resistance has to be accounted for
when estimating the rate constant of the liquid phase reaction.
Froessling's equation [20] for forced convection mass transfer
in gases around spheres was used to estimate the mass transfer coefficient
in the.gas phase. The liquid and gas phase resistances were compared on
the basis of the two-film theory. Froessling's equation may be repre-

sented by the following expression.

k. d

G s _ /2 . 1/3 -
5 =2.0+0.55% R s (2-65)
v
! . . cms
where kG = the gas phase mass transfer coefficient Toc
dS = diameter of the sphere absorber (cm)
2
D, = diffusivity of HD in the gas phase ——

v sec
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p_vd

R

e Reynolds number based on sphere diameter

Hg

It

S Schmidt number =

v
c D
v
The diffusivity (Dv) of hydrogen-deuteride in hydrogen saturated with
aminomethane vapour was estimated using the equation recommended by

Hirschfelder, Bird and Spotz [21] which is given as

3/2
3 T T 1
D. = 1.k92 x 10 — + (2-66)
v Pr2. | A M
T12 D
where D = the diffusivity expressed in (ftZ/hr)
T] = absolute temperature in (°R)

0
i

T absolute gas pressure in (atm)

.‘
n

1o = mean collision radius of species 1 and 2 (A)

=[(r); + (r),) 72

~~

-

~—
[l

i collision radius of species 1 (A)

(ro)2 = collision radius of species 2(A)
1 = collision integral for diffusion
D kT,
lD is expressed as a function of —
12
where
€12 _ (81 52) -
iz "k‘)(’? (2-67)

and k = Boltzmann's constant (erg/°K)

€| ,= energy of molecular interaction (ergs)

Further details and tabulated values of lD VvS. le for the use of
€12
equations (2-66) and (2-67) are given in Perry [22] where a modified form

of equation (2-66) is reported.
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Based on the two film theory, the overall liquid phase resistance

may be expressed as

1 1 1
— = — - (2-68)
Kt kL kGH
where KL = the overall liquid phase mass transfer coefficient gg%
_ . - . . cms
kL = the liquid phase mass transfer coefficient Sec)
kG = the gas-phase mass transfer coefficient expressed per unit

of partial pressure driving force _gn moles

cm sec atm

cc atm

H' = The Henry's Law constant expressed as ——
gm moles

)
The mass transfer coefficients kG and kG may be related by the following

expression
kGl
kG = Eg—- (2-69)

For a typical experiment the following values were obtained:

DV = 2.1 cm2/sec
SC = 0.038
Re = 87.2

0.245 cm/sec

7
]

1
kG
T

3.08 cm/sec

-12°C = 261.18°K
Using the above values it may be seen that

I/kL

1_/?: = 0.996 4 (2-70)

This implied that the resistance to mass transfer was predominantiy in

the liquid phase under conditions where the highest reaction rates were
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obtained and the assumption of a liquid phase controlled absorption was
Justified.

6.2 Effect of a Change in y on k,

The manner in which an error in the estimated equilibrium value
would affect the slope of the plot given in Figure 9 and consequently
would alter the value of the rate constant k] determined from that
slope needs to be investigated. It is important to realize that for
a given value of temperature and catalyst concentration, the rate

constant k] is fixed but an error in the estimate of Yo could lead to
Y-y
e

a misinterpretation of h1( ) vs. t data.

in ‘el
Re-writing equation (2-57) as

1 (y-ye K (2-71)
u=1n — = =~k t =7
yin ye }

“and differentiating w.r.t. Y, One obtains

Vi) O - Gy 0],

ou 1 %*
= z - (k"t)
9 - =
Ve (y Ye ) (y;ov) 2 e
YinYe
or _ Yy-y. %
u YinYe n _ ok
3. \ vy (v, -y ) = "t 5o
e e in’e ] e
which on rearranging terms gives
U _ y. -y *
Tay, T AL — = & (2-71a)
& YipVe YV, Yo
substituting for ! from (2-71)
Y"Ye
k*t .
-3 ﬁ(yin Y)ez = ¢ & (2-71b)
aye YinYe aye

Consider the first part of equation (2-71b) i.e.
_du (yin- y)e

3?; ) [yin"yej2
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At t >0 vy~ Y;, @and ek"t -+ 1 which leads to the conclusion that

%s— + 0. This implies that the ordinate u is invariant with Y, at

e
small times. Since the ordinate u is invariant with Ye the plot of

uvs. t is fixed and hence k* is invariant with Y, or g%:. + 0. This
e
may be shown rigorously by considering the second part of equation (2-71b)
i.e.
k*t
(y,,-le e
—————2 = t 5—y—_
(Yin'Ye) e
o k*
- (v, Vet
1 in 9k
L = (2-71¢)
A e
YinYe

Taking the expression (2-71c) to the limit t - 0; y - ¥;, one obtains

k*t KX - %
L gpyle Oin) et Oy
t->0 — = t>0 5 7 = -3 = 0
y+yin (yin-ye) t Y¥in (yin-ye) (yin-ye)

In general, as long as (k*t) is a small number, the derivatives %%—

" e

and %5—- and also the resulting error due to a change in Yo are small.
e

The magnitude of k* is usually small (the maximum value obtained was

A

of the order of 3.3 x 10 sec—]) and as a result low errors in ¥ would

not affect the results appreciably if the data obtained in the earlier
part of the experiment are used. Generally, the error in estimating Ye
is not expected to be larger than %l ppm and this was found to have a
negligible effect on the final value of the rate constant k]. An

analysis was conducted wherein the equilibrium value was changed from

22.0 to 25.0 ppm for a set of experimental data obtained at -1i.7°C.
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The corresponding values of the rate constant obtained are given in

Table 3.

Yoy,

With the above arguments in mind, if a plot of In( Jvs. t

in ‘e
for an experiment indicated a deviation from linearity after a time
‘t', the data prior to that time was used to estimate the rate constant k].
6.3 Modelling the Data of ky vs. t and ky vs.c

Two models were tested for the data of k1 vs. T and three models
were proposed and tested for the k1 vs. ¢ data. The best model for each
set of data was selected on the basis of the Bayesian expected likelihood
criteria which utilizes the Bayesian interpretation of probability. This
approach to model discrimination has been used with considerable success
by Singh [23]. The selected models were then combined to give a joint
model incorporating both temperature and concentration and the best
parameters for the model were determined by a non-linear estimation
technique suggested by Marquardt [24].

6.3.1 The Bayesian Approach to Model Discrimination. Consider that

a set of m models which contain the true model describing the observed

data is selected after preliminary screening. Let the set of m models

be represented as

YI = ?](’_(’ §]) + e]
Yio= o x 8) + g (2-72)
1
Vi = 0%, a) + e
where
X = the vector of independent variables
3 = the vector of unknown parameters for the kth model
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TABLE 3

Effect of a Change in y_
on the Rate Constant K,

Ye

ppm 22.0 23.0 2.0 25.0
Rate .
Constant 557.0 562.4 567.9 §73.5
k](sec)-1
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Yy the dependent variable

]

€ the error term in the kth model.
The truth (or conversely the uncertainty) of any model form k may be
expressed quantitatively by a discrete probability Py The set of
pk's then satisfy the following relationships

m -

0<p.<1.0and } p =1.0 (2-73)
-5k - s k

k=1
The Bayesian probabilities Py are indicative of the current state of
information about a certain quantity and are subject to updating with
the acquisition of additional information by the use of the Baye's

Theorem which states that given n sets of observations (Y]i’ X3 i=1,

1
2 ---n) theposterior probability for the jth model p. is expressed as
J

1 p: L (V-!d?-)
Py = Z—J-——"-'-—"- ; (3=1,2, ...m) (2-74)
]
> pt L .
5 P; (z]|¢J)
p3 is the probability prior to observing the data y, and L(x]|¢j) is the

expected likelihood of observing the data, given that the model form ¢j
is the correct one.

In absence of any conclusive prior information it is generally
assumed that all models are equally likely which implies that the prior
probabilities are taken to be all equal. Similarly, the prior parameter
values are assumed to be represented by an improper uniform distribution
implying that they are distributed over the range -= to +». For the
case where the parameter prior is represented by an- improper uniform
distribution the expected likelihood for the jth model may be represented

by the following expression derived by Singh [23].
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2 -n/2  r%/2 52
Ly le,) = (2we®) (P expy- —L» (2-75)
| RS i 2 2
20
J
where r* = the number of parameters in the jth model.
S? = the minimum sum of errors squared.
n
=1 -y )2
i=1 observed i calculated i
minimum
a. = the parameter vector which minimizes the sum of errors
J squared. :
§2
2 _ T _ . - .
c j 1%:;;7- = the unbiased estimate of the error variance.

The 95% confidence interval for the estimated parameters may be expressed

as

a. =

ik aj,k +2/C. (2-76)

J.kk
where aj K= the kth element of the least square estimated vector éj
2
for the jth model.

Cj Kk = the kth diagonal element of the variance covariance matrix
?
for the jth model.

The variance co-variance matrix may be computed from the following relation-

ships

= o°. A, (2-77)

where éj is defined by

I § -
Aj = >.<J- >.<J- (2-78)

and gj is the (nxr) design matrix given by

% = X5 ik (i =1,2,...n; k=1,2,...1) (2-79)

The elements of the design matrix are simply the first derivatives of
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the model with respect to the parameters evaluated at the least square

estimate éj’ They are represented as

9 a. a. = a.
jk =J <l

X
]

6.3.2 The Models

54 vs. Temperature. The models attempted for a fit to
the data represented as 1n k] vs. %— were
-E_/RT
) k =kyje ° 9 (2-59)
o
Ea
or In k] = In ko'Eg—T- (2"6])

Equation (2-59) is the Arrhenius equation

. -Ea/R T
2) k;=k, T e g (2-60)
o
1 E,
or .lIn k1 = In ko + InT - T
g
kl ! Ea
i.e. In - = In ko_-'R_T' (2-62)

which corresponds to the Transition State Theory with an exponent of 1
on T. The data was fit to equations (2-61) and (2-62). The values of

o’ ko and Ea obtained for the two models are reported as equations

k
(2-63) and (2-6L4). The posterior probabilities of the two models,

the 95% confidence limits for the parameters and the standard deviation
of the fit are given in Table 4. The parameter estimates have also

been included.

The posterior probabilities of the models indicate that in the



TABLE 4

Model Estimates for Rate .

Constant vs Temperature Data

149,

+2¢(Parameters)
-1
In ko(sec ) n k-
' E o
or In ko a i or .
k.cal P ! E .
(sec-] °K_]) g—mm In kO a (Model Flt)
MODEL 1
EQUATION 13.088 3.515 0.49 | 0.614 ) 0.309 0.0277
(2-59)
MODEL 2
EQUATION
(2-60) 6.557 3.014 0.51 1 0.611 | 0.308 0.0275
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range of the data the transition state theory equation is only marginally
superior to the Arrhenius equation. This implies that the In T term in
the second model contributes very little to the overall representation

of the data. A variance equal to the variance of the model fit was

used to estimate the posterior probabilities.

54 vs. Concentration. The models selected to represent the data

of k] vs. concentration were limited to those that satisfied some of
the basic criteria observed by previous investigators and during the
course of this investigation. These criteria may be stated as follows:
a) The curve of kj vs. ¢ should pass through the point (0,0) since
no reaction was observed in absence of the catalyst.
b) At very low catalyst concentrations, the dependenc& of k] vVs. ¢
should become almost linear [1,2].
#) As the concentration of the catalyst is increased the curve
of k] vs. ¢ should level off, eventually tending to become independent
of concentration [1,2].
The data obtained during this investigation also suggests that all three
of the above criteria hold. There is evidence however, (Fig. 11) that

at low concentrations the plot of k] vs. ¢ is not quite linear. Based

on the above criteria the following models were proposed.

(i) k] =ajc* a2]c2 (2-81)
-a Cc

(i) K =a,(-e 227 (2-82)
-a ca33

(iii) k, = a]3(l -e 23 ) (2-83)

it may be noted that model (i} satisfies only criteria (2) and (b) but

not (c); it was however selected so that a polynomial fit of the data
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over the concentration range of this investigation may be analyzed.
Model (ii) satisfies all the three criteria while model (iii) satisfies

criteria (a) and (c) but suggests that at very low 'c' the rate constant

would be approximated by

a
kl =a; 3, a3c 33 (2-83a)

This was introduced to ascertain whether the linear relationship was
valid for the data obtained during the course of this work. If the
linearity did indeed hold the constant aj3 was expected to be 1.0.

The k] vs. ¢ data was all obtained in the temperature range of
-11.0°C to -12.5°C. It was all reduced to -11.0°C using the transition
state thedry model. The resulting values of the least square parameter
estimates; the 95% confidence intervals, the standard deviations of the
fits and the pbsterior probabilities of the models are given in Tablé 5.

In order to compute the posterior probabilities of the models the
variance of the data experimentally observed should be used. This is
in general smaller than the variance predicted by the model fit because
the latter incorporates uncertainties due to the model form. Based on
all the data taken for k] vs. T and k] vs. ¢, a variance of 56.25 was
used which corresponds to a 2c value of 15.0 or a 20 limit (95%
confidence) of 30.0.

It is interesting to note that as far as models (i) and (ii) are
concerned the closeness of the fit reflected by the standard deviations
is approximately the same, with model (i) faring somewhat better. The
main deficiency of model (i) apparently is reflected in its inability
to predict a levelling off with increase of concentration. Model (ii),

however, is designed to level off but is apparently guite poor because



TABLE 5

Model Estimates for Rate

Constant vs. Catalyst Concentration Data
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o
+20(Parameters) (Model
a, a, ag P a a, ag Fit)

MODEL 1

EQUATION | 56.269 | -1.274 - 0.0188 | 3.846 0.261 - 12.911
(2-81)

MODEL 2

EQUATION 863.61 | 0.0689 - 0.0004 | 143.8410.0189 - 15.550
(2-82)

MODEL 3

EQUATION | 637.41 0.0528 |1.357 {0.9808 | 61.964 | 0.0159 0.2176} 10.163
(2-83)
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it does not level off as fast as is required by the data. The posterior
probabilities indicate that 'model (iii) is 98.08% probable while models
(i) and (ii) have a 1.88% and 0.04% chance respectively, of being the
correct models to. represent the data. Model (iii) is therefore clearly
the most likely one from the set of models chosen to represent the,datat
Its standard deviation also is the least of three with a 95% confidence
interval for the data of about #3%. It may also be noticed that the
value of ay = 1.357 indicates a slight departure of the model from
linearity at low catalyst concentrations.

An investigation of equations (2-60) and (2-83) suggests that if
a joint model form was selected to reﬁresent the data so that the effect
of temperature and concentration could be predicted from one equation,
it becomes apparent that the parameter a3 of equation (2-83) could be
the only temperature dependent term. With this in mind the following
model form may be proposed.

Ea

a
-2 33y
RT azhc

k=a,Te 9 (1-e ) (2-84)
The above equation incorporates four parameters that need to be estimated
namely a s Ea’ a and a34. A non-linear least square estimation based
on the method of Marquardt [24] led to the following values of the
parameters and their 95% confidence limits.

a;, = 883.09 # 593.34

E
a

k cals +.
3.072 gnmole * 0.325

A, 0.0529 + 0.0190

1.3588 £ 0.2581

1!

331‘
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Standard deviation of the fit = 11.943.
The above given standard deviation of the fit corresponds to a 95%
confidence interval of about 4%

It may be noticed that the pérameter ay has a very high band
width whereas its counterpart in the linearized equation (2-62)
namely k; can be estimated with much better confidence. This may be
attributed to the fact that the amount of data available for estimation
of a four parameter non-linear model is limited. A larger number of
points would improve the confidence level of the parameters.

Equation (2-84) was used to calculate ky vs. T data at a catalyst
concentration of 15.80 gms K/kg amine and also k1 vs. ¢ data at a
temperature of -11.0°C. The experimental data is compared with
calculated values in Tables 6 and 7 respectively. Figure 12 is a
series of plots of ky vs. ¢ as predicted by equation (2-84) over a
concenfration range of 0 to 30 gms K/kg amine and a temperature range
of -10°C to -30°C.

6.4 Comparison with Existing Data

The investigations of Rochard [2] and Bar-Eli and Klein [1] are the

only ones to date dealing with hydrogen amine systems in the presenc;

of metal alkali amide catalysts. Bar-Eli and Klein [1] used lithium
methyl amide to measure the rates of exchange of the deuterium-amino-
methane reaction. Since the effect of the cation on the rate of exchange
of hydrogen-amine systems is not known it is not possible to compare

the results of Bar-Eli and Klein [1] with the data of this investigation.
The above authors [1], however, quote an Arrhenius activation energy

of 3.6 k cal/gm mole obtained for the DZ-CH3NH2 - LiNHCH3 system. This



of Rate Constant vs. lTemperature using the Joint Model

Comparison of Calculated vs. Observed Data

TABLE 6

Catalyst Concentration ¢ = 15.80 (gms K/kg Amine)

155.

% Error
k]P(sec_l) k]E(sec-l) ( kli-kli)x 100
Date T(°C) Eqn.(2-84) (Experimental) 1E

23/3/72 -30.1 331.8 333.2 +0.542
5/4/72 -30.2 331.3 342.1 +3.16
17/4/72 -12.0 554.2 563.3 +1.62
5/7/72 -16.7 488.8 466.9 -4 .69
7/7/72 -15.6 503.8 522.1 +3.51
V177172 -24.2 395.9 399.8 +0.98
26/7/72 -23.5 503.9 400.7 -0.80
31/7/72 -23.3 405.3 393.8 -2.92
2/8/72 -12.8 542.4 530.4 -2.26
28/8/72 -12.5 547.5 539.8 -1.43
14/9/72 -11.7 558.9 572.3 +2.34




TABLE 7

Comparison of Calculated vs. Observed Data

156.

of Rate Constant vs. Catalyst Concentration using the Joint Model

Temperature = =11.0°C
% Error

c kppsec™) kyglsec) 5‘%"1,‘( 100
Date (gms K/kg Amine) Eqn.(2-84) (Experimental) 1E
1774772 15.8¢ 569.0 578.4 +1.63
2/8/72 15.80 569.0 556.5 -2.25
28/8/72 15.80 563.0 561.0 -1.43
!4/9/72 ' 15.80 569.0 582.7 +2.35
22/9/72 10.42 458.7 458.4 -0.07
30/9/72 10.42 458.7 459.1 +0.09
9/10/72 4.95 236.3 238.9 +1.09
11/10/72 l;.lss 236.3 233.7 -1.11
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value compares quite closely with the value of 3.5 k cal/gm mole
obtained from this investigation but the values of the rate constant
k1 are substantially higher than the corresponding values obtained by
Bar~Eli and Klein [1].

The data of Rochard [2] for the hydrogen deuteride-aminomethane
exchange was obtained in a stirred reaction vessel at temperatures
of -62.2°C, -77.2°C and -90.0°C and potassium methyl amide concentra-
tions ranging from 0 to 70 mm/1 (0 to 3.5 gms K/kg amine). The low
temperature and the low catalyst concentrations were apparently
necessary because of difficulties encountered in eliminating liquid
phase mass transfer resistance. This difficulty was particularly felt
for the HD-CH3NH2 system wherein stirrer speeds had to be increased
beyond 3000 rpm as a result of which temperature instabilities were
also encountered. Rochard's data suggests that the rate constant k]
varies linearly with catalyst concentration only up to about 20 mm/1
at -90.0°C and about 10 mm/1 at -77.2°C. Subsequently, the curve of
k] vs. ¢ levels off suggesting an invariance of k] with ¢ for higher
catalyst concentrations. This effect was attributed to the variation
of the degree of dissociation of the PMA catalyst with total catalyst
concentration. The values of the rate constant k, reported by Rochard
are up to 25 times lower than the corresponding values obtained by
extrapolating the data of this investigation in temperature and concen-
tration. In light of the fact that the present data indicates a
linear dependence of k; with c up to about 5.0 gms K/kg amine the curves
of k; vs. c obtained by Rochard [2] were linearly extrapolated from 0.45
and 1.0 gms K/kg amine at -77.2°C and -90.0°C respectively to 5.0

k

gms K/kg amine and the resulting values of k] were plotted as In fl
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vsS. %- . The slope of this plot suggests an activation energy of 6.0

k cal/gm mole as compared to the value of 6.8 k cal/gm mole obtained
by the above authors [2] through analysis of the data without extra-
polation. Table 8 shows a comparison of the values of k1 obtained
by extending the above plot to a temperature range of -10°C to -30°C
with the values calculated by the joint model represented as equation
(2-84). 1t may be noted that the discrepancy in the two §ets of data
has been reduced to a factor ranging from 1.3 to 2.2. This could be
attributed to the different values of the activation energy used and
insufficient knowledge of the variation of the degree of dissociation
of the amide catalyst with total catalyst concentration and with
temperature. This analysis, however, suggests that ih addition to
the above mentioned uncertainties the liquid phase mass transfer
resistance might not have been eliminated from the work of Rochard
[2]. Additional work is required to relate the dissociation of the
catalyst with temperature and total catalyst concentration in order to
intérpret the data on a more sound basis.

| The rates of exchange of the hydrogen-aminomethane system have
been reported to be an order of magntiude higher than those for the
analogous hydrogen-ammonia exchange [1,2]. Bar-Eli and Klein [1]
used an indirect method to compare the rates of the two exchange

[k,]

processes and indicate that ! CHBNHZ

[k]]

NH3

are in the range of 10 to 35 at temperatures ranging from -48°C to -66°C
respectively. The above authors however, could not adequately characterize

the catalyst for the aminomethane exchange process but suggest that the
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TABLE 8

Comparison of the Rate Constant k, predicted by the Joint

Model with k] obtained by a Linear Extrapolation of Rochard's [2] Data

Catalyst Concentration = 5.0 gms K/kg Amine
k .

T 1 This WOrk_] k) Rochard[2] K1 This Work
(°c) Eqn(2-84) (sec ') sec! Ky Rochard
-10 245.2 181.6 1.35
-15 214.7 140.7 1.53
-20 187.1 108.9 . 1.72
-25 162.1 83.9 1.93
_30 ]39.8 61{..1{ 2.]7

reported ratios are perhaps the lower limits of the expected values.
At -59°C in the linear range of catalyst concentration Rochard [2]

indicates that the ratio of the rate constants for the two exchange
processes is about 25. The catalysts used were KNHCH3 and KNH2 for

the aminomethane and ammonia reactions respectively. The data of

Bourke and Lee [3] corrected for diffusivity and corresponding to 5.2
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gms K/kg ammonia (i.e. 4.5 gms KNHZ/lit.ammonia) and 20°C was extra-
polated to -10°C using an activation energy of 5.8 kcal/gm mole.

The rate constant thus obtained was compared to the value obtained
from this investigation as calculated by equation (2-84) at similar
conditions of temperature and catalyst concentration. A similar
comparison was also made at a catalyst concentration of 20.9 gms K/kg
ammonia (18.0 gms KNHZ/]it. ammonia) and -10°C. The ratio [k1]CH NH

372
1°NH

3
was found to vary from 56 at the lower to 37 at the higner concentrations.
This decline was due to the fact that the linear increase of k] with c
extends to higher values of ¢ for ammonia than for aminomethane. It
is estimated that these ratios will increase if similar comparisons
were made at lower temperatures because of the difference between the

activation energies of the two exchange processes.

6.5 Accuracy of the Data

An error analysis of the data based on the method of interpretation
used for this study is given in Appendix C2. The above analysis
indicated that the accuracy of the values of the rate constant is
dependent largely on the accuracy with which the diffusivity of HD
in aminomethane, the hydrogen solubility and the gas analysis are
known. Aminomethane density, total gas volume and the time of sampling
are also significant factors. Based on the accuracies of the above
mentioned data it is estimated that the data obtained for the rate

constant k; is reliable to within +10%.
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CHAPTER 7

CONCLUSIONS

The use of a single sphere absorber for measuring diffusivities and
reaction rate data for the hydrogen-aminomethane and the hydrogén deu-
teride-aminomethane-potassium methyl amide systems respectively, has
been successfgl]y demons trated.

Experienée has been gained in the handling of the above systems
and suitable operating techniques have been developed after overcoming
difficult experimental problems. Iﬁformation has been obtained on the
acceptable materials of construction for use with the aminomethane-
potassium methyl amide solution.

The sphere absorber was operated in the fast reaction regime to
obtain pseudo-first order rate constants for the hydrogen deuteride-
aminomethane exchange between -10°C and -30°C, in the presence of pot-
assium methyl amide as catalyst. The accuracy of the reported data is
expected to be within + 10% and is dependent upon the accuracy of the
diffusivity, the hydrogen solubility and the gas analysis of the data.

The data obtained was found to be an order of magnitude higher than

similar data obtained in a stirred type reactor [2] where mass transfer

effects are expected to be limiting. In addition, the rate constants
obtained were found to be at least 35 times the corresponding values
reported for the hydrogen-ammonia exchange reaction.

Additional work is required to relate the degree of dissociation
of the PMA catalyst with temperature and total catalyst concentration

before the data can be interpreted on a firm footing.
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The experimental rate constants were correlated with temperature

and catalyst concentration through a model which may be expressed as

3072

RT i 1.3588
k, =883.09Te? (1-e 0.0523C ) (2-85)

This model can be used to calculate the experimental rate data to
within + 4% and is recommended for the estimation of rate constants
where data is not yet available.

The information obtained on the diffusivity and the rate constants
can be employed to predict transfer coefficients and thus tray °
efficiencies that may be expected in low temperature contacting towers

used in the heavy water industry.
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The parameter vector which minimizes the sum of errors

square for the jth model

Activity of the amide ion

Activity of the potassium ion
Interfacial area (cmz)

Matrix defined by equation (2-78)

Interfacial area of the sphere absorber corrected for

the film thickness (cmz)

Surface area of the dry sphere (cmz)

The catalyst concentration in PMA-aminomethane solution

gms K
kg Amine

Concentration of HD in aminomethane liquid (

gm moles

=)

Concentration of HD in liquid aminomethane in equilibrium

with CH.NHD ( gm moles
cc

3

Interfacial concentration of HD in liquid aminomethane

gm moles)
cc

Bulk concentration of HD in the liquid phase (

gm moles

s )
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The concentration of HD in the liquid in physical

equilibrium with the HD concentration in the bulk gas

gm moles )
phase ( v

Absolute concentration of (D/H) in the gas sample (ppm)
Absolute concentration of (D/H) in the principal
standard (ppm)

The variance-covariance matrix

The concentration of catalyst in solution (gﬂ_gglﬁi)

Diameter of the sphere absorber (CM)

Molecular diffusion coef?icient of HD in liquid amino-

cmz)
sec

Molecular diffusion coefficient of HD in a gas mixture

2
of hydrogen and aminomethane (EEE)

L . k cal
Activation energy of the reaction EE_ESTE)

The total gas absorption rate (-9—'9—'::]%)

s . . /om mol s\
The instantaneous gas absorption rate \x_____ii_

sec

1 ) e e atm
Henry's Law coefficient expressed as moTe fraction‘)

Henry's Law coefficient expressed as [—< atm )

gm moles

Current signal corresponding to the H2 concentration in
the gas sample (amperes)

Current signal corresponding to the HD concentration in
the gas sample (amperes)

Collision integral for diffusion
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Pseudo-First Order rate constant for the forward
reaction (sec-])
Pseudo-First Order rate constant for the reverse
reaction (sec-])
cps . -n 1-m
Specific reaction rate constant ([cat] (Ci-Ce)
sec_l)
Pre-exponential factor for equation (2-59) (sec-l)
Specific rate constant corresponding to the undissociated
am moles -1 -1

[KNHZ],specie — sec

Pre-exponential factor for equation (2-60) (sec-]°K-])

Specific rate constant based on the activity 3" (sec-])
2

Specific rate constant based on the activity product

aNH; a+ (sec-])

Boltzmann's Constant (erg/°K)

Defined by equation (B2-5)

The gas phase mass transfer coefficient (cm/sec)

The gas phase coefficient expressed per unit of partial

.. mole
pressure driving force -Smmoles

cm“sec atm
The overall chemical absorption coefficient (cm/sec)
Chemical equilibrium constant defined by equation (2-16)

cC

Liquid flow rate over the sphere absorber coc

The likelihood function expressed as equation (2-75)
Number of exchangeable hydrogen atoms per molecule of

amine
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Number of exchangeable hydrogen atoms per molecule

of hydrogen

Number of moles of hydrogen in the gas phase

gm moles

Concentration of the amide ion in solution pv=

Discrete probabilities for models 1 to m
Prior probability of the jth model

Posterior probability of the jth model
Partial pressure of hydrogen (atm)

Partial pressure of hydrogen-deuteride (atm)

Total absolute gas pressure (atm)

gm moles
cc sec

The rate of chemical reaction

The number of parameters in the jth model
Collision radius of species 1 (R)
Collision radius of species 2 (R)

Mean collision radius of species 1 and 2 (R) = [(ro)] +
(r) /2

Radius of the sphere absorber (cm)

Ratio of currents (lB/IZ) corresponding to HD and H2
+

concentrations uncorrected for H3 contribution (i.e.

measured at a value of I2 other than zero)

Ratio of (l3/I2) for the principal standard measured

at the same value of 12 as R

. cc atm cal
Universal gas constant gm mole °K or gm mole °K
pvdS

Reynolds number based on the sphere diameter

9
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Schmidt number 33
v

The minimum sum of errors squared
Time (sec)

Maximum contact time (sec)

Absolute temperature (°K)

Absolute temperature (°R)

Expression defined by equation (2-69)

Velocity of the circulating gas n

sec
The velocity vector representing velocities of fluid

elements flowing in the three coordinate directions over

cm
the sphere absorber Sec
Velocity of a fluid element along a stream line %EE

Total volume of the system occupied by gas (cc)
Interfacial velocity of the fluid <

sec
Interfacial velocity of the fluid at the sphere equator

Cint

sec

Coordinate representing distance into the liquid film
flowing over the sphere absorber (cm)

Vector of independent variables.

Mole fraction of hydrogen deuteride in aminomethane
Mole fraction of hydroéen deuteride in aminomethane at
the gas-liquid interface

Mole fraction of hydrogen deuteride in aminomethane in
equilibrium with CH_NHD

3
The design matrix
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Mole fraction of hydrogen deuteride in hydrogen
Dependent variable for equation set (2-72)

Mole fraction representing the equilibrium concentration
of hydrogen deuteride in the hydrogen gas

Mole fraction of hydrogen deuteride in hydrogen at time

t=20

The separation factor of D to H between aminomethane
liquid and hydrogen gas at equilibrium

Coordinate defined in Fig. 1 (radians)

Coordinate defined in Fig. 1 (radians)

Dimensionless expression defined by equation (2-43)
Representation of model forms for modelsbl tom

Total thickness of the liquid film (cm)

Liquid film thickness measured at the sphere equator (cm)
Dimensionless ratio of gas phase concentrations of HD/H2
defined by equation (2-48)

Dimensionless ratio for gas standards defined by equation
(2-49)

Dimensionless variable defined by equation (2-32)

Maximum value of ¢ for the sphere

Dimensionless expression defined by equation (2-41)

Molar density of liquid aminomethane gﬂizgﬂlﬂi
Gas density ams
cc

Gas viscosity (pcise)
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Kinematic viscosity of the gas %EE

Energy of molecular interaction (erg/°K)
Error terms in models 1 tom

The unbiased estimate of the error variance of the

jth model
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APPENDIX A2

Detailed Operating Procedures

A2.1 The Exchange Experiment

The detailed operating procedure for conducting a typical hydrogen
aminomethane exchange experiment using the single sphere absorber is
outlined below:

(1) Evacuate the entire gas-liquid exchange section and its connectihg.
lines to a vacuum of better than 5u.

(2) Pressure the exchange system between the 'Whitey' feed and liquid
return valves with enriched hydrogen to a pressure of about 25
cms Hg (gauge)

(3) Close the 1id of the refrigerated air bath and begin refrigerating
the system. As the temperature of the system falls the pressure
in the absorption chamber will also fall as noticed on the
mercury manometer attached to the chamber.

(4) Also start refrigerating the ethylene glycol-water baths around the
receiving tanks, the intermediate tank and the catalyst wash
return tank. Steps (3) and (4) should be done on the day prior
to the experiment because it takes about 12 to 16 hours to attain
steady temperatures.

(5) About one hour before the experiment start pumping the methyl
hydrate coolant through the shell side of the concentric pipe
heat exchangers. This ensures that the lines which carry the
liquid are cold when the experiment is started.

(6) Check the pressure on the absorption chamber manometer, if the
pressure reads less than 12 cms Hg, add some more enriched

hydrogen; if in excess of 12 cms Hg, bleed off some gas so as
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to set the pressure to the above mentioned value.

(7) start the hydrogen circulator, the gas rotameter float should indicate
a flow rate. The hydrogen circulator is driven by an air motor.
The gas circulation rate can be controlled by adjusting the
speed of the air motor. This in turn may be accomplished by
varying the air pressure to the motor. Adjust the hydrogen
circulation rate till the rotameter reads between 15 to 20%
of full scale which corresponds to an approximate flow rate of
about 100 cc/sec at the conditions of the system.

(8) Introduce some pure dry aminomethane into the saturator from the
dry aminomethane tank. The liquid would come in under a vapour
pressdre differential when the saturator solenoid valve is
opened. Hydrogen gas will be seen bubbiing through the amino-
methane column in the saturator.

(9) Open the distributor solenoid valve. The pressure of the system
will be seen rising due to an increase of aminomethane pértial
pressure in the circulating hydrogen and due to a slight temperature
rise due to the heat of the distributor solenoid valve.

(10) oOpen all the valves in the return line downstream of the 'Whitey"
liquid return valve upto and including the valve isolating the
receiving tanks. This ensures that the return line downstream
of the '"Whitey'" valve is at the pressure of the receiving tanks
which should be the pressure corresponding to the vapour pressure
of the aminomethane at the temperature of the receiving tanks.

(11) start the vacuum pump gerving the gas-sampling section and evacuate

its lines including the traps and the sample manometer (3) (Fig. 6).
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(15)

(16)
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Surround the traps of the glass section (1) (Fig. 6) with liquid
nitrogen and immerse the trap between the oil manometer and the
gas absorption chamber manometer in a mixture of ice and water.

Turn on the power to the electric timer and the potentiometer
which is used to measure temperatures of the exchange section.

The temperatures are measured by copper-constantan thermocouples
located as shown in Figure 2. The cold junction of these thermo-
couples is immersed in a mixture of ice and water.

Attach a gas sampling bomb at the sampling location (16) (Fig. 6)
and evacuate it both on the bomb and on the valve side.

Approximately an hour after the hydrogen circulator is started,
the manometer serving the gas absorption chamber should reach
a steady pressure, indicating that the hydrogen is saturated
with aminomethane.

Take the initial gas sample in the following manner. All numbers
in parenthesis refer to equipment locations on Fig. 6.

(a) 1solate the vacuum pump of the gas-sampling section by closing
the vacuum valve (12). Also isolate the sample bomb by closing
the glass valve (14) between the steel sample line and the glass
expansion lines.

(b) Open the sample valve (13) to introduce a gas sample into the
steel line. Then close this valve.

(c) Open the vacuum pump valve (12). This would evacuate the gas
sample trapped as in (b). One gas sample is discarded to
eliminate gas in any dead volumes and thus obtain a represent-

ative sample. Then close vacuum valve (12) after about 30 sec.
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(20)

(21)
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(d) Open the glass valve (14) and gradually crack open the sample
valve (13) till the sample pressure manometer (3) records
about 3 inches Hg pressure (absolute) in the sample bomb.
Close sample valve (13).

(e) Close the sample bomb glass valve (2) and then close valve (16).
(f) Remove the sample bomb and open vacuum valve (12) to evacuate
gas pressure in the glass line. The mercury limbs of the
sample manometer (3) should come back to zero. The sampling

section is now ready for the next sample. Attach a new
sample bomb and open valves (2) and (16).

Open the liquid feed valve and introduce PMA solution into the
exchange system. Maintain the flow rate at a level higher than
the discharge rate of the nozzle. This will cause the PMA
solution to accumulate in the distributor.

Step (17) will cause the system pressure to increase substantially
since the entry of the liquid results in an effective compression
of the vapour space.

When the jet (nozzle) starts flowing and the sphere absorber is
completely wetted by the PMA solution, start the timer.

When the liquid level appears in the take-off tube, open the valves
in the liquid return line and adjust the 'Whitey' control valve
'so as to maintain the liquid level in the take-off tube.

When the level of the FMA solution in the liquid distributor
reaches the glass tube above the distribut.r, close the distri-
butor soienoid vaive and adjust the feed control vaive to main-
tain a flow rate of 7.0 to 7.5 on the liquid rotameter. This

approximately corresponds to a liquid volumetric flow rate of
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0.275 cc/sec.

(22) Ccarry out the final adjustments with the liquid return control
valve to set a take-off height of 1.25 cms. with the aid of a
cathetometer.

(23) Set the pressure in the reservoir tank of the gas sampling section
equal to the system pressure. This may be done by first adjust-
ing the pressure in the reservoir to within 1/2 cms Hg of the
system pressure by visual inspection and then opening the valves
connecting the oil manometer to the absorption chamber on one
side and the reservoir on the other. The final adjustment may
be done by balancing both the iimbs of the oil manometer to zero.

(24) Record the time at which all the adjustments for setting the
conditions of the experiment have been completed. Since the
system operation during this time did not conform to a fixed
set of conditions, it may become necessary to shift the time
axis by this amount during analysis of data.

(25) Maintain the liquid flow rate and the take-off height at the
desired values for the entire duration of the run.

(26) After every 500 or 600 seconds take a gas sample in the following
manner: Refer to Fig. 6.

(a) A sample bomb attached to the gas-sampling system should
already have been evacuated.

(b) When the timer reads about 50 seconds less than the time at
which a sample is desired, close valve (14) and the vacuum
valve (12).

(c) Open sample valve (13) and note the oil manometer indicate a

depletion of pressure in the absorption chamber. Close sample



178.

valve (13).

(d) Discard the sample by evacuating through vacuum valve (12).
Close this valve about five seconds before the desired
sampling time.

(e) Open the sample valve (13) at the desired sampling time and
introduce sample in the steel line. Close the sample valve
(13).

(f) Open glass valve (14) to expand the sample into the sample
bomb. The sample manometer will indicate the sample pressure.

(g) Close sample bomb valve (2) and valve (16).

(h) Remove sample bomb, open vacuum valve (12) and record the sample
bomb number, the time at which sample was taken, the reading
on the oil manometer and the temperatures of the gas and
liquid leaving the absorption chamber.

(i) Attach a new sample bomb and open valves (2) and (16) so that
the bomb is adequately evacuated at the next sampling time.

(27) Continue taking gas samples according to step (26) till a sufficient
number of samples are available. ‘About 10 to 15 samples were
taken for each experiment conducted during this investigation.

(28) If an experimental measurement of the gas phase equilibrium value
is desired, the time interval between samples after the first
10 samples should be increased to about 30 minutes and the
experiment should be conducted for a total time of about 5 1/2 to
6 hours at -10°C.

(29) Take the last gas sample in the same manner as the initial sample
procedure outlined in step (16).

(30) Close liquid feed valve and drain the PMA solution in the distributor
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(37)

(38)

(39)
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into the receiving tanks.

When the distributor is drained, open the valves leading to the
wash return tank and isolate the receiving tanks.

Introduce aminomethane into the feed line and run the system
in exactly the same fashion as for the PMA solution (steps
(17), (19) and (20)). Continue feeding aminomethane till

distributor is full.

Stop feeding aminomethane and drain the distributor into the wash

return tank.

Repeat steps (32) and (33) till the liquid in the distributor and
the take-off tube is colour less.

Stop the hydrogen circulator and record the level of the top of the
saturator and the level of the aminomethane in the saturator using
a cathetometer. These levels are required to estimate the vapour
space in the saturator which must be included in the total gas
volume of the system.

When the colour of the liquid in the distributor has faded, isolate
the wash return tank and the aminomethane feeding tanks.

Introduce methyl hydrate into the liquid feed line and run the system
with methyl hydrate in the usual fashion; the return alcohol should
be sent to drain.

When alcohol is introduced into the system the chamber pressure will
fall rapidly due to the reaction of the remaining catalyst in
solution and the alcohol. The liquid in the system will turn milky

initially but will start clearing up as the product of reaction are

taken out of the system.
When the alcohol in the distributor and the take-off tube appears

ciear, the feed may be stopped and the system should be completely
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drzined till the absorption chamber pressure is about 1 or 2 cms
Hg (gauge).v

Remove the liquid nitrogen baths from around the traps (1) (?ig. 6)
of the gas-sampling section and let the frozen aminomethane be
evacuated into the trap of the vacuum pump. It can be discarded
from there.

Shut down the coolant flow to the concentric pipe heat exchangers.

Transfer the cooling load to the feeding tanks if they are to serve
as the receiving tanks for the next experiment and allow the
receiving tanks to come to room temperature.

The experimental run is complete at this point and the gas-liquid
exchange system may be cleaned and completely evacuated in
preparation for the next éxperiment.

PMA Solution Make-Up

The following sequential procedure may be used to make up a charge

of PMA catalyst solution in aminomethane.

(1)

(2)

(3)

(&)

Estimate the quantity of aminomethane and potassium metal required
for a desired charge of PMA solution by using stoichiometric
relationships.

Assuming a 0.8% moisture content by weight in the aminomethane deter-
mine the amount of lithium metal required to dry the amine using
equation (2-45).

Lithium is stored under toluene and is available in lump or stick
form from Fischer Scientific Co.

Cut the required amount of lithium metal using a sharp knife and
shave of f the top skin thus exposing the shining surface of the

metal. This operation should be performed under toluene. Cut
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the cleaned lithium into small pieces.

Weigh the required amount of cleaned lithium pieces and immerse
them in n-pentane to remove the film of toluene.

Introduce the lithium in a dry, clean steel vessel against a
stream of argon. This is &one to ensure minimal contact with
air and moisture.

Seal the port through which the lithium was introduced and evacuaté
the vessel to pump out the remanents of argon, and n-pentane.

The lines connecting the vessel to the aminomethane cyiinder,
should also be evacuated at this stage.

When a vacuum of 1 u has been achieved, immerse the vessel in a
bath of liquid nitrogen and open the feed valve of the amino-
methane cylinder. The aminomethane will distill into the steel
vessel.

The level of liquid nitrogen should be maintained close to the
top of the vessel making sure that the fittings through which
the aminomethane is entering do not dip in the liquid nitrogen.
This is done to prevent freezing up a line with aminomethane thus
blocking entry into the tank.

The aminomethane cylinder should be placed on a balance so that the
weight of aminomethane distilling can be monitored.

When the desired weight of aminomethane has been distilled into the
vessel, close the amine feed valve and 1ift the vessel out of the
liquid nitrogen bath. |

in order to iimit the pressure buiidup in the vessei due to hydrogen

evolution a relief valve set to about 80 psig should be provided.



182.

(13) Allow the vessel to come to room temperature; the aminomethane

will begin to thaw out and this can be seen on a pressure gauge

which will start showing an increase of pressure (when cold the

pressure gauge will indicate a vacuum in the vessel).

{i4) When the pressure gauge indicates a positive pressure, connect

the relief valve into the system.

(15) The aminomethane will take about 12 hours to thaw out. The

reaction of lithium with moisture in the amine begins as soon

as first contact with liquid aminomethane is made. Since the

reaction results in heat evolution, the thaw out process is

accelerated and pressure buildup will occur fairly rapidly.

(16) Bleed the hydrogen pressure into the vent system periodically

to maintain a pressure of about 30 psig, till the pressure

does not rise anymore after bleeding.

(17) The aminomethane is now dry and ready for use. The process may

take upto 2 days to reach this stage.

(18) Cut the estimated amount of potassium metal under mineral oil in

the same manner as indicated in step (%).

(19) Follow steps (5) to (7) using the 316 SS storage vessel for the
PMA solution.

(20) When a vacuum of 1 u has been reached immerse the vessel in a bath

of liquid nitrogen and flash distill the aminomethane dried with

lithium.

(21) Follow steps (9) to (16) keeping the solution in the vessel

circulating by the use of a polypropylene diaphragm pump.

(22) When the colour of the solution changes from biue to straw yellow
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the reaction may be considered to have gone to completion.
A sight glass should be provided with the vessel so that the

colour may be conveniently seen.
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APPENDIX B2

Sample Calculation

The following procedure was followed to estimate the value of the
reaction rate constant kl(sec-]) from the analysis of the gas samples
taken during an experiment. The experiment conducted on 11th October
1972 is used to illustrate the calculation procedure.

The raw data sheet as obtained from the experiment is given below.
During the experiment columns 1-5 and column 7 were recorded. The
analysis of the gas samples was conducted subsequently and the results
were transferred to column 6 of the data sheet. The numbers in column
6 represented as R* are the ratios of the currents 13/12 uncorrected for

the H; contribution and obtained at a constant value of l2 = 24,0 x 10-]0

amperes.
For the closed system under consideration, the rate of depletion
of D from the gas phase is essentially independent of system pressure
and as such the readings in column 4 namely the oil manometer differential
pressure, were not needed but were recorded in case some correction had
to be applied.

The gas analysis was done on the mass spectrometer and the results
were interpreted to give the absolute values of D/H. This was done with
the aid of four known standards which were analyzed before and after
the analysis of the gas samples obtained during the experiment. The
values obtained from the mass spectrometer for the standards along

with their absolute values are given in Table B2-2.
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TABLE B82-2

Mass Spectrometer Analysis for the Gas Standards

R*x]06 D/H Absolute(ppm)
-51.6 1.5
Before 61.3 99
346.3 365
L73.2 k71
-5k .1 1.5
58.3 99
After
349.0 365

478.5 7
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The analysis of the standards were converted in the following

manner:

_ [’ o
54 -<R—> 1000 (3-48)

t

1 A
(E_ - ) 1000 (2-49)

where the terms of equations (2-48) and (2-49) have been defined in

chapter 4. For the above experiment

= 346.3, 349.0 C.p = 365
From above equations one-obtains

TABLE Bz-3

Converted Form of Gas Standards Analysis

6Dl sst
[ -1149.0 -995.9
- 823.0 -728.8
Before \ 0.0 0.0
L 366.5 290.4
[ -1155.0 -995.9
| - 833.0 -728.8
After 0.0 0.0
[ 3711 290.4

The above data was fit to a linear and a quadratic equation using

the linear least square criteria. The equations are of the form;

(1) SD] B] + B2 sst (B2-1)

(2) GDI = B] + B2 6st + B, § (B2-~2)
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The results indicate that the linear equation (1) is quite adequate

for the analysis. The following parameters were obtained:

1
]

For Model (1) B] 17.136 B 1.171

2
12.148 B b

For Model (2) B, 2 1.195

= 0.337 x 10

53
The magntiude of B3 indicates that the quadratic contribution is
negligible; in addition, the variance-covariance matrix of the parameters‘
indicated that the 95% confidence limit of B3 was #0.7 x IO-Ll implying
that it is not reliable. A linear model was thus consideredbadequate.

The gas analysis data was converted to the corresponding GDI
values with equation (2-48) using an average value of Ret given by

_ 346.3 + 349.0 _
Rst(mean) - 2 = 347.7

The linear model was used to get the corresponding values of 8o and
using equation (2-49) the absolute values of the gas samples in ppm
were obtained. The final values obtained are given below:

TABLE B2-4

Data of Absolute D/H Concentrations vs. Time

Time y = D/H
(sec) (ppm)
0 527
500 479
1000 435
1500 394
2000 353
2500 322
3000 293
3500 263
4000 238

4500 216
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189.
Time(sec) Y=D/H(PPM)
5000 200
5500 181
6000 164
6500 152 End of Run; Created Spill
8000 4 62 4
9000 ‘ 41
10,000 2
11,000 27
12,000 28

Since the earliest part of the run (the period between the initial sample
and t = 500 sec) includes some stabilizing effects like setting the
take-off level, adjusting the flow rates, setting the oil manometer
etc., the first point was usually neglected. The time axis was thus
moved to T' = t - 500 (sec). At t = 6500 sec the liquid was allowed
to spill out of the take-off tube into the gas absorption chamber. This
wés done to increase the area of contact and thus reach equilibrium
faster. The data points to be used for the estimation of the rate
constant are

TABLE B2-5

Data of Absolute D/H Concentration vs. Time
Used for Rate Constant Estimation

T Y
(sec) (ppm)
.0 479
500 435
1000 394
1500 353
2000 322
2500 293
3000 263
3500 238

4ooo 216
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T*'(sec) y (PPM)
4500 200
5000 181
5500 164
6000 152

Deliberate spilling of the PMA solution to obtain the equilibrium value
was not done as a routine procedure for every experiment. This was
done a few times during the entire course of this investigation so

that the equilibrium value obtained in this manner could be compared
with the value obtained by a mass balance of the deuterated specie in
the liquid phase. The separation factor for hydrogen-aminomethane

was assumed to be the same as that for the hydrogen-ammonia system.

The initial value of {(D/H) was determined from an experiment

aminomethane

where the gas phase was taken to equilibrium. The concentration of

(p/H)

aminomethane @5 then corrected after every experiment by esti-

mating the liquid phase enrichment as calculated by the following

material balance equation

xe = - (B2-3)

where Xe = D/H ratio. in liquid after the experiment (ppm)

x. = D/H ratio in liquid before the experiment (ppm)

Y. = D/H ratio in the gas phase at the beginning of the experi-
ment (ppm)

Yf = D/H ratio in the gas phase at the end of the experiment (ppm)

n_ = Total number of moles of gas in the system

o= Total number of moles of liquid that passed over the sphere

absorber.
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The value X for the next experiment was estimated by another material

1
balance which involves Xes Ny xi(previous) and the lqufd remaining

back in the feeding tanks (not used for the present run).

Equation (B2-4) was used to calculate Yo @S

QIX
- -

(B2-k4)
eq

where %eq is the separation factor.

The value of Ye obtained from this particular experiment by direct
gas analysis was equal to 25 ppm. The PMA solution which was allowed
to spill into the gas chamber was a stagnant pool of liquid which
aided in depleting the gas phase of its deuterium content. The
stagnant liquid was enriched in the process and the transfer of
deuterium was eventually expected to take place from the liquid to the
gas phase. A plot of y vs T would thus go through a ﬁinimum. The
value of y corresponding to the minimum was taken as the equilibrium
value. Fig. B2-1 shows a typical plot of this nature. The value of
Yo obtained with equation (B2-4) was 24.9 ppm. 1t may be mentioned
here that an average value of X, and x; or, for runs where the initial
gas concentration Y, Was low, the use of x; may be better justified
to calculate Yoo However, the very small differences in X; and x;
(*1 ppm) make it immaterial whether equation (B2-4) is used with X5

X Or an average of the two.

Y-y
Using a value of y_ = 24.9 ppm, the ordinate In (—=——)may
e Yin Ve
be estimated. These values are given below. Yin is the D/H concentra-

i
tion in the gas st = Q.
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FIGURE B2-1

Plot of y vs. t to Determine the Gas Phase Equilibrium Value
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TABLE B2-6

Data of Cumulative Depletion vs. Time

n (yin-se) (Slc)
0.0 0
-0.1024 500
-0.2080 1000
-0.3256 - 1500
-0.4250 2000
-0.5277 2500
-0.6440 3000
-0.7540 3500
-0.8668 4000
-0.9500 4500
-1.0669 5000
-1.1856 5500-

-1.2755 6000
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The slope (-k ) of the least square line through the above data of

1
in ( -e ) vs. T was found to be
YinYe

ot
w

= -0.214 x 1073

or K= 0.214 x 1073 (sec™

Referring to equations (2-57) and (2-58)

K= M (B2-5)
Vv H2
where A, = AA + AJ (B2-6)

AA = Area of the sphere absorber corrected for liquid film thick-
ness (sz)

Aj = Area of the liquid jet (cmz)

Interfacial Area of Contact

Sphere diameter = 3.81 cms
Jet diameter = 0.0460 cms
Length of Jet = 0.2650 cms

Liquid film thickness
at the sphere equator = 0.0066 cms

.>. Area of the dry sphere = ndz =7 X 3.812 = 45.6 cm?

Correcting for liquid film thickness by using equation (2-58)

2.58 x 0.0066
T.505

A, = As <i +

45.6  (1.00894) = 46.0 cm®

Area of Jet = wdjL where dj = diameter of the jet (cm)

So A =T x 0.0460 x 0.265 = 0.0383 e’



-

195.
AL = 46.0 + 0.0383 = 46.04 -

The same calculation on the computer resulted in AT = 46.05 cm2

System Temperature

The average temperature of the liquid was taken as being represen-

tative. From the data sheet, average thermocouple output from t = 500 sec

to t = 6500 sec = -0.4509 mv.

Use linear interpolation of the standard E.M.F. data of copper-constantan

thermocouples (Ref. 0°C)

T, = -11.0°C mv, = -0.417

T

- ° = -
2 12.0°C mv,, 0.455

The equation of the mean curve representing the calibration of

the thermocouples with respect to temperature is given by

eyt 0.0064
s T 0.99%62 | (82-7)
where
e = the standard E.M.F. generated by the thermocouple as listed

in the '"Leeds and Northrup' thermocouple tables (copper-

constantan) (mv)

en = The actual E.M.F. generated by the thermocouple (mv)

The actual calibration data for the above thermocouples is given in

Moore's thesis [9].

€y = -0.4509
_ -0.4509 + 0.0064
s 0.9962

-0.4463 mv
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- -0.4170 - (-0.4463) , .,
Factor = 59770~ (=o-4sz0)y (170

__0.0293 _ . __,

=-05-03%0 0.77°C

Temp of System = -11.0°C - 0.77°C = -11.77°C

Density of Aminomethane

The following equation was used [9],

p=a; +a,l+ a3T2 (B2-8)

where al'= 0.905798

a, = -4.009472 x 107"

ag = -1.457690 x 1076

T = Temperature °K

p = aminomethane density g%%

T =273.18 - 11.77 = 261.41 °K

Using equation (B2-8) the density p may be found to be

_ gms
p = 0.7014 -y

Henry's Law Coefficient

Using equations (2-13) and (2-14) one obtains

2
_ 1000 _ 1000
In HZ = 54,1403 + 1.6612 m} 0.1160 %m)

atm
mole fraction

or H2 = 6625.7

System Gas Volume

The total volume occupied by the gas in the gas-liquid exchange

system was estimated by expanding a2 known test volume of a gas at a
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known pressure and temperature into the system. The initial pressure
of the system was also known. The final pressure of the test volume
and the system was recorded after the expansion. The followihg

equation may then be used to estimate the unknown volume.

v, | (82-9)

Since no temperature change was observed during the test the above

equation assumes a constant temperature.

VS = The unknown system volume (cc)

v, = Volume of the test tank and its connecting lines (cc)

P] = initial pressure of the test tank (cm, Hg) (absolute)

R; = Initial pressure of the system (cms Hg) (absolute)

Pf = Final pressure of test tank and system after expansion (cm Hg)

(absolute)
Equation (B2-9) was derived by a simple molér balance of the gas before

and after expansion. The procedure involves the following:

P.V
No. of moles of gas in test tank + lines = _%Tl' = n,
1
Q]Vs
No. of moles of gas in system before expansion = =T = Ng
1

Total number of moles of gas = (n1 + ns)

Total volume after expansion = V] + Vs
PF(V +V )
g1 s (A h ion)
RT] =n; +n ssumes no temperature change on expansion
or PRV + Pl = PV + BV,

(Pe=P) Vg = Vy(P-Py)
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(P -Py)
or VS =-(—‘5F—P]-]—)— V1 (32'9)

The system volume was estimated two or three times during the course of
the investigation. Whenever a change in the apparatus constituting

the gas-liquid exchange system was incorporated, a new test for gas
volume was conducted. The last volume test was conducted on 18th May

1972. The following results were obtained.

V] + connecting lines = 1796.3 cc
Barometric Pressure = 703.8 mm Hg
Pr = 703.8 mm Hg (Barometric Pressure)
Py - 171.37 mm Hg
P = 388.53 mm Hg
v, =32 (1796.3) = 2607.8 cc

A cathetometer was used to take the pressure readings from a
mercury manometer. The above volume includes the volume of the liquid
lines in the system that were not isol#ted and the volume of the liquid
aminomethane that would be introduced into the saturator before each

experiment. The volume of the liquid lines was esitmated as 43.0 cc.

Volume of gas in the system + volume

of liquid aminomethane in saturator = 2607.8 - 43.0 = 2564.8 cc.

The volume of liquid aminomethane in the saturator was estimated at the
end of each experiment by measuring the height of the saturator not
occupied by the liquid. A cathetometer was used for the purpose.

For the experiment of the 1lth October 1972 the aminomethane volume in

the saturator was 49.2 cc.
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Volume of gas in the system = 2564.8 - 49.2 = 2515.6 cc.

Diffusivity of HD in Aminomethane

The following method was used to obtain the value of the diffusivity
of hydrogen-deuteride in aminomethane.

Over a temperature range of -5°C to -35°C the diffusivity of '
HD- CH3NH2 and H CHBNH2 was estimated at 5°C lntervals using equation
(1-49) given in the first part of this thesis. The mean ratio of
DHD/DH over the entire temperature range was then estimated as being
0.9102.

The experimental data of the diffusivity of HZ-CHBNH2 was taken
from the mean line of Fig. 6 in part | of this thesis and a least
square fit to the data of loglob vVS. %2%9- was generated. The

equation is given as

log; 0y = -2.25564 - 0.432524 8 (B2-10)
2
where B8 = ]—2-2% (B2-11)

The 95% confidence interval of the parameters is better than 0.5%.

The value of DHD was then taken to be given by

DHD = 0.9102 DHz (82-12)

For the specific experiment under investigation

_ } 1000
]OglODHZ = 2.25564 0.432524 X ml
= -3.9102
(-3.9102) -6 cm®
D = 10.0 ) = 123.0 x 10 -_—

Hz sec
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and DHB =111.9 x 10 Sec
The overall liquid phase mass transfer coefficient KL may now be

estimated from equation (B2-5)

- KA p RT
B N (82-5)
| V H,

- 0.7014 gm moles
oL 31.07 cc

cc atm
g 82.06 gm mole °K

261.41 (°K)

B
I

-
ll

V = 2515.6 (cc)
_ atm atm
H2 = 6625.7 mole fraction °' “moles
moles
A = 46.05 (cm?)
% -3 -1
k' =10.214 x 10 ? (sec ')
K = kv Hy -1 atm moles 1 cc moles °K ;_
L ATp RT sec ce moles 2 moles cc atm K
L'g cm

2 0.21h x 107 x 2515.6 x 6625.7 x 31.07  cms
46.05 x 0.7014 x 82.06 x 261.41 sec

=21k x 2.5156 x 6.6257 x 3.107  _ .
-605 x 7.01% x 8.206 x 2.B1ki :

Now for the fast reaction regime neglecting gas phase resistance

K = KDg (B2-13)
2
co= S (016012 i
1T By T1ax 10

229.0 (sec-l)
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Details of the calculation of Ye by estimation of Liquid Enrichment

Vapour Pressure of Aminomethane

The following equation was used to express the aminomethane vapour

pressure as a function of system temperature.

: ,
- 2 -
InP=C +-% + C,T+CyIn T (B2-14)

where C, = 100.90554
C, = -5716.32506

C3 = 0.022480
P = vapour pressure of aminomethane (atm.)

T = temperature (°K)
Using T = 261.41 °K one obtains
P = 0.7806 atm.
The partial pressure PH of hydrogen was assumed to be given by

Py =Py =P (B2-15)

where PT = total system pressure at the beginning of the experiment.
One could use an average total pressure of the system given by the
mean of the initial:and final pressures but since this is used only
to estimate the total number of moles of hydrogen in the system (of
the order of 0.15) use of the initial pressure only is sufficient for

a reasonably close estimate of the liquid enrichment

- 725+ 71.13 _ 143.69 _
PT = =25 = =% ° 1.89 atm.
PH = 1,11 atm

Number of moles of hydrogen in the system are
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PV :
P 1 x 2.5156 _
"g T RT " 0.08206 x z61.01 0.1302 moles

Consider the time of the run before the spill i.e. at 6500 sec.
Average Liquid flow rate = 0.292 cc/sec

The details of converting the liquid rotameter readings to the corres-
ponding aminomethane flow rates are given in Moore's thesis [a]l.

Number of Moles of liquid passed over ball absorber is given

_ 0.292 x 6500 x 0.701k
31.07

by n

L2.9 moles

The final D/H concentration of the gas at time t = 6500 sec is 151.6 ppm.
Y initial at time t = o is = 526.9 ppm

(Y;=Y¢) n, = (526.9 - 151.6) 0.1302 = 48.9

initial iiquid concentration of D/H from analysis of previous
experiment is = 114.3 ppm

Using equation (B2-3) one obtains

' 114.3 x 42.9 + 48.9
Xg = L2.9

48.9
114.3 + 2.9

115.4 ppm.

The equation of the separation factor is represented as

237.59
T

]og]oaeq = -0.2422 + (2-21)

1og o, = =0.2422 + %%%{{EL

-0.2422 + 0.9089 = 0.6667
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. = b.gklg
1
X
_ % _ sk _
e T 5. T wehg =29 eem

The overall liquid concentration % used for the next experiment was
estimated by using a linear mixing rule essentially of the same form

as equation (B2-3).
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APPENDIX C2

Error Analysis

The standard error in a measured quantity may be defined by

o= — (c2-1)

('™

where o is the standard deviation of the measured quantity and n is
the total number of observations.

For any function

G = f(A,B,C,D) (c2-2)

The standard error in G is given by

2 ; 2 2 2
2 _[of 2, (of 2 [af 2 [af 2 )
og -(ﬁ) o) *(ﬁ) op *('a'a o *(m op”  (C2-3)

where G is the mean of G and @ps Ogs Cp and o, are the standard errors

of the means of A,B,C,D.

‘The equation used to express the depeltion of the hydrogen-deuteride

concentration with time is given as

YVe KLATpLRgT
ln(;y—) = - Vi t (2-57)

in ‘e 2

where AT includes the area of the liquid jet.

For a fast first order reaction, the relationship of K with the

L
rate constant k] is given as
K= /D (2-6)

Expressing KL as a function of the other quantities



or KL = f(V’H,AT9pL:T’t’Y’Ye’Yin)

The universal gas constant R

is assumed invariant and as such

aKL

3R
9

=0
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(c2-4)

(c2-5)

is not included in (C2-5) because it

(c2-6)

Expressing equation (C2-5) in terms of standard errors one obtains

L2
K

2
AN
(av) “v'*(

2 2
of 2 [af \ 2
Sﬁ) Y *'(EK% Ot

The derivatives may be expressed as

*
3V Ao RgTE
* 8

P i

K v

3 2

AT AT pLRth
LA
% PL
o, UN

3T T
o008

5t T

1(_1_) K
yin—ye v

2
) a? L
L

'T 2
— o
ayin Y

(c2-7)

in

(c2-8)

(c2-9)

(c2-10)
(c2-11)

(c2-12)

(c2-13)
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K
aKL VH 1 - y=y
3— = c————— Prrronnt = - e ) (CZ'IA)
Y Aro R TE (y ye) (v \/e)ln(yin_ye |
K K (y-y. )
5_'-_ = L in (CZ‘]S)
Y Y=y
© In = ) (y=y ) (y;-v,) :
YinYe
3K K
L _ L ' (c2-16)
ayin ( ) 1 y-ye
Yin el T YinYe
Substituting equations (C2-8) to (C2-16) in (C2-7)
2
o 2 , 2 o 2 o 2 2 v 2
() - () (2] () ()
K ] H) T\A o, T t
2 e (vvi) N2 /e, \2
-,——Y—\-a Y O T -(——-—7—"" (c2-17)
WYl 2 B(?-Ye)(yin-yézy YinYe!B
) _ Y‘Ye
where 8 = In [ ——m (c2-18)
Yin Ye
It may be noted that the terms involving (y - ye) are the ones

which could contribute significantly to the total error ;f the data ?
at t > (i.e. y ye) are used. It is advisable therefore, to shift
the time scale so as to include data upto a time 't' where the 'y!

.value is still significantly different from Yoo In general
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most of the data taken during this investigation was obtained from

experiments which were conducted for about two hours.

Re-arranging equation (2-6) one obtains
2

&

1 D

2 2
e az =(.a_l.<l) az + (ﬁ) ] 2
k] 3KL KL aD D

The derivatives are given as

ak] ) ZKL ., EL

BKL D KL
2

.aﬁ = --K—L—- = —-k—l—

ab DZ D

ak] 2 o 2 o 2
ale) =s{ ) o+ (_j%)
1 K D

Error in Gas VYoluine Estimation

Re-writing equation (B2-9)

a2=(&)" o +(_av)2 2 (a_v_)z
v BPI P] SPf Pf' aq,

where 3V _ 1 v

3P, P-

v _ V(ﬁ]-P])
Fe PPl (PemRy

(c2-19)

(c2-20)

(c2-21)

(c2-22)

(c2-23)
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v v :

- (c2-27)
Py PR ‘

oV _ \I__ _
W{ - v, (c2-28)

Substituting the derivatives in (C2-24)

v _ 2 . 2
— == + — — +| 5—— + 1 (c2-29)
v ®1Ps. (P1-Pe) (PeoPyy PePy) - _"1)

Representative estimates of the standard and fractional errors of the

pertinent variables are:

%p =+ 0.2 mm

[*]
1l
+

0.1 mm = ¢
£ M

oy =% 1.0 cc

o =a, =« =% 1 ppm
e Yin

A Fortin's barometer was used to measure P] and a cathetometer to measure

the heights of the two limbs cf 2 mercury manometer to obtain P and PH

The fractional errors are of the following order of magni tude.
o a
(V—V—) = 0(107) (—g->= 0(5x1072) \

-2 %1 4 ¢
o(1o0 °) (—-T—)=0(10 ) (_ﬁ): 0(104‘) y  (C2-30)

/“\

I| IQ

N
]

Ay

G.t _ -3
0(5x1072) (—t>-°“° ) /

VR
'o Q
|
\__/
]
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Using the general equations derived above along with typical values
of vy, Yin and Yoo the fractional error in the overall mass transfer

coefficient may be represented by

a

K
— = 0(107%) (c2-31)
L

This leads to an estimated fractional error in the rate constant of

%k

T] = 6x1072 | (c2-32)
1

It may be safely stated therefore that the rate constant values obtained

are reliable to *10%.
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APPENDIX D2

Detailed Experimental Data

The detailed experimental data taken for the depletion of deuterium
in the gas phase with time is given in Table D2-1. The gas phase
compositions 'y' shown in the table represent the absolute ppm
concentrations of D/H obtained after conversion from the raw data
in the manner shown in Appendix B2. Table D2-1 may be used to obtain

k] vs. T and k] vs C data reported in Chapter 5 of this thesis.



TABLE D2-1 211.
talled Experimental Data
Run No./Date 1/023/3172) 2/(5 /4/72) /O W72) W(s5/7/72)
T (sec) | Y = 0/H(PPM) | T (sec) | ¥ = D/H(PPM) | T (sec) | Y = D/H(PPM) T (sec) Y = D/H(PPM)
0 1586 0 533 o - 542 a bl a b
903 1473 650 517 600 499 . .
1204 1444 967 504 1200 470 . 0 0] 464 206
Time vs. Gas 1504 1427 1240 499 1800 438
2403 1346 1500 k89 2400 410 600 600 | 399 180
Phase Deuter- 3002 1281 2057 470 3000 379
3609 1245 2550 456 4200 334 1200 1170} 381 155
fum Concentra- 7230 985 3150 442 5400 292
9633 843 3650 428 6600 256 11800 1700} 295 138 |
tion Data 10232 793 zgso 212 7800 214 HMean of k; values ’
1263 ny 57 01 9000 197
17650 538 5850 357 10200 174 obtained from both sets .
6350 354 11300 156 was taken as representative.|
7850 336
8850 316
9850 298
Total Interfacial 2
Area 20.67 () 20.67 20.65 46.03
Catalyst Concen~
tration 15.80 (gmsK/kg.Anine) 15.80 15.80 15.80
Henry's Law Coeff18204.7(atm/mole frac.) 8210.2 6643.2 7006.0
Gas Phase Equili-
brium Value 21.1(pPPM) 21.1 24.8 2h.4
System Tempera-
ture -30.11 (°c) -30.16 -12.00 -16.66
Total initial
Press. 1.476 (atm.Absolute) 1.378 1.866 1.681
Gas Volume in
System 3108 cc 3107 3091 2538
HBd~Aming Diffus- -6, 2 -6 -6 -4
ivity 83.9x10 " (em“/sec) 83.8x10 111.5x10 104.0x10
Liquid Flow Rate [0.400 (cc/sec) 0.399 0.409 0.261
Aminomethane
Density 0.7222 (gms/cc) 0.7223 0.7017 0.7071
Run No./Date 5/(2/7/72) 6/(11/7/72) 7/(26/7/72) 8/(31/7/72)
T (sec) { Y = p/H (pPM) | T (sec) | ¥ = D/H(PPH) | T (sec) | Y = 0/H(PPM) T (sec) Y = D/H(PPHM)
0 442 [} 304 ] 351 0 483
T 593 377 500 Ly
ime vs. Gas 353 3%8 500 275 500 317 850 ‘0;:
593 287 1300 3
Phase Deuter- 2193 242 1000 251 1000 288 1800 340
2793 210 2300 303
fum Concentration 3393 179 1500 227 1500 258 2700 285
Data 3983 154 3100 259
4593 133 2000 207 . 2000 235 3500 235
5193 14 ’ 3900 224
5373 110 2500 186
Total interfacial 2
Area 46.03 (em) 46.06 46.06 46.06
Catalyst Concen-
. tration 15.80(gmsK/kg.Amine) 15.80 15.80 15.80
Hﬂenry's Law Coeff]6317.5(atm/mole frac.) 7644.9 7581.9 7571.5
Gas Phase Equili-
brium Value 24.5 (PPM) 22.9 23.1 23.1
System Tempera-
ture ~15.55(°C) -24.15 -23.45 -23.33
Total Initial
Press. 1.507 (atm Abs.) 1.435 1.481 1.514
Gas Volume In
System 2540 (cc) 2526 2523 2518
HD-Amine Diffus- %, 2 -6 -6 =
ivity 105.8x10 " {em“/sec) 92.6x10 93.6x10 93.8x10
Liquid Flow Rate |0.263 (cc/sec) 0.280 0.281 0.282
Aminomethane
Density 0.7058 (gms/cc) 0.7156 0.7148 0.7147




TABLE 2-1 Cont. ] 212.
Run No./Date 9/(2/8/12) 10/(28/8/72) | v | 12/(22/9/72)
T (sec)| Y = D/H(PPM) | T (sec) | Y = D/H(PPM) | T (sec) | Y = D/H(PPM) T (sec) Y = D/H(PPM)
0 272 0 443 0 L42 0 456
400 245 400 408
300 222 400 403 4oo 388 9co 352
Time vs. Gas 1200 138 \ - 1400 307
1600 175 775 359 1400 2| 1900 269
Phase Deuter- 2000 158 . 2000 234
2400 141 1150 322 1900 246 2900 207
jum Concentra- 2800 128 3400 181
3200 116 1500 289 2400 210 3900 159
tion Data 3600 105 : Lkoo 139
Looo 96 1800 268 3400 157 4300 122
2100 237 3900 136
Total Interfacial 2
Area 46.04 (em®) 46.04 46.05 46.05
Catalyst Concen-
tration 15.80 (gmsK/kg.Amine) 15.80 15.80 10.42
Henry's Law Coeff|6704.6(atm/mole frac.) 6677.6 6618.8 6604.9
Gas Phase Equili-
brium Value 25.3 (PPM) 25.6 24.8 24.9
System Tempera-
ture -12.81 (°C) -12.46 -11.68 =149
Yotal Initial
Press. 1.815 (atm.Abs.) 1.442 1.830 1.900
Gas Volume in .

System 2526 (cc) 2531 2521 2524
HD~Amine Diffus- -6, 2 -6 -6 -
ivity 110.2x10 ~(ecm /sec) 110.8x10 112.0x10 112.3x19

Liquid Flow Rate {0.277 (cc/sec) 0.291 0.292 0.293
Aminomethane
Density 0.7026 (gms/cc) 0.7022 0.7013 0.7011
————————————————————
Run No./Date 13/(30/9/72) 14/(9/10/72) 15/(11/10/72)
T (sec)| Y = D/H(PPM) | T (sec) | Y = D/H(PPM) | T (sec) | Y = D/H(PPM)
580 424 0 481 0 279
0 359 1000 397 500 35
Time vs. Gas 1250 316 1500 357 1000 394
" 1400 ‘291 2500 290 1500 -353
Phase Deuter zago 252 3000 264 2000 322
R 2360 22 3500 238 2500 293
ium Concentra~ 2870 195 zooo 216 3000 253
3350 173 500 198 3500 23
tion Data 3850 152 5500 161 4000 216
4350 134 6000 147 4500 200
4850 18 5000 181
5350 104 5500 164
5850 93 6000 152
Total Interfacial 2
Area 46.05 (em®) 46.05 46.05
Catalyst Concen-
tration 10.42 (gmsK/kg.Amine) 4.95 4.95
Henry's Law Coeffl6597.4(atm/mole frac.) 6575.4 6625.7
Gas Phase Equil-
ibrium Value [25.0 (PPM) 25.0 24.9
System Tempera-
ture -11.39 (°c) -11.09 -11.77
Total Initial '
Press. 1.909 (atm.Abs.) 1.851 1.891
Gas Volume in
System 2534 (cc) 2525 2516
HD-Amine Diffus- 6, 2 -6 -6
ivity 112.5x10 " (cm“/sec) 113.0x10 111.9x10
Liquid Flow Rate |0.298 (cc/sec) 0.296 0.292
Aminomethane
Density 0.7010 (gms/cc) 0.7006 0.7014




