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A single sphe ] abcorhn' \'n'n used toio'btain uuur.u&o of -

the p.eudo—firat-ord.r nn cmtq: for the uotopic ?clum o! .

e v
deuterium in the hydrogtn—ainn thano Byst The catalysts uud 1n
°F‘ -

N ®
this study were ponniu- -ethyluﬁl (PHA) an$lixturu of potauiun/

and 1lithium -eth'naudu (PLHA) The - :enpouturc raq. ot :h. ':'3‘"'

1nvestigntion vas -10 to -30°C and an aczivation enot‘y ot 28. 5 kJ/tol
~
was calculated for the tuctioa.- Valuu of the rate’ conotanto rligod

from 2. 1 to 582 l 1.j>~ o - : . i _ 

- '\

Two lets of experiments were perfothcd with PHA catllylt

concentrations of 0.31 and 0.40 m mol/g amine. These’ data along vlth -

e

data’ fron Rochard (3) and Kalra and Otto (2) vere uced to dovclop a

model of the dependonce of the rate constant on PHA conccntution. ‘ -

Y . .

Rate constautc wvere meaoured for solutionl‘contliuing

lithium methylanide to pot’iuu nethylmide couqentra.tion ratiol o j” S
« .
ranging fron 0.5 to 4.26. - An eﬁuion was developod uaing 011 thc 1 ’
1

-data obtained in this vork, which describes the dependcnco of the rate *

constant on tenperaturo. gg;kconcentration,aud lithiupmunthylautdo e B

79

concenttation.
.. , { " ) . ‘ ¢ B )
‘fﬁe,accuracy of the rate constants obtained was eotilntgd,tOz .

K
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"~ The sxchangs of ‘sﬂuﬁ- bsmsu hgtom sw MO t

hss pot‘uisl tol fon the basis for a process’ for ﬂ& co-ucw i
e .
production%f hcsw vster. that mld provtgs uqﬁltcmtive to ths’ll o-

" H,8 sxchsngs procm now used in Csnsds. lgno:oft and hs (L) have:

2. * ( "\
described—a bigusml hydrogsn-utnonethsns %ﬂt‘ .
‘ :operst‘s between the tl-pcrltures of =~40°C and 70‘c.

' wopld consist of a large source of hydrogen or sltsrnstlvtly water

could be uud ss s, feed by pfoviding a hydrogen-vstsr sxchsnge stsp. -

'Possible large’ sources of hydrogsn“src the Ws’yn;hssislss-fceds to ’ns ar

‘scsle fértiliser or s-‘onts"p]:snts snd’ ‘the hydroged vhich ‘u'y be
produced iar use in. ‘the upgrsdiug of the bitu-sn from ths oil ssnds

‘rt. naturally occurring utio of deutctiu- o hydrogen is 1n ‘
* the ovder of l 5x 10 4, 3 -’nms lsue qusntlties of fsod«.uu h

« s
-

processed to produce P significs? qusntity of nzo (in the firat

enrichnent:stsge)-.snd very large uqufd-gss contsctorg.;lre requ—iréd.
. . - fd
These_contactors constitute .a ms_)or 129“1}0:1 of the capitsl cost ¢ of a

i e

hesvy water plant 'mi

The hydrogen-aniépncthan exchange showr as
Cgfiﬂz + HD I CH,NHD + 'Hé L _ (1.1)
is a fast reaction which occurs in tk{:e liquid phase and is catalyzed by -

alkall metal amides dissolved in the anmine. Quaotitstive information

on the reft'gcts of teq;ersture and anide coucentrstion on the rate aof
o

exchange is useful for the estimation of transfer coefficbents and thus

o}

stage efficiencies for the design of :I.ndustrisl gss-—liquid contsctors

. 4 . o
. : \ :
- - .: 5! !

e
e
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2. LITPRATURF QURVFY
e/ i
2.1 szrogen Ammonia sttem
Exchange studies of the hydrogen-ammonia system are of
interest in the study of the hydrogen-aminomethane system since
Q , “ -
aminomethant is a simple substituted derivative of ammonia. The
hydrogen-ammonia reagdtion may be written as
+ > + H, '
NH, + HD | NH, D H, | (2.1)
N ¢ ' o ’ ?
L L}

Wilmarth and Dayton (6) used a i;f/red reactor to study the

ortho- -para conver;ion of hydrogep and’the isotopic’ exchange of hydrogen
»with liquid ammonia They determined that the above reaction, Equation
(2. l), was homogeneous and that the rate was: first order with respect
to the concentration of dissolved hydrogen deuteride Their data on

the hydrogen exchange reaction consisted of two measurements at -53°C

with very low potassium amide concentrations of 0.15 and 2.7 mol/1.

The rate constants obtained for these catalyst concentratio were
0.23 and 1.31 min 1, respectively. -A linear dependence of the rate
constant an the catalyst-cencentration wad,;g}erved from their data.

| Bar-Eli and Klein (7) also used a stirred reactor to study
the hydrogiﬂ4ammonia s&stem using potassium, sodium and lithium amide
catalgsts. Their investigation covered the temperiture range O to
-80°C uith cataI?E% concentrations from 5-200 m mol/1. ‘An activation
energy of 31.4 kJ/mol was calculated for the reaction with potassium
amide as catalyst. The rate of exchange at -61°C with, a saturated-

potassium amide solution was 5.5 times that obtained with a saturated

sodium amide solution. Similarly, the*ratio of .the rate of'exchange



s , -

measured for a saturated solution of sodium amide to that for a
‘ -

A Y

Baturatéd éblutién of‘lithiﬁm émide at —45°C was 23:1. The fate~of
reeji’pn had a linear dependence on the catalyst concentration over the
range studied. However, the poditive intercept on thé_rate c;nstant
vérsus'catalyst conceniration curve at zero catalyst concentration plus
the work of Wilmarth and>Dayton (g) on the ortho-para conversiqn of
hydroge; at high catélyst concentrations, led them to propose that the

""TQ;:;;; exchange is catalyzed b; both the free amide ion and the

undissociated potassium amide. They expressed this relétionship as
il . ﬁ

k = kNH; [NH;] + kl(NHz [m21 ~ (2'..2)

where kNH; and kKNHZ are the specific rate constants for the'cgtalysiqi
by the amide ion and potassium amide, respectively.

Dirian et al. (8) studied the exchange reaction in the

‘ temperature range -70 to -40°C with catalyst concentrations from 0.4 to

1400 h mol/l. They were unable to eéllminate the mass transfer resistance
. . )

~ -

with catalyst concentrations greater than 60 m ?01/1, in spite of

stirrer speeds up to 9000 rpm. & 'value of 33.5 kJ/mole was reported for-

the activation energy of the reaction. ' They proposed ﬁha; the
: ' . @
dependence of the rate constant on the catalyst concentration should be

' expressed in terms of the activitiés of NH; and KNH2 as

<2 2

v k = - -+ a2 ’ (2.3)
' Hmz °NH,, Renn, xnm |
, .. :
where - and are the activities of the amide fon and the
v aNHZ ?KNHZ .. ' ’
undissociated amide, respectively.

rd

Delmas et al. (9) also used a stirred reactor to investigage



A,

b

“indicated a Tinear dependence of the rate constant on the

. [ i
O -~ », . v

I»

vbhe hydrogen ammonia exchange reaction with particular emphasis on -

determining the catalytic active specie.‘ Their results, at -45.2 C,

/

concentration of potassium amide up to about 5 m mol/l. Above this
. \

) concentration the ob~erved rate was higher than that predicted by <

Co B : [
extrapolation of the linear region of the curve. They proposed that

NH; was the only catalytic active soecie and the rate constant could be

-

. /
expressed as .

k = ko[NHZ} ' - ' ' (2.4)

!

- ‘ : . . ‘

' The increased rate observed at potassium amide concentrations greater

«

than 5 m mol/1 was thought to‘be dué to an increase in the NH;
s : / ,

concentration, caused by cHe formation of triple ions of the form .

i

KZNH;. The activation energy calculated from their data between -45., 2

and -70.0°C was 23.0 kJ/mol. They attributed the difference between
. . / . l

this value and that determined’by'Bar—Eli and Klein (7) to the use of

different values for the 'solubility of hydrogen.

Bourke and Lee (10) used both a wetted rod contactor and‘a»

i
disc column to study the exchange reaction with potassium amide as the

. \
catalyst. flow of ammonia on the rod was laminar which allowed
\

them to account for the liquid phase resistance to the transfer of HD.

.T&ey,investigated the temperature range -40 to +203C}hitp catalyst

concentrations of 0.082, 0.163, 0.327 and 0.653 mol/1. The rate

constants ranged from 10 to 500 s—lland an activation energy of .33.5

kJ/mole was calculated.

T
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2.2 dto en- Aminomethane System _;,J,_,‘LM R U

fke isotopﬁc‘exchange of deuterium in thk hydrogenTaminohethane
ay be written as \ , " \\ oo |
. ' ' " . \\
CHJNH2 + HD 2 CH, NHD + H2 (1.1)
The system\properties of particular interest iu a kinetic tudy_bf this
reaction are:' “ -

1. The, isolubility of hydrogen in amipomethane
!

2.. The diffusivity of HD in aminomethane

3. The equilibrium constant for the reaction

“4. The solubility of the alkali amides in aminomethane

. 2 _ Py
InH = A+ AjB + A8 | , J (2.5)

where H = Henry's law coefficient (atm/mole fraction)
' ! g

4.1403

[
]

Ap=1l.6612 .
A, = -0.1160: - ° | IR

8 = 10000.0/T
Kalra (12) measured the diffusivity of hydrogen in liquid
auinomegtane in the temperature range -20 to -30°C. The use of a
modified errell and Himmelblau‘correlation shown as |

D = 4,66 x 10

‘1

2
+ A+ 0.
. Lt 33 (2.6)

/
/

// .

/
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T = Temperature (K) f ', |

Viséosity'of the solvent (cp) ' . o

- \ V .
a, = Property of the soluteM ol[-ﬁz‘]ll3 ' . |

<.
L}

= Molar volume of the solute (cm3/mol)
A* = Quantum parameter = h/o(tm:)ll2 . 5 \
. . ! ‘\ \.\ 4
for the prediction of the diffusivities of Hz; HD' &nd D2 in\aminpmethané\

was recommended. o

The‘gas phase equilibrium constant for the reaction, Equafion I

~ 34. . . N ' .
* (1.1), and the relative volatility of CH3NH2/CH3NHD may be written ‘as
o : P

NHD] _[H - R .
Rk e L ! - Co@n

K = -
e CH,NH HD
q ~ TcH,NH, ] [HD] ) \
! ‘ ~
and . .
' -l .
. . [C“3N"-2]8[C“,3"“D]1 : 2.8 -
C N ORI, ToR DT, -
' v \
The gﬁgﬁfation factor is defined as - ' \Ti\
~ S « = D/H ratio in gas-free amine - ‘ : \\\\; L(2'§f
D/H ratioin vapor~free hydrogen -:\\\\' ‘.
I . i . BN
\ , . o - \‘\'\
For the case of low deuterium concentration the separation’ factor may be = - -
expressed in terms of the gas phaée equilibriug .constant and the.
relative volatility as
_ * . ) N " - .
a =K 2 . S , (2.10)

eq °N m*

where n* = Number of exchangeable hydrogen atoms in an aminomethane
o P o

-



.

/.

— -molecule : ' . v
m* 9”Numher-of exahangLable hydrogen atoms in a h drogen iolecule ,
\. w
. The . number of exchangeable hydrogen atoms in both an aminomethane and a :

hydrogen molecule is two, which indicatea that the term d*/m* = 1 for

this system, thua

# . - a=K al : (2.11) «
. . o o

Accurate‘measurements‘of.the'separation factor for the

hydrogen-aminomethane‘exchange have not been made,.howeVer studiea

oo.,

conducted by A.E.C.L. (13) strongly auggest that it is easentially

equal to that for the hydroged—ammonia system. The separation,factor‘.

-

for the hydrogen-ammog&a exchange is given aa
\

T ' - .

Bl
i

log a = -0.20718 +
The aolubility of potassium methylaﬁide in aminomethgpe[in\
the temperature range -78 to +40°C was investigated by Hayaahitani (14).
His reaults indicated that the solubility increased with decreasing
temperature. Values of the sdlubility at -78 and +25°C were 0.70 and
to b4 mol/l, respectively - L S

‘\3 ‘FBar-Bli and Klein (4) used a:stirred reactor to study the

i !

exchange reaction with-a 1ithium methylamide cataiyet. They bbtained
rate constants of about é.o‘min-l akd 6.5 min—1 at temperatures of -46
and'—29°C;'respectiye1y.‘ A 1inear dependence of the rate of exchange
on catalyat concentration.was observed up to a»concentration of 10 -

ﬁ mol[l; above which the rate was independent of concentration. The
activation enifgy calculated from their data vas 1;.1 kJ/mol. They’

. R ’ . !
also measured the ratio of the rates of exchange, with potassium amide



‘ for the ?ydrogen-ammonia reaction: : v

. . ! i r, . . , o
R | N - i é 1 p ' ; 3 9
_" . . ‘ i { “ :'~ ‘ ‘ . 4
,T‘ o . o ' y }{ . . ,,‘ ll "‘ " 4
rr"v( . - . ¢ - ,‘L ; | ﬂ ‘ .,. . o]
A as. catalyst. for the:amubni and’;minometqfne reactfbns. At -66°C the._, »

4'#"' !

raée conatant for the hydrégenraminomethane re,

Yoo ’ Rochard 3) glsm uaed a atirred reactoy to investigate the

. 4

£ R \

kinetics of the exchangeuwith potassium mélhylamide as catalyst. Table
[ ]

.1 contains the’ results of Her work with the hydro en-aminomethane

T

- to the concentration of disﬂblved hydrogen. The acéivation energy was

h}sfem. She determinsd that the reaction was first order with respect

¢

‘calculated to be 28.4 kJ/mol The discrepancy between this value and
l :

that obtained by Bar-Eli and Klein was attributed to,the use of ~ .

.different valuesifor the hydrogen solubility 'At ~77.2 and -90°C the

rate depended linearly on the catalyst concentration up to about 20

‘m mol/l. The addition of 0. l mole percent ammonia to the aminomethane

27

solution had no ' effect on the measured rate of exchange but the addition
_ . f

of l 0 percent ammonia decreased the rate by a factor of 10. ,i B -Et'
Kalra and Otto (2) used a.single sphere absorber ‘to obtain yp

dmta on the hydrogen-aminomethane exchange with potassium methylamide

as the catalyst. The temperature range of their investigation was —10

to ~30°C. Values of the rate constant for solutions containin

catalyst concentrations up to 0 4.; mol/g ranged. from 250 to 635 s 1f'd

The dependenc% of the rate constant on the catalyst concentration was

linalt up to about 0.13\m mol/g. An activation energy of 16.8 kJ/mol

K 1; .
208 £ 1cu1ated frpmﬂfheir data. It should bb noted that the catalyst .
‘forationb were determined by analyzing the solutions for the total

' -concentrations and aasuming that all the potassium was~preaent

. iﬁm methylamide.jr. E . : . ‘ .

- ' ’ g ¢
’g-re detailed j&;erature survey on the ammonia and aminomethane-
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. TABLE 1
CATALYST. CONCENTRATIONS AND, RATE CONSTANTS MEASURED' BY
ROCHARD (3) FOR THE HYDROGEN-AMINOMETHANE SYSTEM

/- e -

! N Bl ik \

(m mo1/1) -62.2 °C v 277.2 °C -90.0-°C
- )

11 - ' 5.8 L oy
L9 | 10.6 7 | 2.9 | 0.9

2.8 16.3 4.6 ' 1.4
5.9 . 30.7 ' 9.7. ., . 2.8

6.5 SO 113 R

9 | Coss T g

12 | . 8.8 . 6.8
12.5° R o 19.0 6.3

4 ~ 60 I 19.0 7.0

14 U 2L

18- | ‘ - 30

19.5 S Y - 9.2

20 . @ﬁi _— ‘ o 9.8
20.5° : f © 28

2 A - 128

26 T 30 .. 12,0

28 A 4 30 ' '
29 | R LI
35 L Y I . 13.2
38 - | . 42 . 16.7

48 S ' o o 18.0
42 T . 41 20.8°
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hydrogen systems was included in Kalra s theais (12)

2.3 Mass Transfer and Chemical Reaction on a Single Sphere Absorber

‘ . a
Lynn, Straatemeir and Kramers (15) we:e'the first to use a

single sphere absorber for mass trqgsfer studies. To describe the
hydrodynamiésxof the flow of liquid pver'the sphere, théy assumed that -
the thickness of the liquia film floﬁing at any latitude on the sphere
was the same a8 that for an équal flowrate per unit length.on an inclined
plane making the same’ angle with the vertical It theﬁ foliowed from

the' solution of Nusseft for laminar‘flow down an inclined plane, that the

film thickness was given by : X '

VL 1173 =213, . | (2.13)

A = [ZﬂRg
A g . _
and the velocity distribution could be represented as
'35
';| - - i 2 ' > . ‘ . ,
SR vw vo(; (A)_) ‘ | | : _ (2.14)_

where Vo 1s thé velocity at.the surface of the film given by

| 4% sin @ B - S
y. = B2 8200 , (2.15)

o - 2v Y

Equation (2.14) canfalso:be‘expressgd as
. o : {

b

stn™ 30 1 - B (2.6
l ‘ .: . -/4.’ . i

E |
' = %nRa,

!

wHere ‘4, = Film thickness at. the equator of the sghere -

1
3VL 1/3 Soa .
2‘PI'R8)
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Combination of Equetions (§.135 and (2.15) ylelds

- [ g ]1/3 2/3 —2/3 -" -1/3 0

(2.17)°
32w v .

Fron which the time of onposure of a’surface.element on the.ephere is
| .
given by

Nau U n ' .
- j RO . (28 _-1/3 [-2/3 .5/3 j s1nl/3 0 g8 &
max 2 ‘

o o 327"y "ol

(2.18)

- 2.58] g ] 1/3 —2/3 5/3
32n ) :

The equation describing gas absorption into a film of liquid
flowing on a sphere Yith a first order chemical reaction occurring between
the solute and a conatituent in the liquid may be obtained by considering

" the coordinate syatem shown' in Figure 1. The volume element ABCD located
in the spherical film is bounded by two streamlines AD and BC and by two
radial lines AB, d.CD. A.steady state mass balance on the solute gas in

K

“the element may be written as

'

Net mass diffusing Net mass - Net mass . - -

into the volume - , = removed by + removed by (2.19)
, element , bulk flow chemical

|

‘ reaction

’ ! “

Ne;;ecting convection terms "in the R and ¢ directions and
. R
. diffusion terma in the 6 and ¢ directions Equation (2. 19) may be

i
E ! expressed .as

“i i S
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. Y 6 s°c s - |
s ZWP sin 8 (R ze dxde ;R dxde) 2R 8in O v (GG)W
. ‘ | (2.20)
. o ) N ) .. .
2 ‘ L \ ‘
- dxdé + 27R” sin o dedf kl(C _-Cu) .
or . !
e 8% sc . sc

| Substitution ofvthe variable y = %3 where A'-?Al si -2/3
!

introduces a coordinate system which accounts for the atretching of !he‘
\

liquid film as 1t flows over the" sphere élé) Thus

1 .
» BRI 2
s%c . B R 5c - a- J2y Joi
sy~ Allsinleg 6 . DR . DR
‘ Ay
2 - o
Lkt ‘ : o
-4/3 K18y 4/3 ' |
o 69 p— 8in g c - Co) S (2.22)..

~Wild and Potter (17)’reduced Equation (2. 2?) by noting that
I
/R g O and introducing the following dinensionless variables:
¥

. 2
dy = .RD 46 = 47R 4mR°D sfn 5/3

de ' ‘ S (2.23)

v Az ‘ 3LA . ) o 1 :

o 1
' |

Kty : , |
M , (2.24)
' . : 5 .

c-¢ : : o
C* = 2 = o - (2.25)

T

which yielded



v . =
. ) N 15
! \ y
] ® ; ! '
62‘- (1-y2):—cl+ns1n"“’36 rere T g 220 !
‘ Sy X v S |

They used a Crank-Nicholson six po§t- implicit numerical method to
obtain a solution to Equation (2.26

Akl e

; Ct-l'y-‘o.x")O.‘

with -the boundary conditions

.

"t - CkeQ,y=owo, p >0

C*=0,y>0, y =0
‘é | ’
! .
J ntegration of the interfacial concentration gradient aroupnd

. »
-

J
the sphere yielded the" total gas absorpti&h rate G, &s
z%'l . ) ) . ) . v N
N ' o : \ &, "/'/ .4 . » :4 .

. n . ’ .
SR N L | <t "
K3 Z"RDJ Gy stnede o (2.27) 3

K ‘ . | . . — — - ' s e
K2 . ' o N ' ' - I ) ) ! '

whe;%‘¢2 = Maximum value of y, occutring at @ = ¢ for a sphericql film

It.also foupwed from Equations (2.16), (£.23) and (2.24) that. ~ -
T kltmax 0.6628 )~ (2.28) ‘©
Wiid and Potte'r developed several simpler ewh N e

approximate their numerical soly&ion within one percent for all possible I

v

.~ values of kltmax' Theae equations for the case where 9 = () are

e / . - ’ I ‘ ‘
. - N . . . I
1. for‘kltma*.- 9 (physical absorption) ; . . ‘////,
| .
G . %172 3 ' : (2.29)
1/2 n’ : :

LCyw, " . \ ‘ o : : L



F
= . 2. for kltmi_l < 1.0
/ : ,
.c _ ) . , Bk . ,‘
| m 0.95? kltlllx +’1.693 - e
) 172 . .
] . e 'i'l' b

' 3. for 1.0 < klcn’m < 5.0

} & '
— ey = 1,428 e 4 2689

1/2 max . | . ,
LCyv, X ' _ : iEtmax ' ] ‘ .

47. fors5,0 < ke <!,25.o , & N : !
e . . \' ‘, ' 4+ A ' o ) ) . ’
‘if/i 1. 428 /k R DU ¥ (2.32)
LC (o /Elt
. I max : .
S & * R
i ,',’Lj.* ' ¥§
?.& ~'?& QE;—)” “
5.. for k I &
, or ke > 25.0 . 0 ( B
f
" g ) ) ° h :
. « - ) : B . AN
- v e 1428 AT o~ W P (2.33).
' e,y /2 © 1 max . / e
% 1“’2 ‘ B — 1‘ . k‘ - R #a

rate is independent of the liquid flovrate and 1s given by
&

G = 4nR? (€, -c /Dkl' ’ (2.36) .
L 4 —’—_——‘——
or (
{ »
kL n\x /EID.

..

Equation (2._34) 1s equivalent to Equation (2.33).
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3. EXPFERIMENTAL
3.1 Aggaratus : \ S - Q;?

3.1.1 General

vlos
O 3

The hydrogen-aminomethane exchange experimeqt consisted of
contacting liquid amine, flowihg over the ball ghsorber, witﬁ.gaseous
hydrogen which was enrichéa with hydrogen deuteride (HD).. The HD
diffused from the gas phase to thé liquid-émine interface where It
dissol;ed and diffused iﬁto the liquid."beuterium atoms of the

- dissolved ﬁydrogen exéhanéed with hydrogen atoms of the amine resultiﬁ%
in a slight supeisaturation of HZ' which then diffgsed back éo the gés

. phase. The net result Qf'this process wasAa reduction of the deuterium
concentration in the gaé phase. : ' - » ;

Since the solubility of hydfogen in aminomeéhan; is-very low,
the driviné force for mass.transfer in the liquid phase 1s small.’ .
Consequently ‘the extent to which the deuterium content of the hydrogen
would deplete during a single ‘pass by the sphefe would be small'a@d |
difficult to detectl; Thus a known volume of hydrogen was contipuously
recirculated past the sphere so that tﬁe depletion of HD was cumulative
with time. The amine was‘éed over the absorber on a once through basis

“ ' v
so that the deuterium concentration in the liquid feed was essentially

coﬁstant with time.

Solutions of PMA and PLMA in aminqméthane are corrosive. The
’equipmen£ in contact. with these solutions was constructed .of 316 or 304
§tain1esé steel, glass or polyprobylené and thesg materials §atisfactorily
resiéted attack by the amide éolutions. Most of the gaskets and O-rings
were made of neoprene rubber. The'neoprene in contaét with the liquid

PMA and PLMA solutions became brittle after several experimental rums



/
S/ . . )
and had’ to be replaced. Polypropylene glands wére used for all the

' stainless steel valve packings and polypropylene tubing was used whenever

flexible lines in contact w{th the liquid amide solutions.were required.

The stainless steel portione of the equipment were designee
for ,a maximum pressure of 3500 kPa at temperatures less than -200°C.
Opegating pressures in ghese sections were never more than 520 kPa and
the minimum temperature reached was —55°E. ‘Glass eections were used in
those portions of the eduipment wheré visibility was desired. The glasgs
section with the lowest maximum operating pressure had a working pressure
of 350 kPa over the temperature range —200 to 300° C Tbe most extreme
condition encountered in these sectioes was a pressufe of 103 kPa at
-55°C. These operating conditions left a wide mangin for safety.

The amide. solutions react violently with oxygen or water, thus

precautions were taken to eliminate air and water from the equipment.

)
1

"3.1.2 Hydrogen-Aminomethane Exchange Apparatus .

: »Figufe 2 is a schemetic diagram of the.exchange apparatus
which was used to contaée hydrogen, enriched in deuterium, with liquid
o _ P
amine. The exchange apparatus was enclosed }n an insulated air bath (9)
whicﬁ could be maintaided af a constarit temperature, * 1°C, over the
temperature éange'elo to -55°C. The feffigeratidﬁ was previded by a
"quk" mddel F62C-502E, six eylinder, two stage'refrigerant compressor,
ratee at 7920 Btu/hf at -100°F. The compressea refrigerant 502 was |
\expanded (12) directly into a cooling coil (13) contained in the air
.bath.' A six kilowatt "Chromalox" electric heater (14)_§a9 situated in

front of the cooling coil. The power to the heater was controlled with

“a 240 V, 28 amp power transformer \(15) which allowed the air bath
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SYMBOLS FOR FIGURE 2

1. Methyl alcohol container 0
2, Alcohol'pump Vo |
3. Liquid feed double pipe heat exchanger
4, "Whitey control valve on liquid feed line
5. Liquid.retu;n double pipe heat exchangefs
6. "whitej?HCOntrollyalve on.iiquid return line
7. Saturator amine sgorage tank .
8. Cold trap for satur;tot amine stofaée‘tank.
9. Refrigerated air Qath enclosure
.10. Gas circulation" pump . 1
11. Air bath circulation fah
12. Refrigérant expénsion valve
13. Cooling coil ' e
14. ﬁeating coil : - A //
15. Variable transformer o .
16. Gas saturator

17. Solenoid valve o

18. In line heat\trénsfer‘coil

19.' Thérmocouples' : j;"
20.'.nguid rotameter

21. Gas reservoir

22. Gas rotameter ’ o oo
23. Entrained hydrbgeP collecfdé , “
24, Liquid distributor 5

’ 25. Pressure balance solenoid valve
26. Jet nozzle and liquid approach tube~ '
27. Ball absorber . L he

. 28. Liquid take off tube '

29. Manometer



II.

III.

IV,

VI.
VII.

VIIT.

To

To

To

To
To
To

To

f o e e
'SYMBOLS FOR FIGURE 2 (contin

liquié return.tanks_

liquid feed tanks

alcohol dfaig. |
vacuum'sy;tem

pressure vent
enriched‘hydrogen‘étorége~fank

. } i
dissolved hydrogen vent

gas samplihg s&stem

\ {

o

u

¥

), -

21



' throughout the air bath. - |

raround the regulating valve was provided to prevent flashing of the

22

! \

A\
4

e e S S P e e e e [
temperaturgﬁto be varied over the range mentioned above. A cfrculating

fan (11) was mounted behind the coils to maintain a uniform temperature

J

4
The feed PMA or PLMA solution entered the exchange apparatus
via a 1/4'inch stainless steel tube. An auxiliary refrigeration unit
|

provided the refrigeration for the methanol used as the cooling medium
!

in double .pipe heat exchangers located on this tube. The purpose of
these exchangers was]to cool the amine to prevent evaporation upon
contact with warm tubing. The fIOwrate of the’ feed was controlled with
a'l/eginch "Whitey",stainless steel union bonnet regulating valve ).

A~bypa98, through a 1/4 inchg"Whitey"'stainless steel shut off valve,

amine during startup, which could result in the valve becoming plugged
with solid amide. L o

An in-line heat exchange coil (18) was. included oni the feed
line, inside the air bath, to bring the amine temperature close to the
desired reaction temperature. The flowrate of the feed was measured
with a Egtameter (20). A glass section (23), designed for the removal
of entrained hydrogen’in the liquidffeed;‘was located upstream of the

I ' X L H :

liquid distributor (24). Both of these sections aided in the
elimination-?f'pulsations in the liquidAflow and prodided_the res%dence

time required to bring the liduid to the temperature in theuair'bath;
. . . . ! B . . i

The top of the distributor was connected to the absdrption chamberﬁ

through a remotely actuated solenoid valve (25), which permitted the

!

pressures in these sections to be equalized The liquid was fed over

the. ball absorber (27) through a 1/2 inch diameter stainless steel tube
‘ 1
equipped with a 0.046 cm diameter ruby nozzle (26) " The ball absorber

[ . ' ¢ . .

N

\
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‘was a’ 3 81 cm diameter ball bearing which had been softened by heat

treating The surface of the hall had been roughened to enhance wetting

A 1/16 inch mark machined on the top of the. ball aidEd proper alignment
(l
-of the jet. The alignment\of the 1et was accomplished with the use of

“’,an eccentric mechanism mounted on the top flange of the absorption

chamber. The ball- was supported on .a 1/8 inch diameter stainless steel

- rod which also acted as the liquid take-off This rod was surrounded by
" a glass take-off tube (28) with an inside diameter 6? 0. 9525 cm,

' A
Excellent control of the liquid level in this tube was provided through "

the use of a "Whitey 21R84" 316 stainless steel needle valve (6) A

bypass was also installed around this valve to’ prevent flashing of the
i |

'amine during startup. Concentric pipe heat exchangers (5) were located.
on the liquid return line to prevent the build up of pressure gradients
due to the heating of the return amine (IY

The,enrichedlhydrogen was introduced into the system from a

| T e

- storage cylinder (VI). A gas reservoir (21) provided\additional volume
| .

I so that an appropriate amount of gas could be charged to the system
The hydrogen was circulated through the absorption chamber with a

1
diaphragm pump - (10), which was driven by an air motor. A rotameter (22)
7 i
‘was used to measure thelgas flowrate. The circulating gas passed !

through a saturator (16) which was partially filled with dry aminomethane.

The dry amine was stored in a tankx(7) between experiments and was

i P

introduced into the saturator via a remotely actuated solenoid valve (17)

The purpose of the saturator was to saturate theé hydrogen with amine and
Voo .
vthus prevent ievaporation of the. amine flowing over the sphere. The total

¢

pressure in the system was measured with a mercury’manomener (29). The

temperatures of the\liquid feed liquid return and hydrogen (above and



i

run through the use oﬁ,copper Constantan thermocouples (19)."' . Lo
X , - An)alcohol wash system was used to elean the apparatus after
‘every run. ethyl alcohoi, fron a reservoir (1), was pumped (?)‘through
- the feed line, over thelhall.absorber.and collected tnrough‘the.return ,
. o ,
line; \The alcohol could aleo‘be\drained back from the distributor to
thefalcohbl.drain (IIi). A vacuum pump'(IV) was enployed to remove‘the'

i
élcbhol which ‘could not be drainqd. Often alwater wash was required,
whichhwae then~followed by‘a Becond alcohol wash to remove the water.
fhefwater‘was neceseary to diesolve potassium'hydroxide formed trom'the
reaction hetween‘the alcohol and amide. ~
| | # : . ,

I ) it

3.1.3° Amine Feed System R B W : . o

: The amine feed system, Figure 3, consisted of two similar}tank
. =
systems which could be alternated as the feed or receiving tanks. Each

set of tanks (l lvA), (2, 2 A) consisted of two 6 inch diameter,.316'
stainless steel tanks with a total volume of approximately 13 litres

Refrigerated baths (6) containing an ethylene glycol—watdr mixture kept

at -24°C, with-the aid.oﬂ an auxiliary refrigeration unit, provided the i

¢

necessary cobling‘for the'anine. Conceqﬁrie tube heat exchangers (3)

(4) were located on both’ the feed and receiving lines to prevent

evaporation of the liquid amine in warm 1ines during start up.v.A glass
wool filter waSilocated on the_feed line to remove any solids which
'might be present in the feed amine. Preesure gauges (?) (8) were
connected to each tank set so0 that each gauge 'could be used for either
set of tanks.‘ Lines leading’to the building exhaust system (IV) (VII)

|

‘were- connected to each ofﬁthe pressure gauge lines. _Theske were,used
o : i . ; :

\

P - o . ' s L

’ below the absorption chamber) weré monitored “throughout "each experimental""'“ o
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'SYMBOLS FOR FLGURE 3
S S B
1-1A. Liquid;feed/receiving tanks, set one:'ﬁﬁ

2-2A. Liquid feed/receiving thnks,-set two :
3. Concentric.tubg heat exchangers on returnwlinea

»

Concentric tube heatvexchangers‘on feed\lines

4
5. Glass wool filter on feed line
6. Refrigeratioﬁ baths ‘
7. Pressurérgépge
8. Pressufe ga@ge " T
o
I. Amine feed to absgrber
" II. Amine return from absorber -
I11. Liquid drain line | o
Iv. . Pressure bleed

V;E To h&drdgen pressure cylinder

Ao . .
3 7 . .
VI% To vacuum S : o e -

" VI1. , Pressure bleed.



when vapors were bled off the tanks to reduce pressure.

'

3.1.4 Gas ‘Sampling System | g _ . i
- ; ' . _ L -
The gas sampling system, Figure 4, was used to withdraw hydrogen

samples, at suitable intervals. from the exchange apparatus for -
subseqUent analyais for the HD concentration. Gas samples were

' introduced into the sampling system, via a 1/8 inch- stainless steel line,
- by opening a 1/4 inch stainlq's steel "Whitey shut of f valVe (10. The

I 4 .
entire sampling system could be evacuated, to. prepare for the

introduction of a sample, by opening .a similar valve (2) cpnnecteg,to a

i ' ' !

vacuum pump (II). A 2 mm vaéuum stopcock (43 isolated the remainder of
the aampling system from the initial sample volume (3) The amine vapors
contained in the sample'were removed in two liquid nitrogen cold traps
(5);_connected in:series. The samples were collected in eyacuated glass -

' ;o
sample bombs (?) whiehlwere connected‘tb'the system with a ground glassf ,
joint.- A 2 mm vacuum stopcock kﬁ) was used to isolate‘the‘sample bombs
from the system. The absolute preesure of each eample was measured with-'
a mercury manometer (11). . Either leg of ‘the manometer could be isdlated
by closing the appropriate 2 mm vacuum stopcock (8, 9. Prior_to the -
start of an~experimemt both legs of thé manometer were evacuated. - }

Stopcock (9) was then closed to allow the absolute pressure of the .' Coy

samples to be measured .3

Ty

'3.1.5 Catalyst Make Up System

‘The ?MA and PLMA caFalyst,solutions were made up'in a standard
twenty-five pound propane tank (l); Figure 5. The tank!was fitted with

Both.atdip tube (7) and a tube connected to the top of the tank (6),

4
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SYMBOLS FOR FIGURE 4

o

.' Valve isolating sampling system from exchange apparatus
. Valve 1solating samplini,syetem from vacuum pump

Additional sample ‘volume

Glass valve isolating sample volume from the renetnder of the
sampling apparatus

Liquid nitrogen cold traps for the removal of amine

Glass valve 1solating aample system from the sampre bomb

.-

Ground glasa joint

\
Additional volume to. prevent mercury from entering the aampling
apparatua e .
- )

Manometer

e

Sample bomb

“To gas reservoir on exchangé'appatatus

um pump

*
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Figure 5: Catalyst Make Up‘Apparatus"
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SYMBOLS FOR FIGURE §

Standard twenty-five pound propane tank
Filter .
Relief valve

\

. . Pressure gauge

Liquid nitrogen bath
Vapor line
Liquid line

To-1iquid feed tanks

To dry amine tank
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which enabled the contents to he withdrawn or introduced as etther a
liquid or a v;por. : Freshly cut potnssiumvnnd'lithium were Introduced
through the top hole of-;hé tank. Dry amine was tﬁen'dlst%llednonto.the
potassium and lithium by submergipg the tank in liquid nitrogen

cbntaincd in a bath (5) surroﬁndiﬁg the Iank. The alkali mepals
subsequently rgacﬁed wi;h the amine produciﬁﬂ their réspcctive amides

and hydrogen, which resulted in an increasc in the.pressure in the tank.
The pressure’gould be Fohitorgﬂ with a prcssur§ gauge (A)-c?nnected to
the vapor line. A relief valve (3).sgt to re]ievc at 550 kPa was also
connected to this.line.;o protect the tank fﬁom a pos;ib]e rupture duce

to ekgessive pressure. A 60 micron "Hoke" sintered Qtninless steel

Y

filter (2).was installed on the liquid line and used to remove solids
o i ’ T '
contained in .the catalyst solution.

3.1.6. Ga& Anal&§1§

The hydrogen samples taken during the exchange experiment wereo

analyzed for .their deuterium concentrations on a mass spectrometer,
. .

which was designed and constrﬁcted by Buc#ﬁoy (19). The spectrometer

tonsisted of a 90° sector analyzer, which employed dual detection cups

for the simultanegué»co]lection of the H, ﬁnd HD.isotoges. The sipnals

from these cup34were amplified anq displayed on "Cary" mode]‘401 vibtating

reed e]ectromgters. These signals were a]ﬁo‘féad.and procéssgd, to giQ¢

the ppm qf HD in the sample, by gﬁc Dcpnrtmen;'s TBM 1860 c&%puter. : :

These results were subsequently compared with the: ppm values of srnédards
i : . .

of known concentration to yield. the actual concentrations of HD in the

sample. The.precision of this dha}ysis‘was i 2 ppm,



3.1.7 Hydrogen Make Up

- The hydrogen used in the exchange experiment was generated by

-

electrolyzing water in-a "Milton Roy'" hydrogen generator. A small

amount of D20 was added to the feed water for the generator to yield
hydrogen with a deuterium concentration in. the order of a D/(D+H) atom
’ ) ‘ :

ratio of 500 ppm. : : .

¢ |
.

3.2 Experimental Procedure

\

3.2.1 The Exchange,gxgerimentb.
‘ fhe‘exchange egperimeﬁt consisted éf COhtaCting gése0us hydrogen
. with a liquid'solution‘é? PMA or PLMA in aminomethane on'a‘3.81 cm
diameteriball absorber, A 5tep bx step operating procedure for>a'£ypic31
experimental run is given in.Appendix A.

\ L4

{ . g
- Enriched hydrogen, from a storage cylinder, was introduced into

| P
the exchange apparatus via a "Matheson Model 70A" low ptessure regulator. .

prior to the start of a run. This gas was circulated with a d;aﬁhraém ?
pump at a rate of about¥50 cm3/s. The total gas Qolume was approximately
2500 cm3,’fe§d1tidg,ih.a turn arouﬁa time of about 50 seconds. The
hydroégp was saturated with aminé,‘to prévent evaporatiqn oé the liquid ';/
feedibn the'absorbér, by passing it through a‘glass section containing
dry liql.;id amine. , , | | .

The exchange experiment Qaé operated ét‘a Hydrogen partial .
pressure of about 162 kPa and the amount;of amine feed was such tha; the

-1iquid to gas molar ratio was in the order of 200.; The enrichment of

the amine under these condit;oné was less than one ppm during a run.

- !

The 1iquid solution was stored in the feed ‘tanks which were

maintained at approximately -25°C, During an exbefimental run the
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pressure in the feed tanks was raised to about 275 kPa with ultra gigh

purity hydrogen, to provide the necessary pressure gradient requiredﬂ
I

to feed the liquid into the absorption.chamber. Thisiqkfogen was
kept in a high pressure cylinder which was connected via a "Matheson"
regulator to the top of the feed tanks. Ihe liquid flowrate ‘was

v

controlled &t about 0.25 ¢cm /s with the "Whitey regulating valve. This
flowrate was sufficient to ensure that the enrichment of the liquid‘on
' the'absorber was Tinimal. There was no visualkevidence of tipples‘on,the
.liquid'surface at this flowrate; howéver ripples could be seen’at higher
flowrates. ' B |

_ The liquid was passed through 5 heat étansfer coil located
inside the reﬁrigerated air‘bath to. bring its temperature close to the v
ebsofber temberathre Any undissolved hydrogen Contained in the liquid
feed ‘was removed in a glass section which was located upstream of the
liquid'distributor. At the beginning of a run this section was partially
filled with liquid solition. The remaining feed entered and exitted
through the bottom of thisvsection and the free hydrogen rose to the top,

+

providing a feed stream which was entirely liquid.
|

Fluctuations in the liquid flow were demped in the liquid
_distributor before admission to‘the absother The liquid level in-the
distributor was adjdbned during start up by opening ‘the remotely actuated
solenoid valve ‘and allowing the 1iquid to rise to the desired level.
The solenbid valve was ‘then closed and the liquid flowrate wes adjusted
, to the proper value. A laminar'jet was used to.introduce the liquid
feed onto the ball absorber, The jet.diameter was 0.046 cm and ‘jet
lengthe of 0.255vto 0.390 cm were used throughout the entire. study.

The work of'Kaleg and Otto (2) indicated that a stagnant ‘layer
. . . : [



_un the take—off liquid extended to the junction of the.take—off‘rod and
the ball providing the take-off lengt -wgs 1.25 cm.‘ The ‘take-off
length was maintained at this value b ostrolling the return 1iquid
flowrate with the "Whitey needle valve. Small disturbances weré
observed ingthe liquid in the take-off tube indicating the possibility
of some'activityl Since the diameter of the sphere was 24'time5 the

diameter of the rod any exchange occurring in the take—pff level ‘was

assumed negligible.“ {

Gas samples were taken throughuut the experiment at intervals
ranging from 600 to 1000 seconds 'Sherter interVals were uSeF at the
higher temperatures and during the initial part of a run ‘when higher |
exchange rates were expected. Sufficient time (400 seconds) was allowed
after the liquid entered the absorber to adjust the levels in the
distributor-and the take-off tube, prior‘to_taking the first samplef
fhe preuented thelunsteady ccnditions'in4the appafacus during start.up
,ffom affecting the measured-exchangelrate.5 The gas samples were
ebtained by expanding aIS cm3{samp1e into-an evacuated.glass sample bomb.
L An equivalent size sample was'ﬁiscarded immediately before sampling to
eliminate the effects of dead volume in the sample lines. 4

The important variables ywhich were controlled dﬁg an
) , . i ‘ ; : ‘ ‘ - AT :
* experimental run were the gas and liquid-flowratES; take-off height and
. , ‘ ‘ v . T S o
system temperature. Both flowrates and temperatures were recorded after

each sample was taken.
. t

3.2.2 (Catalyst Solution Make-Up and Analysis
Potassium and lithium metala_are extremely hazardous to work

with, which necessitates the adherence to safe working procedures.
H 1 . H ! .
. ' |
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' Hayashitani (14) has outlined the’ m‘(iods recommended when working with
| \ . ] ‘

L these. metals The most important precaution is that contact with air
or water\must be avoided. R !

' The aminomethane, obtained from Matheson'ofiéanada Ltd.,

.

contained a maximum 0.8 welght percent watet. This was iremoved by '

’

contacting the amine with an excess of lithium prior to using it to

~

prepare a catalyst solution. . The method used for water removal is

s ! . o IFTRE

similar to that for the catalyst' make-up, described below. |

o

The\propane tank used for the catalyst\make—up was initially ‘

i

cleaned and evacuated. A slight positive pressure of argon was then
o 3 - . . '

. ) : Tl
put in the tank to provide an idert heavier  than air atmosphere for

ithe introduction of the potassium or lithium Thevoxide layer on the

'
-

. alkali metals was scraped off under mineral oil. ‘ The clean metal was
’then cut into small pieces to enhance the rate of solution in the amine.:
_lThese pleces were washed in normal pentane to remove the mineral oil

and then put in the tank. The argon and the pentane were removed under\

vacuum prior to the introduction of the aminomethane

“ The aminomethane was transferred inéo the catalyst make up
|

‘\ tank by a simple flash dustillation This was accomplished by immersing
. |
{ .the make -up tank in liquid nitrogen and connecting the vapor line to the
\ :
| tank containing the dry amine. The dry amine tank was weighed before

N A

.and’ after the distillation so that the correct amount of amine could be

' )
transferred into the make—up tank. !

The potassium and‘lithium initially dissolve in the amine atd
"subsequently redct to yield the catalyst. The rate‘of“thislprocess is
controlled'by the solution step.’ The reactions, described by the B e

following equations



~ CH NH, + K _+ CH,NHK + 1/21{2 ‘ | - : (3‘.L) &
‘and - T . | T
. [ ‘

CH,NH, + L1 = CH3N}:Li + .1/2“2 L (3.2)

. | | N . o
. are catalyzed by traces~of‘iron supplied by the -tank walls.  As the ‘
reaction proceeds an increase in the pressure,‘due to the production of
i
\
hydrogen, is obServed which in turn inhibits the rate of reaction. |

This hydrogen was periodidally bled off- through the relief valve 80
that the' reaction could proceed/at a reasonable rate. The reaction was'

assumed to have gone to completion yhen no. further increase in pressure

was observed.o A detailed procedure for thé catalyst make-~-up is included
in Appendix A. ;' o i ) , o " | .

' The analysis of the catalyst solutions was performed by Raylo

.Chemicals Ltd Atomic absorption spectroscopy was ‘used to determine the

total K and\Li ,concentrations. Gas chromatography‘and nuclear magnetic

r

resonance . spectroscoby were employed to determine the NH2 ’ CH3NH Vand

;.dimethylformamidine (CH NHCH =. N = CH3 ) concentrations., The’ presence of

:dimethylformamidine indicated that some decomposition of . the amide

catalyst had taken;place. lt is-not a;catalyst for the exchange reaction;~
; : S

' B S : _ ‘ S w |
3.2.3 Gas Analysis o i S

Thevhydrogen samples taken during an ekperimental run were’

. !, '
analyzed ‘for the concentrations of deuterium with ‘a mass spectrometer

’ Stanqards containing D/D+H atom fractions of 1. 5,199 365 and 471 Ppm
were used to calibrate the spectrometer, both before and after the
i

. Voo
. analysis of a set of samples .Th bsolute.values of the dbuterium

concentrations of .the samples were d termined‘by comparing the measured
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t8; values. The least squares equation was then used to ‘determine the

e mem e e - P, S - L T

. ". JRS ,‘... i. - ,V- . \ - - 'v - e “ ‘..'«.' et “‘.\ ‘ ’/

1

yélueg4with-the measured vaiugévof the standards using.the fqllowing

feiétionahips. ‘ - |
o R* ‘ ’ - o o L)
8 .= (o— - 1) 1000 ‘ (3.3)
DI . 'R A | ' -3
st : :
} 3
;cilc ' .
8gp = (= = 1) 1000 - | S

st ) }

-where R* = The ratio of mdss threé (HD) to.mass two (Hz).currents‘

(13/12),a£ a fixed value of’Iz; 'This ratio was dqcorrected
. ’ . ) B - \ . -

{for the HBf.conqributioﬁ to the ﬁass three signal. '/
: ) o ' : : , - A .
' RSt = The 13/[2 ratio for the principal stdndard- at the same value’
9f512° ' : - ,
Cf = The absqlute-ééuterium concentration of the samble\(D/D+H
| ‘in ppm) : ' S0 '

L

C_, = Theiabsolute‘deuterium concentration of .the principal
standard (D/D+H in ppm) -
: - . e . a \
The 365 ppm standard ‘was atbitrari%g-ghosen as the principal standard

B ' ’ 1 . ‘
versus 63 values of the sgtandards

for this study. A plot of the 6 :

DI

constituted the calibfatién curve. for the ﬁéss spéctrometer. :The?

equgéion'for this qufve,‘which-was essentially a stral h#'liﬁe, whs

dg;efmiﬁed_by'; standard lggst squares tiéhntque. Eduéfi;ﬁb(jg3)vwa§vused

to coqveft»the meésuréd R* vélugs-o¥ ﬁﬁe éamplgs to their correséonding_
- , . .

65¢'s» from which the absolute concentratioens were calculated with - ST

Equation (3.4). . i :.' : R | h L
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3.2.4 Method ‘of Interpretation of Data

'

'

During an experimental run the number of moles 4f HD in the gas
) .

" phase depletes cumulatively with time. This rate of depletion c¢an be

°

 expressed as

= 17 91 = —__2 .gl I i . :
Gy ", dt RT dt. | N . (3.5)
. ,

where Gi = Instantaneous gas absorptioh rate (mol/s),

HPtal number o}>moles of hydrogen gas
[HDl/([HD]-+y[HZj)- P S o }
1 : ! . . . .

. Time (s)

e
 § ]

ja=]
[}

Partial pressure of hydrogen (hPa)h. ' : o
N . \‘1 .‘ ) . i . M

v, o= Totai.vdlume ofithe-éystem‘occupied by gasv(cm3)

3
Universal gas constant (Qélgfsﬂi*kgg)

=
[}

Absolute temperature of the gas (K) }

- .
%

" - The ‘interfacial area of.contact for the sphere may se correctéd
r ar t .

for the thickness of the liquid film using the relation ’j// S
: o o o - 1
A, 2.58 A ' ‘ ‘
A S ' o a )
s 1 +’_. R o 4 L (3.6)
.8 . .
. . . St
\. ‘ (o] o T .. 2 ~ .
- where AA'a'Corrected surface area “(cm )‘ ' o %

i
;As - Surface area of the dry sphere (cm ) .

by -gifim thickness at the sphere equator (cm)

:R - Radius of the sphere (cm)
‘ |

The total interfacihl area is the corrected 8urface area plus the area |

|

of the laminar 1et (A ), expressed as

\

NN .

!



(3.7)

- AA + ndle ] B - |

-~

The rate of depletion may be equated;to the instantaneous
! |

rate of absorption of HD in the amide solution flowing on the sphere

to yielfn Lo L o o !

o

My gy - -
TET dee” KiAp (Cx - Cp) oy 6.9

where KL = Overall mass transfer'copfficient'(cm/s)

o e T |
,C* = Concentration” of HD in the liquid phase in physical equilibrium
with the HD concentration in‘the bulk gas’ phase (———)
cm3
, : v
C ‘-‘Concentration of HD in the liquid phase in-chemical equilibrium

] g with the concentration of CH3NHD in the bulk liquid (mol
. t
The concentration of. CH3NHD in the bulk liquid was assumed constant for

a glven experiment This assumption implied that C was'also a cons:ant.

The - solubility of HD in aminometpape may be represented by . *‘,’,r
Henry's law as |
' . y P, =P = Hx ' : » (3.9)

or

kPa
mole fraction

where H = Henry s law coefficient ( )

x -‘Mole fraction of HD in~ therliquid phase

- ’ ¢ o S

Noting that
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! ’, -
C* = o x* : e ’ , _ '(3.10).
and.
Co ™ PLXe ' 4
!
Vo ' mol
where p = Molar density of the liquid (—%) , ’
. L ) cm3 : \
f . .
Equation (3.8) may be represented as I o ‘
PHZV'QI , fﬂg . ‘ ' -
- — T= * - ) ] A .
RT dt KAy 5 0% - y) ' (3.11)

. . . {
f : . .
7 .

i

" Setting the mole fraction of HD in the gas at time t = 0 equal to yi

and replacing y* by Y, integration of Equation (3. 11) from 0Otot yields

g

. y -y -KL'.ATQ R.T B C
e\ . L - , 2 3 t
InG——) k. £ ¢ o (3.12)

“in" e

v i .
: Y — Ye ! ¥
- A plot of ln(*———————) versus t results in a straight line with a slope
_ e’ 1 .

KLATO LReT in -
-——757—-5—., from which KL can be determined

The. tot@l resistance to mass transfer may be represented -by

-

the two film theory as o i .j. ‘

7:'*-‘
F‘ir—-
+
|

= - PR (3.13)

where k- = Liquid,phase mass transfer coefficient (EE)

1 R .
k., = Gas hédse mass transfer coefficient (___22____
G P ml g kPa)

. The diffusivities of HD in H2 and of HD in CH3NH vapor'can

be estimated using the Wilke-lLee modification of the’Hirshfelder—Birdf

Spotz method shown below. ‘ !



. The diffusivity of HD in the gas phase nay;then'be calculated usingv

42

(0.00107 - 0,000246 /ﬂﬁﬁgﬁfl/MB)T3/2 /Tﬁ§(1T17ﬁ;‘ o

P (r,p) [E(KT/e\p)]

o |
where DAB = lefusivi;y.(cmzls)

MA' MB = Molecular weight of A" and B-reSpoctively

Pt ‘ - Abaoiute pressure (atm) o e

;AB - Moleculor soparétion‘attcollision (;?‘ |

CAB = Energy of molegular in;erac;kon (ergs)

k = Boltzmann's constant . ' o _ \

i

f(KT/cAB) = Collision function

’

DT : , 0 (3.15)
mlx oy © YeH.NH : . o

2 - 32
D . D .
HD - H2 . HD.- C33NHT,

where Dmix - Diffusivity of HD in the’ H CH3 mixture (cmz/s)

The geometry of the absorber and the operating conditions were - ;;;//

such that the f10w of gas was uniform over the sphere at a velocity of /f’/
/

Pl

approximately 1.1‘cm/s. The value of Dmix calculqﬁgd with Equation
A T | )
. . [N . ! \ : .
(31.15) was substituted into Frbessling'év(ZO) equation for forced
. : . /] ! : .
convection mass transfer to single spheres, from which the gas film mass I

transfer coefficiedt was determined as follows

r

2k R o ~ i
L _ 12,y \1/3 |
. 2.0'(1 + 0.276 R,V 25— /(3.16)

mix , 1 PG Pmix ' ‘ i
: b : : |

and



concentration ) , !

° - . S T

ke k= kcggr - _ ]

~ \ ' )
where k., = Mass trarisfer coefficient ( mol !
Y 8 cm? mol/cm3

R = Gas phase Reynolds number

. (E;R VavPg )
* . : H . .
= Viscosity of the gas mixture (g/cm s)
G Denaity of the gas mixture (g/cms)
.o ’ | ° i .- .
Vav ™ Average relocity of theigas‘in the absorption chamber (cm/s)

- The valuea of KL and kG calculated.in Equations (3.12) and
(3.16) respectively, may be substituted into Equation (3.13) to yield
a value of kL. +he rate of mass'transfer to the'liquid may be expressed
in terms of kL~as
- o N L (317
kLﬁT (Ci Ce) , | . . ) (3.17)

) : . . o
where Ci = Actual HD concentration-in the liquid at the interface (%gl)

The hydrogen—aminomethane exchange can be described by the

following reversible reaction in the region of low depterium

4

Y

’ - ! : ' . » . . N )
Cli3NH2 + HD 2 CH3NHD + H2 k : : (1.1)

At low deuterium concentrations the concentrations of CH3 2 and H2
{

may be considered invariant indicating that the exchange may be

represented by the pseudo first order reaction

HD °2" CH,NHD , | : ~(3.18)

3
k,
The local rate of reaction may then be represented as

e__\.



[P _T‘ S, A',T_ —— .‘A: U . e

! . - ,
r=kCp - "2CCH3NHD : k
k, (€= ce) ‘ v

where C= Qoncentration of HD im .the liquid (mol)
Thus Equation (3. 17) may be uséd with the app;opriate exﬁtession,\
Equationsf(z 29) to (2.33), to isolate k as ? function of k and o

known system proper:fes. The correct'equation was determined«byv
' i . , ' .

evaluating kltmax and compan;qg its magnitude with the rsnge of klt ax

-

for which the above equations apply. 'Forvth fast reactlon regime}

!

ki tmax * 250 . 7/
Gy = Ap (€4 = C)¥Dky
' !

-, )
= kLA'I‘ (Ci - Ce) *

" (2.34)

-

[T WP V¥ V. .L.“A.—.. -1.
k3

- VDkl

e
]
RIS
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4. RESULTS

The single sphere absorbér Was used to measure the rates of

exchange of hydrogen with PMA and PLMA aolutions. Two solutions, with
H \ o 3

concentrations of 0.3]1 and 0.40 m mol PMAﬁg amine were investigated.

i

j.

Fxperimentq were conducted with PLMA solutigns, containing a molar
ratio of lithium to potauqium methylamide of approximately 1:1,
three concentrations of the amides ranging from 0.30 to 0.63 m mol/g amine.

Solutions with lithium to potassium ratios ranging from 0.5:1 to 4 2 1

'

wert studied to determine the effect of~?he Li/K ratio on the exchange‘
rate. - : : B o ,
~The rate (onstantq and mass transfer coefficients, caﬁculated

for each experiment following the procedure given in the previous

chapter, are shown in Table 2. Appendix C contains a detailed summary
of the experimental,and calculated data. All but four. of ‘the .
. experiments were conducted under conditionb in which the reaction

occurred in the fast regime (kltmax > 25). The experiments which did

nnot‘oocur’in the fast regime were those conducted with the solution

“which had an Ii/k vatio of 4. 26 1 .and the lowest te;;erature run with
irthe.so}ution witich had a Li/K ratio of 1.72:1.

. i e :
A slight decomposition of the catalysts was indicated in the

v
E

analyses of several of the -aminomethane solutions by the presence of

N

" NH, and CH,NHC = NCH3— fons. The concentrations of PMA and .LMA in

‘these solutions were taken as the proportion of the potassium and lithium

concentrations which could be attributed to the total CH3NH2- concentra-

tion.” The .analyses of the amide solutions obtained from Raylo Chemicals

~

Ltd. are included in Appendix D. ' ) "

Values of the activation energy for each data set are given
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\ - , R [ . . ‘ . . '

L N S S
in Table 3. .These were calculated from a linear least squares fit to
' ' gt B
the, Arrhenfus model,

& o W
y "RT ' . o ‘
k) = e B g : o (4.1)
- ’ ) | »

\ : ‘

\[ o . ]‘
. . \
The natural logarithms of the rate constants are plotted. versus ‘the
e
reciprocal of the absolute temperatures for each catalyst concentration
. . k

on Figures 6 to.14;

\



}

" TARLE 3

Catalyst Concentration .
(m mol/g amine)

- PMA
0.31
;0.30
0.43

0.63

L 0l39

L 0.40

0.50

0.48"

0.50

- LMA

- v

0.30

©0.43

0.63 .

1.66

0.86
0.35

0.25

'CALQULATED’VALUES‘OF THE ACTIVATION ENERGY .

Activation
Energy

(kJ/mol) .

28.9
28.1
29.0
27,7
34.7
29.1
27.8
29.5

27.2



Figure 6: Variation of tgL'Kinetic,Rate:Cons

. [PMA] = 0.5 m mol/g [LMA] = 0.86
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Led

N 5. DISCUSSTON OF RESULTS |

.

5.1 'ﬁffect of Temperature on kll‘

The values of the activation energies; shown‘iﬂﬂ’pble 3, with
. ‘ ‘ | . ‘
the exceptjon:of that for the solution which contained a lithium to

potassium ratio of 4.26:1, are all within the range 27.2 to 29.5 kJ/mol.

I

This indicates that an average value of 28.5 kJ/mol, cglculated by
v ‘ v Kl .

omitting the value for the 4.26:1 solution, should adequately describe

the temperature dépendence 6F‘kl over the range studied. Figure 15 is.

an Arrhenius.plot of thelexperimental data where the lines pre'best fic

lines representing an activation energy of 28.S'kJ/ﬁol.
: . : ' v & |

| The.actiVﬁcién energy for the Li/K = 4.26 Jgta was not usgd
in evaluating the n;etage v#luevbecause it wns'determined using only
three data points. There was uncertainty in-the measured value of kl
for Lﬁe’low tempgrature run;‘éigce';he differences‘betﬁeen the
concentrations of consecutive samples were in the order of'magnitude of
thefg;ecision of anal;;is whiéh could be_obtaihed‘wi;q the mass

,spgctrométetf The value of the averagelactivatioﬁ/energy calculafed

o ‘ o . 1
with the inclusion of this datum point is 29:1 kJ/mol.

I
The value of the'cdmmon‘activation'éhérgy caléulateq 1n'this
work is the same as that determined by Rochard (3) in her work with
potassium methylamide 4s catalyst. The results reported by Kalra and
‘Otto Ké) for an aminomethane‘éolution'coﬁtaining 0.41 _n mol PMA afe‘

. oo , g amine T
plotted in Figure 16, along with the data from this work for the 0.31
and 0.40 m mol/g amine .PMA solutions. They obtained data over a fairly
. . ) ‘ . N
narrow temperature range and although their data for temperatures of

. P
approximately -23 and -30°C 'are in fair agreement with the values of kl

measured for a 0.40‘m mol/g PMA solution in this study, the values of ¢
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kli obtained at apprnximate1y -16 and -11°C appear to be low. The
activation energy calculated using their dita is 16.8 kJ/mol. The
. v

6 - . .
reason for this low value is not clear. There is some uncertainty in .

the catalyst concentrations reported by Kalra and Otto. _Their analysis

-
[y

of the amide solutions consisted 6f analyzing for the total potassium
| » ) ’ B
con@entration. using atomic absorption qpmrtroscopy, and equating this

{/lye to the' PMA concentration " Thus. any raralyst decomposition was not
atgdynted for aﬁd ghe 1mide concentrations may have been lower than

wé For o \
/ﬁe tgea?® Howe\ier, due to the- o@er in which their experiments were

oo

?effofed this is not an ddequate explanation for the low activatiOn

-r\

»4tv-€;;r%y observed . . '*’ ' ., . - !

2 ., o

5. 2 Effect of PoLassium Methylamide Concentration on k

Jf' . The dépeﬁd'nce of klmon PMA concentration wa4 studied by both
, g, e T
+«Rochard (3) and KaTra and Otto (2). Kalra,andetto s work -indicated

that the rate constant is almost. linearly depEndent Qn concentration up

’ . : \ Sy

to about 0.27 m mol/g hut becomeq less dependent at higher concentrations
-

_Rgchard s data for- catalyst concentrations lesq than about O 01 mol/g

!

also suppvrt a linear dependence on catalyst concentration -Her
: |

measurementq vere m1de‘d€ingra stirred reactor and it appears that the
i $

Lo

mass transfer resistance became significant at higher concehtrations.
. . - . N

The data obtiined in this stydy £8¢° aminomethane solutions
X :

-

cosgaining 0. AO and 0.31 M mol/g PMA show a:dependence on concentration

f ) e o
that is less chan linear However the 0.31 m mol/g solution contained
22. Sl‘ ecompositfon pro ct and the effect of this is not well defined

These data (O dﬂé;nd 0 31 m mong Pn&euﬂutions) were used along with

data from Kalra and Otto s, and Rochard s work to prepare Figure 17,

- which is a plot of the effect of PMA concentration on kl' The points

1

(3
’Q

v : L | Rk e

2 o

-w*

" - ) e . A
3 k3 . N LY
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 TABLE 4 L o
RATE CONSTANTS USED FOR THE DETERMINATION OF THE
| " EFFECT OF PMA CONCENTRATION ON K,
b
o e = ——— — - — L ) i t -
C Cataly‘st‘ Concentration - ' . Rate Constant, k1 (min-l)
.¢ _mmol/g amine R -60°C ~4d°c -20°C
Rochard - 2.78 x 1077 C 12,2 48.2 154
. \ e N N - . ; .
4.09 x 1073 . 19.0  75.1 240
. 8.62 x 103’ S 378 150 . eirs
- ~." . ' . ' (ql ‘l. PR ’ .> . ‘ T ;V‘: "T'
Kalra - C . 0.13 SR ) -
L . \_,4 . . ‘v, R \ ; .
_*_Lr'ﬁ LR 0.27 |
- . | C ) :
This Work 10.31
0,40 ‘




"

ratio s

i

~were dbtalned from the smoothed 1ines on Flpure I5 and by extrapo]ntlnn

. . I

.of Kalra and Otto s data for PMA concentrations of approximately 0. 27
| :

und 0.13 m mql/g and\Rochard s data for PMA concentratfons less than

if

0. O] m mol/g An attivgtéon energy of 28 5 k J/mol was assumed for
r ' .

these. extrapolations Roqhqrd s datu were lnitiallylfit to the

.

Arrhenius modml uslng least jauares The points used for Rigure 17 ,are
- e P

given in Iable 4, lA least squares fit df these calculated pb*ﬁfs ,f
\ .

combined with the Arrhenius’ equation to describe the temperature
i B , -

dependence, glves -
| . ‘ v ' )
. b ',q s . o . L S b
klza 1'\_.1.1"’%‘ 10_9 N E/RT_Cl.OBS - - . (5.1)

- hd “ . :
The fact that the exponent on C is close to one indicates that the’ ?ﬁ
‘ .
dependence of kl on C is linear, at least up to PMA concentrations of
| .

O.A'm‘mol/g. The dependence ‘at higher concentrations is not jefined

and extrapolations of k to PMA concentrations abdve 0, 4w mol/g should‘

) .
M . > . :;
be made with. caution. . T v . -~

, ., - \

5.3 Exchange with PLMA Solutions. , N |
R J .\' -

. {
The effect of the LMA/PMA molar ratio on k1 for ‘a.'8olution

-

‘ containlng approximately 0.45 m mol/g PMA is shown on Figure 18. _Fhe‘

addition of LMA to a solution of PMA in aminomethane results in a

}gnificant rgduction in the rate of exchange with that solution

s
This decrease in k is’ approximately exponential with an‘?ncreasing .
. | \ . : . a

ratio of LMA to PMA\conCEntratlons For example k1 fon a solution -,

Y -

i

3;$ d 55 m mol/g PMA solution whereas if the LMA to PMA molar

-,. %’\."’ B '}q .
gbe ratq iq*reduced by a factor of about 60.

S A S
'0"*‘&(\ : .

R -.1

M
n;;fa}ng Q 45 m mol/g each of PMA and LMA is approximately one third )
f

|

e
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| . . .

‘ T O o

© . Figure 19 shoﬁs the effeot of iucreasing amide concentrat {on

: P .

‘on k1 with a constant LMA/PMA molar yratio of one. 'The rate does not
o ! - o

increase lﬁnearly with PMA conceptration. ¥ O

! . " Due to these observationq and because of the uncertainty in

| I -
PMA solutionq, @he following model was selected in an attempt to fitc

the Effect_ ‘of PMA Loncentrations greater than 0. 4 m mo&on k, for

all the experimental data to a single eq&ation R A
v o i

S ‘ A
iy . : ) . " . _ .
. ) | [ ] -
-E/RT - -B(2)(pma)BY [PMAj o 2
1\ b(l) e R PR CR Y
- P ‘ - f o
S . A .
’ . } ) o ~ -
This: 1s an extension of the,model'used by Kalra and Otto (2) to fit \
“ .

their PMA data. A nonlinear regression algorithm, proposed . by

\ o4

.Marquardt (21), was used ot° evaluate ’Le ‘parameters in. this model

| - v : ';" . IS ) ) ,_'h
«yielding "11.fq$ ,'m];? . i _ g-
. Y R : .
. . . ‘
B(1) = 4.41 x 109‘(3—1)”' g ‘
B(2) = 0.114 ! ‘ »
I | . N
B(3) =.0.220
B(4) = 0.915 ‘
with’ e ; [ .
(. : S : .\
E = 28.5 kj/mol y _ L

\

The rate congtant at -20° c, Lalculated with Equation (5.2), {s shown as

4

a function of PMA concentration on Figure ZOK.QQr MA to- PMA rat&Os

P

A comparison of the measured values of k1 wi%h those cLlculated
\ i
using Equation (5 2) 1is given in Table 5. The model 0verestimatea kl
‘ \ A
for aolutions'?ontaining LMA to PMA molar ratios greaterlthan abou%\l 5
] (. .

[ t o



) Figure 19:
- a [PMA]/[LMA] Ratio of 1

-

)

1

Effect of PMA Conceéntration on k
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"but fits 411 the other data to * 102l Jo il

-

»

5.4 Accuraéy of ihe Data

The accuracy of the values of k1 18 highly dependent on the

accuracy with” which the diffusivity of HD and the solubdlity of .
| : / -
hydrogen in aminomethane are known. Kalra s (12)' detailed error analysis

indicated that, values of k1 determined for the hydrogen-aminomethane
L

system using the sphere absorber apparatus are accurate to +.10%.:

(2

The equilibriub concentrations in the gas phase -were gstimated
us}ng an’ apprqﬁima;e,mass\balnnce and errors fn these values qhy ha;é.
resulted. Kalra (12) sh;?edﬁ§3at the e}}orlintroduced in the value of .
leby an ipcofrect gstimafion»ofaye 1ﬁcrea;éd as'the\cqncenéragiqn ;n
the éaa bhaae approached Yo T%e_experiments,ih thiékwqu were‘rUn‘fog
a short time’in co@pariaon to ;hathhich would be rEqﬁifed,to appfoach K
equilibrium; Tﬁe louesi coﬁcentfation‘;eaéhed in thf gas phase was 61

‘ppm 5ﬁieh was more tﬁan twihe the equifibr%um concentration. The ra;e: o,
,con;tant fér the run dateq November 4; 1975 was calculited using §alues.
yf Yo .equql to 19.6 and 23.0 ppm to show th_e\ugnitude opf thg er.r‘w'A

fntroduced in a typical experiment by an incorrect estimation of Yo ) a
| ' .
-1 o b

' Y . I , - > ’ .
The reaulting values vwere 164 svl with Yo = 19.6 ppm and 167 s ~ with
- Ye = 23.0 ppm, 1nd1cating an error of about ZZ This is well within the

entimated accuracy of the data.
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6. CONCLUSIONS :

<

the exchange of deuterium in the Y\ydrog’en—a’minomethane\ system, with \‘

»

, ~
both PMA and PLMA catalysts., . The temperature rgnge of the .
investigatﬁm was -1p to -50°C. An activauion energy of 28.5 kJ/mol

was calculated for -the reaction, which was in"agreelpent with that

 determined by Rochard (3). The nccuracy of the 'walu-es: of k1 was
a .

estimated to be ¢ 10% and 1is dependent upon' the accuracies of the

<
diffusivity of HD in liquid saminomethane. solubility of the hydrqgen ,

and the gas analysfs. " : s L S

, The analysis of the aminomethane, *%olutionw for the o
] .

catalyst concentrations indicated that a portion of the PMA decomposed—/\
l to -dimethlemamidine in some of the solutionl’ ' The effect of this

compound on the rate of reaction is unknqwn and, gherefore the
<y . . ‘i . . ‘
' knovledge of its presence is important na Itlne'it stud.y. The

concentrations of PMA and /LMA in these solutions were assumed to be .
. A .
' equal to” Q1e p@rtion of the total potassiu&ﬂd lithium o : !

concentrations. which could be attrlbuted to the CHJNH concentration.
Analyses of the data, using Froessl.tnhs equation for

' forced convection around single sphem and the two f1lm theory for.

resistance to mass transfer, indic,%‘ﬁ’tha‘suﬂ%%as phase resistance
LA

" 'to mass ;rensfer was an importsnt c.aoaidero.td in this work. The R
Ty “;,,4 v o .. o
percentage of the resistgne; in 8 phase .increased _ e rate %

'» ’ ¥ o
constant increased and accw r- much a8 52 of the total “ *® -
L e B o
v, S ,
A model was developed relating t‘ rate constant td the PMA . N

resi&eem:e .

. 8] . .
The sphere absorber was used to measurd rate consta{ht’s for -

concentration. for a PMA concentration range of @ to 0.4 m mol/g, - \ .
. . ﬁ,‘ t

¢ ’
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shqwn:ss » : - . g
I o [} N ‘s,
e i e Loss | B RS
.ki_= LAl k 10° E/RT 085 BT O
< Mﬁd‘.; ﬁlzf'f' - » - S "
v vp{ whcregﬁt- 28.5 RH/mol. The rate constants measured with PMA as ;,j‘ .

Ed

catslySt were at lesst 35 times the correspondinn values repor%ed ;

) ‘ a .~.. ? - - ) \‘%a- ) v i R
+ ~ the hydrogen- ammonia systém . ""’ ‘ v . ; QTM
) v .n I 4 . “&,,- L .
!  An expression, sndwn as . - .ii' Lo
€ al L. s . v - : : -
. :1\. ) . . ir‘g‘/ 5
| ke Qb x 109 o E/RT, 1 - (5.2)
a . 'l

‘was developed to correlate sll the dsts obtsined ‘An this work The rate
constant decreased almost exponentially as the LMA to PMA. conpentrstion )
rstio Ancreaseqd. " A possible explanation of this phenomenon 1s that
e i 0, ;

each lithium\ion flr;s s.complex\with two amide ions resulting inr

©

,3.: large reduction in the number of amide fons !Maiilhle as. catslyst1r

Although the sddition of IMA to a PMA sp&uttﬂn resulted in’ s large

T
SerT oy, T»... _"ﬂ:’ -

w“

reduction of the rste constéﬂt, ita presence was 'sidered sttrsctive

B o . + : .. ' . . ﬂ‘_ r' . N « " * “-- . "} ’
T becsuée - PO L .- 8 R AU A “'f LA
T S X » ' e .'. TS e . ‘Qr s
;21.7 The amide solutign yas more stsbleband less decomnpsition of fh L
L. : ) ] ' .1‘ -.: . . " _
smide wag v'd in solutions uhich slso contained LMA S

“1ess reactive and the amides were less likely

2. 'PLMA solutione ge”
. D

to precipiti!e which ?esulted Lﬁ i much sa{er solution to work
»

with in compsrison to PMA-solutions "‘ B R .
‘ ° . : ’ C
- The measurements of the rste constants and their dependence '

[ L T . R «,

on temperature and catalyst concentrations msy be used to predict

L

tgansfer coefficients and thus tray efficiencies for the design of the

\

X
_ cold contacting.towers used, in the hydrogen—dminomethsne, deuterium

.

enrichment process. . \

~ ~ PN -
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APPENDIX A

=

T h._e.-.h_&s‘.._a nge Experiment

\

fi;ﬁe folldwing procedure was used to conduct a hydrogen-

o'

.aminomethane exchange experiment. | ' ' “

1)

4)

‘ refrigerated i t.hé folloving manner./ . ' ,.nf

+

vless than 5 e * (‘

N
' . . i

Start thegtwu.aukliiary refrigeration unta and' cool the feed and

receiving tanks. C e . - P

"Open thetdistributor‘solenold=valve and evacaate the entire i:l

A

o‘

exchange apparatus. between the liquid inlet nnd return\valveq to

.. N

Fill the exchange apparatus with ultra high purity hxdrogen to a
pressure of about 25 cm Hg (gauge) The aystem should be checked

: : ' L SR .3
for leaks by obaerving the

- J" : AR
a)_ Replace the door on the f;ont of the refrigerated air bath.!

bf Start the circulation fan located 1na!de’the air bath

.

2

c) Turn on.the power to the‘temperature“recorder sovthat the - .

euction and discharge mMPATat uges invthe'"Ydrkﬁ'refrigeratign
B2 ~b.‘ﬁi§ 5 ha asta

unple can be monitored _ ~_I o i "
d) Statt the "York" refrigcrau\on unit. o Soowe et
. o . o
e) 4ndjust the setting 6n the power transforqer Vhith controls the
J

heater ‘in the air. bath to obtaip the deaired temperat re. The

%‘paratua ahoul-d‘\be left overnight alnu‘ f’t takes abow ten

‘_.\

' - .
houra for a %teedv temperature to be reacheﬂ ‘ .

» -
’ " . . o - B
- R

) .

,angmeter over -a period of at least two

r

siulg et



6)

' Remove th& hydrogun cdﬁtaihed in.the receivina tanks with the

SO ¢ § 1 .
i

. 7 N
L —

’f Ly ,.“ I ' . K

R L
vituumrpump. The pressurc ld?theae tanks at the beginﬁndg of an

‘exporimental run .should be npmximntely 5 psata. E ;K

\

Qtart the refrige(ated methanol circulation pumps which supply

Y '

~ the coolant to the double pipe heat exchhngers locatod on the

o)

'

8)

9)

L .

%10
L

11)
— 12)

L
.

S

13)

feed and return lines. This ensures that these lines will be

cold throughout thp run. g

Evuuate the exchanae app}mtus and then fill the system. with

em-iched hydrogen ta apmaure.qf ?bom.' 25 cm Hg ?’zugg)

I

Introduce some drv amtno%cm "u\to the saturator from the .-

atornge tank and start che hydrog“ circulation ptmp The du
ol 3

rotameter should read betwe& b 20 percent of full acale. »

. \'a
Uge the cathetometér to meat e diatancg from the._jeg non'le

¢ : . o N
to the top aks; apherc‘\

tube 1. "5 cu\ ’elov the hotto:g

ot

PR K "
enthoéomo,t in this poaition & quid level 1n the ta?e off

I :
:ube will eventually be mintainéd at this hcight. .o

Start the vacuum punp connected"'fn the@am‘piing applut "
"- ! A
08

byacuate thc ontire sam ling syatem., e the .tpPCOCka
3 @€

Surrous’/ﬁi‘ccﬂd trapa on .thé gas sanpling ‘system with' l‘lquid
- 8
nitrogcn T\d prepare lto tnk (Y firat ,unple as ddcribcd in atep

. o o

Tum on the power to ‘the pot.ncimter and set. th. zero. Rccord )

l

thc\cadingo of the thernocouplﬁ located 1n the uqu'.td Jdnd gﬁa

A
A

li'nn above and bolov the aboorption chanbor. | o h . ~

Opéh the valvu connoctmg c;hq ultn high putity hydrogen c&l.mer “

- - . N - N .

*




14)
15)

16)

\ T |
LY

to.the feed tanks nnd raise the pressufe 1n7the anks to about 40

psig. All tho valves on the feed line except the "Whitey control
. \

valve nnd the bypqqq valvo should be opened.

Open all valves on the liqu‘d return line except the bnll valve.

-

Close the distributor solenoid valve. }

The system is now ready for the 1ntroduction of the liquid fiy

- LR

' >.0pen the bypass valve on the feed line about half a turn..

\

- contained 1n the remainder of .the apparatus

- the desired leve§ is reached close the valve and open g  1 : iﬂ;
¥ /

© -18)

} \

" as the liquid entera the liquid rotaTeter. cloqe this éhlve.. epen

the "Whitey" control vnlve abOut 2 F72 turns.. This proceduré aids

PR -

1n the prevention of so)id plugs,in the control valve during start‘
. . Q ’ X L ' A
\up. - ., . H ... . s .
) . X ' } S b [l

The desired liquid level in nhe tntinined hyd;ogen removal gpction

must now be set.\ Thiq 15 acoomplished by opening thc valve; . :]7ﬁ“ﬁ'

.. :

lcdnnecting the top aﬁ thi qact n to the a%mosphefe and allowing
Q

-

the ltquid level to rise.. Cnre mudt be taken to maintain a. 1iquid ..

P

|

’ aéfng. Once i"\

distributor qolenoid V&lVe e . ' «ef' L B

The 1iquid IFvel will now riae in the distributor and enter the‘i' ’
. o o)'
L)

. jet nozzle ppproach /tube As soon - as Glte liquid we;‘myphere‘ '\

the timer $hou1d be started Adjust the "wﬂitev control valve 80 -

s i

.

‘e

19y,

s <

3 ;
that th liquid rotamete;/reads betdben 70 and 80 percent of fuil .

g A

- scalet Thiq correeponds Q’ a liquid flowrate of apbroximately

U

0. 275 c‘fsec

The 1lquid in the ‘take off;tube should be drained to the tcturn

*

tenks when the level reaches a out: half way up the tube. This cehflit

'y

/‘ -

L
:

. . . . .

. . . . .. . Lo
. T . . IR . N 'y
: s K . f e v

Pd

&,

' qenl,on the - iq}et to the\distribuﬁbr. to Sgbgpnt Ehe hydrogenh : qésa’
-



s

-

'»recurh 'l{x?e The’ liquid ahould be drained three or four times

',be accomplished by opening the ball valve'iocated dﬁ the fiqufd

Y -\
in tht& mmner to prevent aolid ﬁlugs from t‘orming in the :

g

R

metering vlfVe l e A:,“ . : o . - i

LI

‘20) The liquid return bypass valve may now be closed ands the liquiq

¥y

o diatribut&‘rises to about\wo }inches above the m#'bt' the liquid

\ level An the take off tube adjusted to the proper height with the oL

Cy

22) Nﬂncqiq t)tp liquid t‘lowrnte and -th: U.quid levef 1n thc take ff

U tubehgthe’propor%nlueaa by adjuatta. the respective cdntrol
. » .

/

metering valve - e

Close the iutributor solenoid valve when the 11quid level ‘in the
. N 3

: .--.w ‘ '
* ﬁ . : : . . ... N ‘,'.

app:oach :ubc. g ' : .'-. .
. ,, . _

' Y ] .- 1
.- 4 A... v )

: \
valvqs. s . ARV PR Y

- Al “

R

. 4 . ' .
23) Thq ﬁrat gas ample can b’ taken at Qproxima‘tely 600 secdd’aa

’

i ¥

*

¥,

g after the cl.oek“ was started in the following mannet. . All

&-. .
' l) ‘1?“‘ 300 eeconds before thm eample time Jattnche a sample # p

nunbete in parentheses refer co equipment locagions on Figure 10

. .. -

Ty
.

. *""that a trlle sample 1a qbtained qt “the deaited eampling tine. ‘

IE

jaomb tov the groum{ glaaeojoint‘ (?) - / |
bS -Bvacua:e both the valve side md the sample side of .the
: .anplc ‘bomb. Close the( sfopcock on, the aa;ple b::eb | i . ,
c‘b About 50 seconds b‘fore the deeiredlgpmple time, eloee ‘the

\. ;acuzlm velve (2) and the -.at:opcock (4) Open the eample vallve -

+

¢ 1) and allow s unple 1nto the sanpg.e volume (3); N

d) Clo-e the aanple valve and dincard the sample by. opening t:he

™~
vagum fvalve.‘ This ptocedure flushee the sample lines ao
y . . \

.

~

e) Cloae the vacuun velve after the aample is conpletely p\mped
{ ¢ Lo

V —\ ‘ \ L .‘ . ‘ .‘.-f‘,',_' \ \‘

q o - -l._'___l,\ e e e __i i R ,.86_-

L
Y



S aampling time.» Allow sufficient time for the sapple to enter *

27)

w
ki

-

o) Fvacuate the- system by opening valve (2} and attach thé next

out,

- f) Open the samphe valve (1) when the dlock 1ndicatea the desired

\

’-&

' . 2
- .

the sample volume. about 3 saégnda, and then close the valve.

- g) Open stopcpck 4). The sample presaure will be 1nd1cated .on

/ P . ‘ ! . ) Y , . i
‘the manometer (11). v o . “." R S

°

;h). Open and Ehen close the stopcdb* on the: sample bowb A~deeiehse_d.x

in the pressure shoulq be noted on tfe ﬂanometer Tas the aample -

Zenters the bomb -Crose‘stopcock (6) and remove the sample bomb.

1~ '-A

I _ ‘ -
4;.£F?T&¥s;mpleabomb; i Yoo PR 'GE\: ' .; Sy \ R R
Jé'irhe reagih;s from the.thermocoupiee described in step (10),;Fhe“'ﬂ:
liquié'oooogas fbtameteg readings and the qystem éressure‘. n,' ’.";
v N : it
' shoold bﬁ,recorded :(ter each sampleaiq withdrawn ’ ?“ ; o i:3f |
25)\ Take samples. as descriggi 1n dtep k25), at 1ntervals'of-800:£o }000 ;ég
seconos tntll a sufficient number are avaiiahle ﬂﬁk miniouq of eigﬁ' Q§
;;_samples should be takén fqg Lach expetiment by gun.. ! L ”
. 23) After the 1; sampla haa been- taken cloae lhe Qfmt of.f‘ \mlve on. the
feed line. Close the iiquid feed line on ;pe Eggd/eaﬂka a?d Qpen
1E — N , C -
.the corresponding valve on the re;um tanks.. 'gben the 3h\t off -
X valve on tha feed line and ;1109 the’ liquid Ln the diatri utnr and hié'
- ’“-diasd&yed hydrogen removal aection:ee,dtatn baek to the etgﬁ; t:his{/‘;i
uCIOoé the feed. une ‘shut ofr valve.' : .‘ . - '/
:26)J Drain Ehe ltquid remaining ih the take off. tuhe\§nd t e_retuYn line '
| “and then cloee the ball vnlve ;n the return, lfne. '//-.?;‘ ',fw. o {
Meaaute the dﬁs:ance from the E%p o£ the sdturntof to. the liquidu f f

amlnomethane level.} \Immerse the. dﬁi amine stor‘ge tagk in L}quid

P L. Sk % s . .
RN : . R S R P S
| ook ‘ . LT e . ' ] : C
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.28)

pumps. Switch off the Hischargé solenoid valve on the "York"

29)

30).

31)

32)

'33)

) nifrogen and openﬂzﬁe'sgcpgator aoleno{d.vaIVe.. Allownthe amine - L
. cibculating fan, the air bath héater and the methanol circulation .

. refrigeration unit. - R -

‘. .

to return to the itorage tank and Eheh_closz the solenotd valvé.

Turn off the po&ér to the hydrogen circulation pump, thé
. .

~
!

\ B

refrigefatiohfupii and wait two or three minutes. ’Tﬁrn off the

.
.

Open. the predgure relief valve on the exchange apparatus.

Remove the’ 1iquid nitrogen Dewar flasks from the COid traps on the
L4 {

sampling system and pump out the condensed amine.

’

!
- P ! '

Close the valve connecting the'hydrdhen cylinder to the liquid feed
tanks. . 4

o~ . o
Algpw sufficient time for the .exchange apparatus to return to room

, . o

temperature. This.ﬁil} generally take until the next day.

Remove the door from the refrigerated air bath. Take apart thél

/“Svégelok" fitting nearest the liquid return shut off valve, to

allow the wash alcohol to drain out.

.34)

33)

A.2

N , ..
on the feed line and pump alcohol

Opeﬁ the methanol wash valve

\Y

through the system. -When the system is‘clean turn off the pump ard
drain as much alcehol as possible to the dump tank. ’
Fasten the "“Swagelok" fitting and close the methanol wash valve.

-

Evacuate the system to remove the remaining alcohol.

Catalyst Solution Make-Up

"Potassium and lithium react violently with air or water,

consequently caution must ‘be exercised when working with thesé metals.

S :

The following procedure was ‘used to make up the catalyst solutions.

%

3

3 ‘ .



: The__ aminomethane used 1n't'h1s‘ study, purchased from”'Hath,eson of

»

Canuda Ltd., contained a maximum of 0.8 weight percentAwaté‘r. This

witer is removed by contacting t"e amine with an excess of 1ithium
. . B} . .
1% the following manner: . e - ' : R

~.

8) Eiacuete a clean make—up‘tank ‘shown 1in Figure 5. Fill the

L

tank with argon to a pressure of about- S psgg This provides
an inert, heavier than air. atmosphere‘l;he 1ntrod\xct19n of
the lithium. o o S o |

b) Calculate the minimum amount of lithium required to. completely.‘

.
>

remove all the water from the amount of: amine to be dried.

c) The lithium s obtained\from A, D MacKﬁy Inc. 1n stick form.” - Vo
. q .

Although stored under paraffin o;l it 1is génerallx coated with

“

. an oxide layer.' Scrape this layer off a sﬁall exciss of »*

' lithlum under o0il, so-that a clean, shiny surfacs is exposed
4 . ! 4
d) Cut the st%eks into approximately half inch lengths to provide

a

~a larger surface area: fot the subsequent reaction with the water.
O 1.‘_.' . - -
e) Wash off the paraffin oil with normal pentane and,pat’tﬁe‘
Lo ¥
S :

l1ithium pieces in the tank. A v i
\ t”.

f9. Evacuate the tank to remove the, argon and pentane.. ‘ e

i

g)ﬂMConnect the vapor line of the tank’ to the aminomethane tylinder

and evacuate the connecting line.

h) ;mmerse the tank in 1liquid nitrogen and open the valves
connecting it with the amine cyliner. The. amine wili\diStill

into the make-up tank by virtue of ‘the Eempereture dift:?égcq.

-

- The amount of amine transferred nay be determined by weighing
the aminomethane cylinder before and after ‘the distilla@ion.

.i).‘The reaction of the lithium with the water and the aminomethane

- .
V]



- 3)

,4)..

‘\‘ ' - . L PG (i
1‘»" .
\ . : -
" . | 4 o\

produces hydrogen.yre;ultihg in

“tank. A relief va ve, oet“to re 1m et e‘iout 80 peig, is o '

connected to the tl\\k to proVi,de protect.:lbn ueino: . pouible ) .

rupture due to excednivc preaehre., Hhenever the prell in the '

i tenk is greater than atmoopheric, open the valves co‘cting the

thk to the relief valve.

«

H Periodically bleed ;hﬂ preseure off the tank t? about 40 paig.

The teaction can be co:‘?eidered fo have gane to conpletlon when .

» .
no further pressure increase is Qbeerved , ’ ' N

The amtnouethane 1s now dry and ready for use 1n a oatalyst eolution.‘

Calculate the, &mount of potatsium and lithium required for the

desired solutlon Follow the\procedure described in step (1) to

-

prepare the solution, using th@ ‘dried ‘amine.s The potaasium is

cleaned,pnd cut in the same manner as the l1ithium.

LI
~—

Evaeuate and refrigerete the feed tanks. The catalyst solution may
be transferred into the feed tanks, through the dip tube on the *

make-up tank, under thelvapor pressure of the amine.

¢ ‘inc&ldng@reuuﬂﬂn tﬁe e
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‘:'e conatanta, kl (aec ). vere &lcnlamd

., -~ ’ .r. . ‘ \"

» fm the cxperinenul d a’iu 'the fbllo\ting nanner. The experimt:

N

.- conducted on October 1, 1975 ia uaed in this calculation. ' .
e B=Dn Calculation of the Abm&e Cogmtratiqna of e! Cas Sanplea

s ‘ D,

. / ' The e:perihental ueaaurementa are }#ated in Table" B-l. S

_ ) N 4 Columa 1 and 2 contain the aanple timea and the aample bqnb nunbera. '
. ! .
r:eepectively. ‘l'he 1iquid flowrate (colum 3) was recorded as t:he actual

rotaneter readins Readings from two thernocouplea (cqumna 4 and\ 5)

/ ’,t were recdrded 'l’he tenperature of\t'he gas leaving the abaorber was

meaaured withi thermocouple 15. Themocouple 13 ‘wag ellployed to measutd\ )

- -
o

) ‘ the temperattz of the - liquid entering the absorber, which was
R4

!
i

T »
~.

C aubaequently ed as’ the system tenperature. The aysteu preasure%

’Yecorded in column ‘6, was. used in the eatination of the diffusivity of B

Q . e P

. HD in the gas phase The initial pressure was used in this calculation.

Column 7 contains the ratioa of the HD to ~B2 aignals (R*) of the gas

.Y, - samples, meaaured on the maaa apectroneter, at agonatant value of the.
3 { -

mass two current of 2.4 x 10 -9 amperea. .

. Fou'r standards »- wigh kmown deUterium concentratiogs, \?ere

" analyzed with the gas samples to provide a calibration curve ‘for the"
mass apectrometer 'The measured and absolute valuee of these atandards'

- . are given in ‘Table B-Z. The 471 ppm standard was not analyzed after

the samples, for this particular exper@t

The analysis of the standards was converted in the fpllwing
. . . . 1

manner. .

i /'& e
. ‘ .




M T nmm&nnmm snm O R ‘ o
, E ' ; o ® Vool A ';H'. EE A N
v ’. ,:.‘y.v.‘ ey '4)5( . ok !'5'" X ' f;'
. “Agpragttric ?realurn' 70.; cm’ ng L
P hrm:ric‘npernmu° 20 O'C e

) . l . et .‘:}"’

‘.bth:~ o { )

: Jet Létigth" ' " ‘

Taka-off Height. % O

-y o '. ' R ;-; - . ,. . v.“; - V /v

e | N Ty
. .. "'. * .

: Sample  Liquid - Thehnocouplea . System i1 7. <
~.Time  Bomh ‘Ro ameter 13 § Preuurg S e

o e ~'-o 79 1 - 780 e
o . _ , e, : - S R
400 - 16 -, 6.8 -‘-0.7,70- L -0.771 . 95.0 -423.0
1000 38 6.8 - -0.766.  -0.767 92:8 - 361. 4 S
170d*  s6 © 6.7 -0, 759 - - :0.757 - 90.8 - ‘287.;.7 O
24200" s0 . -6.9 -0‘58 =0 759 UeslE ., 2388 ¢ oy
31000 47T 690 -0 757/5’ 0. 756 $6.8 < . 198.3 ‘c |
3900, 37 7.0 0 -0.153  -0.782 85.4 . 1541, \
4700 "109 - 6.9 | .. -0,7% .. 0.250...: 43,.&,~=+ 120—4.~~-— o
crpn | = . . =
600 -3 %0075 . -0.746  82.4 . 85.5.

. 6300 40 T-0.75  -0.747 - ‘804 .11.'8 e




_Before"

AfED)

B i

e g

4

-1152.0 -

©w777.0

362.0 .

<

,.‘

e ) SN

%780.0 '

0.0

.378.0

TABLE B—J

e
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] 92 o,

(3.4)

N

‘wh“e're the’ terms in tha“above, equatfons have been defined in cuapter' 3.

. The 365 ppa standard was choaen as the\principal standard 80 that R

" 318, 8 and 315 1 and C = 365 ppu.

Table B~3 lists.the reaults of the'

above calculﬁtions, vhich &ere fit to a linear 2quation using the 1eaat

w.

b o m ) + B. ..
B FGDI gi + nZGst -

T T
'vvhe?"e nrﬁ 23.86

. :square Q-thod., The resulting calibration equation is of the form

(B.1)

The measured-k* values of" the samples were converted to their

f - .

corresponding p1. values, using Bquation (3. 3).kwith an averqge value

of By siven by

!

318.8 + 315 1

(nean) 2

.'Equation'(3 4) wasAthenfused'to'determine‘the ualuesfof 8t

S S P L U

for ‘the

vfsa-ples,lfron which the absolute eoucentrations were calculated vith

i, \“ -0

= Equatibn (B 1) The’ initial sample was: takeh 400‘seconds after the

amine solution entered the absotber, to sllow sufficient time for the

|

i

o

iaﬂ;tem to. stabilize. Consequently t\he time axis was shifted 400 seconds

so that the tine at vhich the first sample was vithdrawn coincided with
t-O. " the corrected times and the absolute concentrations of the'

: £ 2
hydrogen aamples are given in Table 8-4 and plottlﬁ on Figure B-l.

S i
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3'2 E‘tiﬂatibn of. the Oversll_LLguid Phase Trsnsfer Coeffgcient (K,) N

An approximqte msss balsnne 1hd1csted thst the concentrstion

of déutetiun in the amine Ineressed by about 1 ppm durn‘

s gxperimentsl run. The equilibrium concenttation gi\:;i-iIJOgeu in. =
,coqigﬁt_with tha aminomethsne,at -28 S C measuved after ‘the subsequent .
. SR 13 . )

‘."explriment, was 22 ppm - The separation Eactor (o) deftned ss

tt i ‘e . , Ax'l

e . x R R Ce e e .
' . ~a = —’e- / o o . ' L (3'2)
L Y o : ' : _ .
T |
1, .’ .
Hﬁere--ﬂ . equilibrium concenttation of deuterium {n the aminomethane -
'-‘\(ppm) . ' L R S
) . o < . o « -

yé = equilibrium concehtration 1n the hydrogen (ppm)

*.phase of 118 2 ppﬂ Consequently the vslue of x. used 1n this ';f-fe‘

' P
calculation vas. 117 2 ppm., The system temperature, ﬁound by 11near‘fg f

AN i

71nterpolation of the copper-constantqn thermocouple iables for an average ,

“ﬁteading of -0 758 mv, qas -20 1 C. The cqf:espondid& separation factor ';7HIAY

18497 FrowEmation @) . a0

- 117 2 - 23.6 ppm

Yo" w97 |
N o e oo v-y,
'.This value of Y was then used to ?alculate the values of ln (;———:7;70
N - ) in
_These values are given 1n Table B-S and plotted on Figure B-2 yin‘is ;
' ) Y A v,
f-_ the deuterium concentrstion in the hydrogen at t =0. . {;;'
PR .. S C ’ -
. “The. slope (-k*) ’ the_least;squares.liue through thv'poiuts
R v o ey
of In- (——-——————) vs: t is , R e
C=k* - = : : . oo S (B.3)

T

A
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TABLB B-S

"'J'.’

VALUES or CUMULATIVE DEPLETION vs T;nz
3

‘

'bz-‘ . }l..

R Y

.-'ye

"ln (\
. ~.yip

Y

-0.3664
| e@”szoel"' 2

O‘.o. 4A.v'.’ B .

- 0. 7122

'7’--1.1585’ L

~0. 9407

-1.4489

-1.5908
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. The.total 'mfetfeeiel,§ ares, using Equation (3.7) vias -

i developed by Hoore (11), shovn as ; _' :_ :

'rhe dna kf the aphere cprrected for the filn thickness wi
v

da

i e

.Aia4a46;60;+'G{Oab‘y°46;oslcnéf‘ S
1 ff;f,: T e
Density of the .Amidamethane S

e T SR ‘ S
L . oot -~
oL =4 +a2‘rv+va.3z_ B

. where a, = o sos¢ B R

th Iquetion _ l'f' ;

.
Co e

~"
T
R
H
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e ‘__.s

e - Portion of saturator occupied by ghs -
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W

Therefore

V, = 5.344(20.32 - 12,91)

= J39.6 cc ) ' ; ‘ '
: . i .
and : T A /
, V= VT - VA = 2564.8 —‘39.6

!

= 2525.2 ccn
I

.

Qhete V.= volume of tht system occupied by gas (cc)
e A '

The system properties evaluat?dlabbve may be substituted into

'Equétion (B.3) to yield a value of the overall liquid phase transfer ‘

-éoefficient, ag follows

e

i

KL o _K*HV atm cm3 cm3 °K g-mole

ATDLRQT s mole fraction cm2 g cm3 °K

. 2.73 x 107472901 3525.2) 31.1) cm
(46.05) (0.7110) (82.06) (253.1) s

;0.2298589' o

-

Y
Cow

N S .
B-3 Esgipg;ioh of the Gas Phase Resistance to Mass Transfer

_An estimation of the gas phase mass transfer coefficient was
. ﬂ . )
obtained with Equation (3.16), Ihe liquid phase transfer coefficient

was }hen cdlculated with Equétion‘(3.13).4 : N

A

Diffusivity of HD in the Gas Phase

 ' The diffusivity of HD in the ‘gas phase was estimated with the

”
o

!



' . - : o | . 100
. ‘* ! ) : X
o > /
. . iV L. ' '.,, R . .. . [ AN Y .
Wilke-Lee modificatiom of the Hirstheldet—Bird-Spotz/hethod, Equation !
: . -
(3.16)$\as illustrated below.
i ’ | N ) {
1. Estimation of the Diffusivity of HD in Pure CHjNH2

Molegular weight of CH3N};I2 (MCH NH ) = 31:.1

372
‘ Y
p, . Molecular weight.of HD (MHD) = 3.0 L.
ST , : = 253.1°K '
Pt : . = 2.tﬁ’ﬁfm
P > ° .
rCH3NH2—HD = 3.554 A
, ' - _ -3
, K/eCH NH | = 2.998 x 10
. 372 ‘ )
K/cHD' : = 2.525‘x 10
KT : KT KT
E-—‘—————"’="/ﬁ;———-——)(z——ﬁ
o] CH3NH2-HD CHBNH2 HD

\/(2.99»8 x 1073 x 253.1)(2.525 x 1072 x 253.1)

2.202

! . ) -
4

The collision function (F(%z)) was estimated using Figure 2.5
in,referérceb(ZZ).‘ The value obtained was 0:.524. The diffusivity

calculated was /

_ 1 1 3/2° [1 1
_ (0.00107 ~ 0.000246 \/——31,.1 + 55 (253.1) 1Tt 5.0

D =
. CH3NH)-HD (2.14)(3.554)%(0.524)
2

0.158 <&
S




s

-

2. Estimation of the Diffusivity of HD inPure H,

e : ?

/Molecular wefght of H, = 2.0 .
¢ °
| ’rﬂz;ﬁﬁ‘_v .= 2963 A
"y K/e . ‘- 3,003 x 10°2
A g, Ha . L ‘ )
2 . . . B . .
. B ! . “‘ L
KT J(a..ooa x 1074 (253.1)(2.525 x 10°2) (253.1)
“H,-HD S ’
= 6.97 . ,
») o
and F(%IS.- 0.397.
" Substitution .in Equation (B.iA), yielded R

(0.00107 < 0.000246 %+ _;.) (253.1)3/2 [% +%
Dy -up = ' "

2 @ (2.963)2((_9, 397) -

- 0.416 &~ C .
, 8

-
i

L oers

3. Estimation of the Diffusivity dof HD in the Mixture
A _ The following equation was used to ‘calculate the vapor

pressure of the aminomethane at the temperature of the system.
. , A

: C . S .
2 , S
1In PCH NH -.C1 + Tra+ C3T + C“ In T ‘
3 2 .
where C1 = 100.906
C2 = -5716.32
C3 _ = 0.02248
CAO = -15.3
PCH Ng. ~ vapor pressire of CH3NH2,(atm)

o

“(B.5)



i

o A\ o r102 :
.

~~ Therefore  —— - - — e - - SR — e et
. ' / . | | \
' $716.32 -\ '
1n PCH3NH2 - 100?906 - _2_5—3_T_.+ 0.02248(253.1) -'15.3 1n (253.1)
' ¢ .. = =0.6597 ‘
or”’ ‘ f '
Cm o P o =-0.517 atm
‘ CH3NH2 o
| e e . ot 4
The mole fractions aminomethane and hydrogen in the gas phase were
calculated as R : | [
¢ i ,
P .
; % os o,
GHyNH, T TP 2.14 | -
i . o
and v
1 Y/
' P ~-P .. . : : . ; A‘_‘-,E}‘ .
I L S35 VRT3 v SN . 3
7H, P 7.14 : '
Equation (3.15) .was used to estimite the "di'ff.u'éivit:y of : '
’ I3 , - f ‘ o . . - ®
hydrogen deuteride in the mixture as follows . ; '
. o {'_
: Dmix - : - '. '
" YH, . Ycu,NH
) \ 2 + 3 2 o
D D * .
) HD-H., CH3N§2-HP //
. / R 1 v .. ’ ‘ /«
‘ - T 0758, 0.742 o - (3.15)
0.416 ° 0.158" /
v v
= 0.298 <
s
R
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'

Viscosity of Gas_Phase

N . ' {

1. Estimation of tﬂe'Viscosity of Pure H, : f' o *

The following ?orrelation (23‘ uas.uséa,

| -3, T ,0.695 o

y
H, . » | | .

: + 0e=3,253.1,0.695 ’ '
= 8.411 x 10 (57375) ﬂ = 0.00789 cg.‘

2. Estimation of the Viscosity of Pure CH$NH£
The Bromley and Wilke modification of the Hirschfelder method

(24) was.used;‘as shown below.

/20 v S , .
C S LI _
u = . 5773 (F(1'33'Tr)?' - ..t (B.T)
: c _ R )

] N ‘ i *i
U |
0.0333(MT..)

- .
. . o “
. . . !

S

—

. where ﬂ: - Qiscosity (cpj

3
]

critical‘témpepature (°K)

c -
VC %};ﬂv  critical volume (cc/gfmole)- . ‘\f\\\

| wyw10sgp 0-865_ . . 0260 .o,
F(1.33°T ) = 1.058 T, 65 log A3 T ‘

(1.9 7))

T
r

reduced temperature -

The required constants for dminomethane are
, | e V4 SEEN
TC 430.0 °K .

Vo 143.8,cc/g-mole

Calculation of the reduced temperature of CH-NHZ'yielded

k) B

» . : .
. .1 2531 o
o Te 7T " %30.0 T 008
W



Therefore L
y ' P

0.645 _ o 0. 261 .
(1.9 x 0.589)0-9 Tog T95x0. 589)

" F(1.33 T.) = 1.058(0. 589)

" ’ Ny

- 0.492

and’ ) o : o
a . . o

[ RV B . ’ . ] R . .

[ : | o - |

¢ . 0.00333(31.1 x 430. 0)1/2
CH4NH) L e’ ‘

. . . . . '
v .o { . e - |

(0. 492) S -

= 0.00690 cp . . - » L
'!' N . . N .

3. Estimation of the Viscos#sy of the Mixture

' The viscosity of thepinixture was estimated using the following
. ) o )
~equation (24) . X
" X N ’ . . | ’
]IJ y = S : ul‘
Vmix T Gylyp L+ Gy /o2 gy my 1747
1+ ‘
WD + My /5 )1”2 e
- L TR i
+ - B N .
<y1/y2)[1 + Gugfup)? / Myt 42
1+
U &+ (MZ/MI)]IIZ
4 3 ,
| - \ | -
\ . o . (B.8)
I L 0.00798 :
O 242 0.00798.1/2 31.1.1/4.2 .
L o 758)[1 * (. 00690) G0y
72 -
. /_)[1+<31 Pt
/ 0.00690 L
+ o¢§£;[1 + ©:006%0,172 7.0 )1/4]2 0.00819 cp,
0.00798 31.1 o

L. -
e 31.1, 1/7 v 7
r)[“(”” |
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B Ga- Phag Reynold 8 Numher L
o 5 A

ﬂﬁe gas phaog Reynolds

. l.. ZN,V y . !"
. ‘ -_____L._.';s'
‘*Ré:» - s :
L4 Y migpi‘ 2.
where‘Re .= Reynold's number |
e I
R Cm radius of the sphere!

l\’ ‘ “g . ] i N }
v ;»s[ayerage’velociqy of the ges in the absorption chamber
. : / N . K .

(cm/sec)f S 'f}:.,’

‘T‘\"/‘ -

- ~‘.'pé - = density of the gas (g/cc) S "

b .- ' t . .
: . . . !

\

4

1. Estimation of the .‘Gasﬂ Velocity., . * R

ihe calibration curve fqr the gas rotameter teading of 16Z of

full scale indicated T fIbwrate of 5 ft /hr of air at 1‘atm and 70° F.

. This- was converted t9 the correspondi flowrate of ‘the Hz-amine mixture
. ‘ |

at these Standatd conditions with the fo owing equation.‘

- . ! ’ . . 4
| C - L. . R {

o o . Jse T 1 - ,
| | .scc/s“aie scc/s metered gas l 0 294 3 P \ v(B.iQ)'
L S | o
. . s " » . : . : ‘ '] B @ ! ‘J
;o S o S . L

§¢:h3§§:°reA . Ly - \
" '-., _: . . . ' l . . . . ;
" . S | SRR / ,
X of H, i | '
' gf O Npmamine ~=(5 2)(28317)(——) (——,r) T
,'at'stand% ‘ ‘
TN T 3600 (—)_ o ’
: - [[303.,253 |
e ’J( 29 )(294 3) (2 14)
g - < o 3 o L
, g
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,.'?n" . v‘;l

A - L e

- The diameter of the absorption chamber was 7.62 cm,‘t"héref'cpi'e

- \
. 5.02 \
_ 37,62 | em
av- 4 o T s
P R S o

2. Estimation of the Gas D‘ensit;y_

" The ﬁxoie‘culaf weight of the gas mixture was éélcﬁlated as
follows. .. . i ' T

- (y)+M ' (y "),,"' o
mix MH H CHS:{HZI_ CH3NH2 , . -
S

= 2.0(0.758) + 31.1(0.242) s.9~°4.E§I“.

i

* Using the ideal gas law the égs dehsity v'was ' C

nM., PNM £ 1
- mix ’mixatm g mol 1

%"~ v "R ‘mol 3 °K : -
Vo T cm” atm :

o (2.16)(9.84) .. o 4g | g o
(82.06)(253.1) T 93 % 107 o s 7

. : . . oy : - . . . »‘ i

: Caiculgt’idn of Reynoldé number yielded'

‘ . : : . i
1 ] " N
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R -_,(Z)(1.9os)(1.1)(9732x~1o'“) Cm‘gg 8 cms
e (0.00819) x 1072 . = % o 8
: . T ‘ ! {

o

= 47.6 B _ SRR
\ 1 ’
Equation (3.16) was then evaluated to .yield a value of the - y

gas phase mass Eransfer_coefficient as’ follows. -

. D ) . u . ' . .
{ P ,
k= 2201 4 0.276 Rel/z —mix )13y o | :

| °6 mix - |
: ! / A b B ’ . ' )
0.298 | V2 , .'8.19 x 1070 1/3. N
= Tgp5 [1 *0.276(47.6)"" % (——= i )71 (3.16)
* 9.3 x 1077(0.298)"
: ) ] \
- 0.355 —Bjore __
o ca? EBOLe -
gm
t . . \
,’
and o .3 i
, ‘ o \
. B
L . e .
G R T ]
3
b4 l' ’1
\ ) N ] ) . 3 N . . ~
g K = — 0.355: mol-cm” mol °K. ‘1 K .
¢ = 82.06(253.1) Z . 3 ___°K ... <o
N .8 cm -mol cm” atm :
~ 1.70 x 10™° —4—9§l——— RN

8 cm atm,

- Substitution of k, and xL~1n.gqﬁacion (3.13) yielded a value
* I . ’

of kL' as,fqllowe

\ 5 :; . . U 2 e, . I. N ’ ' ’ . { )



' ' - ‘ - .‘ ‘ ’ ‘Z_‘\ '. . ' : ‘- N l
v P 4 A o - CIN ‘ ' 108
N S S 4 v , |
kI‘\ KL H. E H = .
. g -
‘ T 0.7110 o \\” I e
1. : ]_ : . X L S
" 02298 7 N - Gay
i (7290)(1 70 x 10 ) o .
C i
=.4.168 s/cm . . S . . :Tv T < _'
o, : . . . . . S '
B | ‘ | ' o
or L _i } v\.r ! -\

| kL= _0.?399 cm/s v ;

o . L ,
B-4 Estimation of~the First Order Rate Constant

- . \

Since the. reaction occurred in the fast reaction regime,

!

Equation (2.34) was used to evaluate the frate constant., Th!!luffusivity
- ‘ -

of HD in aminomethane Was estimated using the method described by Kalra

(12), as follows o : . o !
e L aen 1000, ! -
logyo Dy -_.ggﬁsseq ;nggzsza 209,
. 1000., - VR
, = -2.25564 - 0. 432524 (253 1) e
J = -3.9644 ‘
ors C L e
.

"Dy = 1.085 x 10_4 cm2/8 : o
- . By - '

The diffusivity of HD in aminomethane was exptegsed as aifraction of that

tor H2 as v o A t‘? | o



" Equation
o

.

' therefore

Dot

| PHD - 0.9;02:DH'

-

2

3

= 0.9102 (1.085 x:10™%)

ﬁ .
1

- _'»‘.1
= 9.87 x 107> c®/s

(2.34) was solved for ky

k. - vk.D,_.

L

g

=
"
o -
\u.

T m

|
L

!

~-

"to yield

,‘.‘,
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ERIMENTAL DATA



A

COEFFICIENT (Cﬂ/SEC)

‘GAS PHASE #ASS TRANSFER CnEFFICIENT .

H
)

(G MOLE/(SEC. SO¢CM(G ‘MOLE/CC))Y) ) ‘
LIQUID. PHASE TRONSFER, COEFFICIENT, (CM/SEC)

FIRST ‘DRDER RATE CONSTANT (l/SFC) S

TIME
(SEC)
090
"!00; 0
' 950,0
- 130040
2200.0
3100.0
" 3800.0
5800.0
6700.0
- 7600.0
- 8500.0
© 9400.0
110300.0°

L r.

I

. GAS PHASF DFUTERIUM»
) CONCENTRATION (PPM)v
‘ - 477.1 - ’
“456,7
448,8 .
434,64 - -
4118
384,1 )
356,00 . .

345.6 -

312.0
289,71
‘ 271.9 -
237.2 .
"220.1 -

.'-.

—

I ’ '

- ~0.7471
048298

.0;4373.

”ﬂﬁJQ 0947
!:;‘r 131\

LN ({Y=YE)/(YT=YE))

© 0.0000

~0.0458 ¢ '\""

U =0,0642

-0.098%
-0.,1546

-0.3089/ . -
~0.5296

. =0.59B1

,"O 0'6 65 l(\

I

A SRS oL Lo
ok RUN Nh. 30 JUNE 057747 I ST

T ' -

*  CATALYST CONCENTRATION (Q\EQ/G) R AN
LLTHIUM AMIDE: o " 0.000 "
AOPTASSIUM AMIDE - - 0 L 0.310

§VSTEM TEMPERATURF (DEG t) 5 . =41.9
R 1 ‘A:.".>; .
TDTAL INFTIAL pnessuns (ATM)\ 1.589
GAS VOLUME . (CC) . . . 12530.7
[ INTERFRCTAL AREA (SO.CM) 5 46410 .
_ MONOMETHYLAMINF NENSITY (G/CC) . 047352
f’ LIOUID FLOWRATF (FC/SEC) L  0e258
GAS FLOWRATE (CC/SEC) : o ‘ 50,2
CHENRY.Y'S LAW CNFFEICIFNT (ATM/MNLE FRACTIUfof L T94T1.2 L
HD<AMINE nthimrvxrv (SO.CM/SEC) o . 0.680E-04
GAS! PHASE EourL!%RIUM CANCENTRATINN (PPM) s21. W |
LIQQID, PHASE FOUILTBRIUM CONCENTRATINN (PPM) v ~ ~ 130.6 .
" MOLE:FRACTION HYDROGEN IN GAS PHASE '~ '3 .~ ~0.906
'fLHOLE FRACTION AMINE. w Ghs PHASE S ‘o 094
. DIFFUSIVITY OF MD IN GAS PHASE (so CM/#EC)' "xi 1 0. 4176 C
VISCOSITY OF HYDROGEN GAS (CP) ™~ .. - . ' L 41 0.00751 .-
VISCOSITY DF AMINE .VAPOR (CP) "7 ¥ 1 0,00630 .
v15cosxrv OF GAS MIXTURE {CP). ~ S 04007797 |
otnsxtv 0F GAS PHASE -(G/gC)  0.00039
" 'GAS PHASE REYNOLD'S NUMBER A o 21,2 -
, OVERALL LIQUIN PHASE TRANSFER \3;;~ C 040937 "



- AN ,'__V,v‘."“.-s";'
T N

B PRI A
S o T m'W»ﬁr' R

L 11200.0 - 206,80 . TR
: e M _"dof 967" \'( .

[}
. v T

'  . ";}j"E Eal Gﬂs PHASE DEUIERIUM ‘ LN((Y-YE)/(Y}S E)) e
7 ISECY, ! cnucenran71un~(ppn) ; *“ ;;‘f--
3€8qa§ "

"111800.0 , 194.7 oo ' :
.’ . ’ ~ ry ' ' ' S ¢ ;.' o ' 4"'71- ”a’;

u
1
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RUN NN. 2 JUNE 18/74 .
CATALYST CONCFNTRATION (M EQ/G)
- LITHIUM AMIDF ' 0.000
"0 POTASSIUM AMITH o v 0.310
o SYSTEM TEMPERATURF (NFG C) . -25 4
TATAL INITIAL PRESSURE (ATM) - 3 . . 1.956
GAS VOLUME (CC) - 2520..7
INTERFACIAL ARFA (SO,CM) ‘ ‘ 46,06
MONOMFTHYLAMINE DENSITY (G/CC) - 0.7170
S LIQUID FLOWRATF (CCASFC) ‘ : . 0.278
GAS FLOWRATFE ({CC/SFCY . ' ' 50,2
HENRY 'S LAW COFFFICIFNT (ATM/MOLE FRAGT ION) 7757 .6
HD-AMINF DIFFUSIVITY (SO.CM/SFC) : : 0.907E-04
GAS PHASE EQUILIBRIUM CONCENTRATINN (PPM) 25,2
'LI0UIN PHASE FOUTLIBRIUM CONCENTRATION (PPM) T 131.6
MOLE FRACTION HYDROGFN IN GAS PHASF ; _0.800
MOLE FRACTION AMINE IN GAS PHASF o 0.200
DIFFYUSIVITY OF HD IN GAS PHASE (SQ.CM/SEC) ' 0.3304
VISCOSITY OF HYDROGEN GAS (CP) . - N.0N786A
VISCOSITY OF AMINF VAPOR (CP) 0.00675
VISCOSITY OF GAS MIXTURF (CP) . , 0.00812
DENSITY NOF GAS PHASF (G/CC) . 0.00075
GAS PHASE REYNNLN'S NUMBER - 38,7
OVERALL LIQUIN PHASF TRANSFFR ' 0.1765
COEFFICIENT (CM/SEC) :
GAS PHASF MASS TRANSFFR CNEFFICIENT ! " 0.3796
-G MOLE/fSEC SR.CM(G MOLF/CC))) . ;
LIQUID PHASE TRANSFER COEFFICTIFNT (CM/SEC) 0.181%
FIRST QRDER RATF CONSTANT (1/SFC) 363.6
TIME GAS PHASE DFUTERIUM = LN((Y-YE)/(YI-YE))
( SEC) { CONCENTRATIDN ( PPM)
0.0 361.9 . 0.0000
_ 890,0 312.9 _ -0.1571
* 1790.0 1 . FTY I *-0.3251
2490.0 - 233.4° , ~-0.4804
3490,.0 : 198.7 ' -0.6632
4490,0 169.0 ' -0.8510
5190.0 148,2 : -1.0067
6490.0 119.5 T =1.2729
7490.0 103.0 o ~1.4651

8050.0 | 97.6 -1.5369

i



N llﬁ

7 RUN NN, 3 JUNF 27/74

CATALYST CONCFNTRATION (M EQ/G)
LITHIUM AMIDF 0.000

POTASSIUM AMIDF ‘ 0.310
SYSTEM TFMPERATURF (NEG C) -38.1
TOTAL INITIAL PRESSURF (ATM) ‘ " 1.697
GAS VOLUMF (CC) 2528.4

~@NTERFACIAL ARFA (SQ.CM) , 46,06
'MONOME THYLAMINF DFNSITY (G/CC) . 0.7311
LIQUID FLOWRATF (CC/SEC) ’ 0.230
GAS FLOWRATE (CC/SECY . ' 50,2
HENRY 'S LAW CNEFFICIENT (ATM/MOLE FRACTION) . 9041,8
HD~AMINE DIFFUSIVITY (SQ.CM/SEC) 0.729E-04

. | L 4 ‘
GAS PHASE EQUILIBRIUM CONCENTRATINN (PPM) ' 22.5
LIQUID PHASE FOQUILIBRIUM CONCENTRATION (PPM) 132.6
"MOLE FRACTION HYDRNGEN IN GAS PHASE 0.889
“MOLE FRACTION AMINE IN GAS PHASFE / ™ _ 0.111
. . ' AN ' .
DIFFUSIVITY OF HD IN GAS PHASE (SN.CM/SEG) ' 0.3902
VISCOSITY OF HYDROGEN GAS (CP) ! : 0.00758
VISCOSITY OF AMINE VAPOR (CP) ' - 0.00639
VISCOSITY OF GAS MIXTURE (CP) - 0.00787
DENSITY NOF GAS PHASE (G/CC) c " 0.00045
GAS PHASE REYNDOLD'S NUMBER ' , 26,4
OVERALL LIQUID PHASE TRANSFER : 0.1141
. COEFFICIENT (CM/SEC) /
GAS PHASE MASS TRANSFER CNEFFICIENT ' , 0.41R?

(G MOLE/(SEC SQ.CM(G MOLE/CC))) ‘ , S
LIQUID PHASE TRANSFER CNEFFICIENT (CM/SEC) 0.1157
FIRST ORDER RATE CONSTANT (1/SEC) 183.3

!
TIME . GAS PHASE DEUTERIUM ~ LN((Y-YE)/(YI=YE))
(SEC) CONCENTRATION (PPM)
0.0 : 260.3 ©0.0000 .

500.0 " 248,8 -0.0497 ..
2300.0 o 211.4 ‘ ~0.2301
3200.0 190.6 : -0.3471
4100.0 179.0 o -0.4182 - P
5000.0 ' 164.4 , -0.5167
5900.0 . 151.7 -0.6104
6800.0° - 138,8 ' T -0.7157
7700.0 128.3 - -0.8102
8600.0 120.6 ~0.8853"

9500.0 - 110.9 . =0.9900
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CATALYST CONCENTRATINN (M EQ/G)

115

LITHIUM AMIDF 0,000
POTASSIUM AMIDF . 0.310

SYSTEM TEMPERATURFE (NFG C) =21.7?
TOTAL INITIAL PRESSURF (‘ATM) 1.879
GAS VOLUME (CC) 2517.8
INTERFACTIAL ARFA {SQ.CM) 46,03
MONOMETHY LAMINE DENSITY (G/CC) 0.7123
LIQUID FLOWRATF (GC/SEC); 0.206
GAS FLOWRATE, (CC/SEC) g I 5062 .
HENRY'S LAW COFFFICIFNT (ATM/MDLE FRACTION) 7388,.2
HD-AMINE DIFFUSIVITY (SQ.CM/SEC) " ‘ 0.969E-04
GAS PHASE EQUILIBRIUM CNNCENTRATINN (PPM) 2646
LIQUID PHASE FQUILTBRIUM CONCENTRATION (PPM) 133.6
MOLE FRACTION HYDROGEN IN GAS PHASE - 0.761
MOLE FRACTION AMINE IN GAS PHASE oy .0.259
DIFFUSIVITY OF HD IN GAS PHASE (SQ.CM/SEC) '0.3279
VISCOSITY OF HYDROGEN GAS (CP) 0.00795
VISCOSITY OF AMINE VAPOR (CP) 0.00686
VISCOSITY OF GAS MIXTURF (CP) '0.00812
‘DENSITY OF GAS PHASE (G/CC) 0.00086
GAS PHASE REYNNLD'S NUMBER 44,6
OVERALL LIQUIN PHASE TRANSFER ' 0.,2043.

' COEFFICIENT (CM/SEC)

GAS PHASE MASS TRANSFER CNEFFICIENT ' 0.3821

, (6 MOLE/(SEC SQO.CM(G MOLE/CC))) i
LIQUID PHASE: TRANSFER CNEFFICIENT (CM/SEC) 0.2115
FIRST DRNER RATF CONSTANT (1/SEC) 461.5

i

GAS PHASE DEUTERIUM LNO(Y=-YE)/AYI=-YE))

TIME
(SEC) CONCENTRATION (PPM).
0.0 436,5 0.0000

500.0. ©399,0 -0.0959
1000.0 . 359,7 -0.2074
1500.0 320.9¢ -0.3311
2000.0 293.1 -0.4304 -
2900.0 242.1 ~=0.6428
3800.0 - 202.1 - =0.8485
- 4800.0 165.1 " ~1.0849
5800.0 131.9 -1.3587
6800.0 112.7 -1.5602
7800.0 93,4 ~1.814¢4
8800.0 77.4 -2.0883
10300.0 612 -2.4729
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CATALYST CONCFNTRATION (M EQ&G)

CITHIUM AMIDE

POTASSIUM AMIDE
SYSTEM TEMPERATURE (NFG C)

TOTAL "INITIAL PRESSURE (ATM)

GAS VOLUMF
'INTERFACIAL AREA

(SQ.CM)

MONOME THYLAMINE.. DENSITY (G/CC)

LIQUID FLOWRATE:
GAS FLOWRATE (CC/SEC)

HENRY 'S AW COFFFICIENT
DIFFUSIVITY (SQ «CM/SEC)

HD-AMIN

(CC/SFC)’

!

GAS PHASE EQUILIBRIUMS CﬂNCFNTRATlnN

LIOUID PHASE FQUILIBRIUM CONCENTRATINN

‘MOLE FRACTION HYDROGEN IN GAS PHASE
MOLE FRACTION AMINE IN GAS PHASE

DIFFUSIVITY OF HD IN GAS PHASE

_ VISCOSITY OF HYDROGEN GAS (CP)
VISCOSITY OF AMINE VAPOR (CP)
+ VISCOSITY OF GAS MIXTURF (CP)

! .
DENSITY OF GAS PHASE (G/CL)
* GAS PHASE REYNNDLD'S NUMBER.
OVERALL LIQUIDN PHASE TRANSFFR

COEFFICIENT
GAS PHASE MASS TRANSFER CNEFFICIENT

CM/SEC)

o5

" (G MOLE/(SEC SQ.CM(G MDLE/EC)))
LIQUIN PHASE TRANSFER COEFFICIENT (CM/§EC)
FIRST DRDFR RATE CONSTANT (I/SEC)

TIME

(SEC)

800.0 ,
1700.0 -

2600.0
3500.0
_4400.0
6200.0

i o

V

GAS PHASE DEUTERIUM B

CONCFNTRATIGN (PPM)
331,2
320.9
312.0
298.6
290.1
277.9,
257.4

RUN NO, 5 JULY 12774

(ATM/MOLE FRACT 1ON)

(PPM)

(PPM)

(SO.CM/SEC)

116

0.00N
0.310
"5209‘ !

1.671

2510.2
46,10
N0.7468

0.216
50,2
10853,0
0.549E-04

19.6
134.6
0.957

0,043

0.3945
0.00724 °
0.00598

0.00743

©-0.00030

" 16.9

0.0592

!

. '0.4093

s

. 0.0000

0.0595
64 .4

LN(CY=YE)/(YI=-YE))

-0.0636

~0.1105
-0.1412

-0.2700



RUN NO. 6

CATALYST CONCENTRATION (M EQ/G)

LITHIUM AMINE

POTASSIUM AMIDE
 SYSTEM TEMPERATURFE (DEG <

TOTAL INITIAL PRESSURF (ATM)

" GAS VOLUME

INTERFACIAL AREA (SQ.CM) :
MONDMFTHYLAMINF NENSITY (G/CCH

LIOUID FLOWRATF

GAS FLOWRATE"
HENRY'S LAW COEFFICIENT

(CC/SEC)

{CC/SEC)

HD- AMINE DIFFUSIVITY (SO CM/SEC)

GAS PHASE EOUILIBRIUM CﬂNCENTRATIDN (PPM)
- LIQUID PHASE FOUTLIBRIUM. CONCENTRATINN

"MOLE FRACTION HYDRNGEN IN GAS' PHASE
MOLE FRACTION AMINE IN GAS PHASE

";DIFFUSIVITY OF HD IN GAS PHASE (SQ. CM/SEC)

VISCOSITY OF HYDROGEN GAS (CP)
. VISCOSITY OF AMINE VAPOR (CP)
. VISCOSITY OF GAS MIXTURE (CP)

DENSITY -OF GAS PHASE (G/CC)
GAS PHASE REYNOLD'S NUMBER
 OVERALL LIOUIN PHASE TRANSFER -

COEFFICIENT

(CM/SECI .

GAS PHASE MASS TRANSFFR CﬂEFFICIENT

,(G MOLE/ (SEC SO.CM(G MOLE/CC)))
LIQUID PHASE TRANSFER CNEFFICIENT.

FIRST ORDER RATE CONSTANT (1/SEC)

TIME

(SEC)
0.0
300.0
600.0
1 950.0
1200.0
1790.0
. 2200.0
2700.0
3600.0
45000
5400.0

. i

. GAS PHASE DEUTERIUM

CONCENTRATION (PPM)
48844 .

477.0

454 ,6

! ~ 437.5

' ~430.2

409,7

386.4

. . 362.4

‘321.1

283,2°

275.2

FEB. 05/75

(ATM/MOLE FRACTION)

(CM/SEC)

(PPM)

117

0,300
0.300 .
"‘?‘9.8

2.057

,12550.7
45,07
0.7164

0.270
50,2

7706.7T

0.915F-04

24.1

125.0
0.804
0.196 .

. 0.3184

0.00787 . -

" 0.00676

1 0.,00814

o 00077

0. 11q;‘

o.3dég¢'

'f; .
0.11722

137.4

,/.H

/

W '

0.0000"

-0.0250

-000757 ‘
—0.1161

- -0.1339
<0.1857
) —0.2"82

~0.3167
-0.4467
-0.5833
"0061‘06

LNC(Y=YE)/(YI=YE)).



‘ 118
- - . .‘ : |\~ .-
“RUN ND, 7 'FFB. 06/75 -
CATALYST CONCFNTRARIUN (M EQ/G) , |
. LITHIUM AMIDE ~ . | ) : " 0,300 .
% ~ POTASSIUM AMIDE - 4 0.300
'SYSTEM TEMPERATURE (NEG C) ‘ o -32.8
TOTAU. INITIAL PRESSURE . (ATM) s 1.761
GAS VOLUMF (CC) . [ 5 . - 2532.6
INTERFACTAL ARFA (SQ.EM) - _ ;o 46,10
MONOMETHYLAMINF DENSTTY (6/sCC) - : S 047252
LIOUID FLOWRATE (CC/SEC) | o | © N300
GAS FLOWRATE (CC/SEC) . 50.2
HENRY 'S LAW COEFFICIENT (ATM/MOIE FRACTION) . B4T2.2
HD-RMINE DIFFUSIVITY (SA. CM/SEC) g - != 0. 801E 04
GAS ,HASE EQUILIBRIUM ;nNCENTRADInN (PPM) 22.4
LIOUID PHASE EQUILIBRIUM CONCENTRAT{ON (PEM). 12640
“MOLE FRACTION HYDROGEN IN GAS -PHASE o . 0.853
LE. FRACTION AMINE IN GAS PHASE ' . S D.147
%levnv OF HD IN GAS PHASE (SQ.CM/SEC) . ', 043737
" VISCOSITY OF HYDROGEN GAS (CP) ¢ . 0.00770
-VISCOSITY OF -AMINE VAPOR- (CP) R 0.00654
.VISCOSITY OF GAS MIXTURE (CP) , '~ 0.00799.
'DENSITY DF GAS PHASE, ¢G/CC) Lo . 0.00056
GAS PHASE REYNOLD'S NUMBER S T 29.3
OVERALL LIQUID PHASE TRANSFER .- . 0.0864 -
COEFFICIENT (CM/SECY - - : S -
'GAS PHASE MASS TRANSFER CnEFFICIENT S 0.,4099 =
(G -MOLE/(SEC SO.CM(G MOLE/ZCC) )} ' A ‘
LIQUID PHASE TRANSFER CNEFFICIENT (CM/SEC) . 0.0874
FIRST ORDER RATE ‘CONSTANT® (1/SEC) : 95.3
4 [ . : : . ‘ ‘
. ‘.‘ v '
TIME GAS PHASE DEUTERIUM  LN((Y=YE)/(YI=YE)) -
(SEC) ' CONCENTRATION (PPM) S S
- - 0.0 L 454,86 . -0.0000 .
4 500.0 © 439,3 : -0.0360 : i
©1000.0 . . 428040 -0.0625
1500.0 413,64 © . =0.1002
2000.0. : 405.4 . ;, =041208.
2900.0 o 356,40 7 ~0.2578,
3800.,00 . - -, 342.6 . -0.2999"
4700.0 , 317.3 S -0.3823
5600.0 . - 296.8 20,4544

6500.0 _ - 271.2 ~0.5522
s = 4 -r i ' . . . , - '
' ¥ - i



.

‘LIQUID FLOWRATE {CC/SEC). "M

'VISCOSITY .OF GAS MIXTURE (GP) '

RUN O, 8‘ FFB. 14775

CATALYST CONCFNTRATION (M EQ/G) a‘ o

LETHIUM AMIDE S | o
. POTASSIUM AMIDE . - - -
SYSTEM TEMPERATURE (DEG C) - S

TOTAL INITIAL: PREssuaé (ATMS

_GAS VOLUME (CC) | o .
'INTERFACIAL AREA (SO, o™ | \
'MONOME THYLAMINE. DENSTTY - (G/CC) "

GAS FLOWRATE - (CC/SEC) -

‘HENRY'S LAW CNEFFICIENT (ATM/MOLE FRACTION)

HD-AMINE DIFFUSTVITY (3Q. CM/SEC) . S L

"GAS PHASE EOUILIBRIUM CONCENTRATI%N (PPM) "~

LIQUID PHASE EQUILTBRIUM. CDNCENTRATION (PPMI'
MOLE FRACTION HYDROGEN IN-GAS PHASE
MOLE FRACTION AMINE IN GAS PHASE_" . ‘ |

DIFFUSIVITY OF HD IN GAS PHASE (SO{CM)SEC)

VISCOSITY BF HYDROGEN GAS (CP)
VISCOSITY OF AMINE VAPOR (CP) L

DENSITY OF GAS PHASE (G/cC) .~
GAS PHASE REYNOLD'S NUMBER =~ ; R

~0VERALL LIQUID PHASE TRANSFFR

COEFFICIENT (CM/SEC) o

“GAS PHASE MASS TRANSFER CDEFFICIENT

(G MOLE/(SEC.SOQ. CM(G MOLEZCC))) . N
LIOU!D PHASE TRANSFER COEFFICLENT (CM/SEC).
FIRST. ORDER RAIF CDNSTANT (1/SEC) [

6100.0

!

T 342,11

B

119

' 0.300.°

0.300 .

- -38.7

1.8672

2536.9 . ¢*

46,08
0.7316

q;¢3&"
02
099.1.

0.722§-

21,4,
127.0

0.098
0.3688

04

0.00786

0.00046

?4 9
0:0669

dt

0;399§' :

. 040674
6248

7
. TIME - “GAS PHASE DEUTERIUM - LUN((Y=YE)/(YI-YE))
’ (,SEC) CONCENTRATION (PPM) , L S
N 0.0 485.0 . i © 0.0000
. 500.0 - 475,.8 ~0.0202
1300.0 L 4%5,2 - -0.0899
2100.0 433,0 -0.1192
2900.0 . 413,3 ~0.1680
3700.0 © 395,6 -0.,2144
' 4500.0 377.1 -0.2650
5300.0 357.0 -0.3231
-0,3687



RUN Nﬂ._

CATALYST CONCFNTRATION (M EQ/G)

; LITHIUM AMIDE °
. POTASSIUM AMIDE =
>“SYSTEM TEMPERATURE (NEG

TOTAL INITIAL PRESSURE
GAS VOLUME (CC)

9 MAR. 06/75

: ’

C)

CATM) .

INTERFACIAL ARFA (S0.CM)

| MONDMETHYLAMINE DENSITY

LIOUID FLOWRATE (CC/SEC
. GAS FLOWRATE (CC/SEC)
" HENRY 'S -LAW COEFFICIENT

HD- AMINE D!FFHSIV!TY (SO.CM/SEC)

t

GAS PHASE: EOUILIBRIHM CONC ENTRAT-INN

onugo PHASE FOUILIBRIUM CONCENTRATIONO(PPM)'
- MOLE FRACTION HYDROGEN 'IN GAS PHASE

MOLE FRACTION AMINE IN GAS PHASE o

. DIFFUSIVITY OF HD IN GAS PHASE ($0.CM/SEC)
 _VISCOSITY OF HYDROGEN -GAS (CP)
~ VISCOSITY OF AMINE VAPOR (CP)

_VISCOSITY OF GAS MIXTURE (CP).

DENSITY. OF -GAS PHASE (G

(G/CC)

) >

(ATM/MOLE FRACTION)

/CC)

GAS PHASE REYNOLN'S ‘NUMBER.

OVERALL LIQUID PHASE TRANSFER

COEFFICIENT (CM/SEC)

—

: GAS PHASE MASS TRANSFER COERFICIENT
. (G MOLE/(SEC: SO.CM(G- MOLE/CC)))
* LIQUID PHASE TRANSFER CNEFFICIENT (CM/SEC)
+ " FIRST ORDER RATE CONSTANT (I/SEC) -

. TIME '~ GAS PHASE DEUTERIUM
(SEC) - 3 CONCENTRATION
0.0 460.1
;800,00 L6444
© 1 1600.,0 . - 437,8
- 2400.0 - - 422,77
© . 3200.0 418.1
4000.0

.

!

I

409.6

)
i

19.1

120-

0.300
0.300 % :
"50.6‘ .

1,699
2530.7
46409
0.7444
0.217
50.2
105490
0.575E-04

128.0.

© 04950

0.050.

~ 0.3907

0.00730
0.00604

"~ 0.00751
SRl

. 0,00032.

17.9

© 0.0395

0.4079}~”

0.0397 ,

S 273

I

0.0000
~0.0363
~0.0519

-0.,0887

-0010,01 X
- =061217

CLNCIY=YE)/(YT=-YE))



. ame

b o - DR 121

! e e

. RUN NN. 10 MAR. 06/75 Coor

" CATALYST CONCENTRATION (M FQ/G)

' LITHIUM AMIDF. - | B © 04300
~ POTASSIUM AMINE . | B , 0.300 '
SYSTEM TEMPERATURE (DEG ) ' - -51,.5
v ’ . ' -0 R o f .
'TOTAL INITIAL PRESSURE (ATM) : o 1.778 \
GAS VOLUME (CC), S S © o 2530.7
INTERFACIAL AREA (SQ.CM) - = - B 45,96
MONOME THYLAMINE DENSITY (G/CC) ., ~ - 0. 7456
\ 4 ' ) : .
LIQUID; FLOWRATE (CC/SEC) y - N Yo ) £ T
" GAS FUOWRATE (CC/SEC) ! - 50,2 [
HENRY 'S LAW CNEFFICIFNT (ATM/MOLE FRACTION) ©10672.0
HD-AMINE DIFFUSIVITY (SQ. CM/SEC)5 . 0.564E-04 .
GAs PHASE EQUILIBRIUM CONCENTRATINN (PFM) 1940
LIOUID PHASE FQUILIRRIUM CONCENTRATION . (PPM)’ 1129.0.
MOLE FRACTION HYDROGEN IN ‘GAS PHASE , 0.956
MOLE WRACTION AMINF IN GAS PHASE - I 0.044
C A
DIFFUS!VITY OF HD IN GAS PHASE (S0: CM/SFC) . 0.3733
VISCOSITY OF HYDROGEN GAS (CP) oo 0,00727"
. VISCOSITY OF AMINE VAPOR'(CP) . ° : . 0.00601
~ VISCOSITY OF GAS MIXTURF (CP) ® - . 0.0b0747
DENSITY OF GAS PHASF (G/CC) SRR : - 0.00032
GAS PHASE REYNOLD'S NUMBER : = 17.9
OVERALL LIQUIN PHASE TRANSFER S ©'0.0405
COEFFICIENT (CM/SEC) * 3 , ’
 GAS PHASE 'MASS TRANSFER COFFFIC1ENT : o 0..3928
4 {G™MDLE/(SEC SO,CM{G MNLEACC))) . L L
LIQUID PHASE TRANSFER CNEFFICIENT (CM/SEC) . 0.0407
¢ FIRST ORDFR RATE.CONSTANT (1/SECYy -~ - ~ -~ 29,2 1
- TIME GAS. PHASE DEUTFRIUM  LN((Y=YE)/(YI-YE))
(SECY CONCENTRATINN (PPM) R o
. 0.04 " 469.8 , : 0.0000
. 500.0 465.6 . © ~0.0094 -
- 1300.0 ‘ , 7 453,30 ) - =0.0373
2100.0 | 443.6 -, ~0.0599
3100.0. S \435.1 . - ~ -0.0800 .
3700.0 - Y 419,64 : -0.1187
4700.0 . - 416.5 - - i -0.1258 - -
'5300.0 . 401.5 - . -0.1644

7 6100.0 . 395.3 . =0.1807
\ . . S o . .



CATALYST CONCFNTRATION (M EQ/G)
LITHTUM AMIDE '

RUN NN. 11 MAR. 15/75

]
A .

. POTASSIUM AMIDE
SYSTEM TEMPERATURE (DEG gi

TOTAL INITIAL PRFSSURF (ATM)

GAS VOLUME
INTERFACTAL ARFA

n

(SQ.CM)

MONOMETHYLAMINF DENSITY (G/CCI

LIOUID FLOHRATF

(CC/SEC)

GAS FLOWRATE (CC/SEC)

HENRY S LAW COEFFICIENT (ATM/MOLE FRACTIONP

HD- AMINE DIFFUSIVITY. (SQ. CM/SE&)

e

-

v
.

GAS PHASE EQUILIBRIUM CONCENTRATION (PPM)
S LIOUID PHASE. EQUILIBRIUM - CONCENTRATINN (PPM)
'MOLE FRACTION HYDROGEN IN GAS PHASF
MOLE FRACTION AMINF IN GAS PHASF .

_DIFFUSIVITY OF HD IN GAS PHASE

~ VISCOSITY OF HYDROGEN GAS (CP)
VISCOSITY OF AMINE VAPDR (CP)
VISCOSITY. OF GAS MIXTURE (CP)

DENSITY OF GAS PHASE (G/CC)

GAS PHASE REYNALD'S NUMBER

OVERALL LIQUID .PHASE- TRANSFER
"COEFFICIENT (CM/SEC) * :

GAS PHASE MASS TRANSFER CNEFFRICTENT

(G MOLE/(SEC SQ.CM(G MOLF/CC))) .-
LIQUID PHASE TRANSFER'CNEFFICTENT

FI%ST ORNDER RATE CMONSTANT {1/SEC) .

- TIME

(SFC)

% 0.0
600.0
1200.0

1800.0 .

— 2750.0

. 3000.0"

3600.0

3750.0 .

- .

] N . .
GAS PHASE DFUTERIUM:

CONCENTRATINN. { PPM)

47646

427.2

'386.3 -

348,38

303.8
291.8
260.0
" 251.8

(SO CM/SEC)

(CM/SEC)"

i

o iZZ_WM

A .
0.300.
.0.300

12,008
2519.5
46,06 .
0.7075

0,274 '
5042
7036.1

10.1035-03"‘

26.8

130.0
0.699
0.301 -

. 043041

30,00804

"0.00698

0.00815
0.00102
52.7 .
041450
0.3650 -

0.1490
214,5

LN({Y=YE)/(YI-YE))

0.0000

-002242

. -0.3342

' "0 .4847
=0.5290

~0.,6929



‘v"CATALYST CONCFNTRATI NN (M FO/G)

RUN N, 12 APR. 05/75
-

CLITHIUM AMIDE T

£ 430"
POTASSTIUM AMIDE LD - ole’n
SYSTEM TEMPERATURF (DEG C) - Y 239
TOTAL; INITIAL PRESSURF (ATM) T 14863 .
GAS VOLUME (CC) S . 2532.4
INTERFACIAL ARFA (SG.CM) L 46409
MONOME THYLAMINE DENSITY (G/CC) DU 0.7321
! ) . ’ . o .
LIQUID FLOWRATE (CC/%EC) D L 0,264
' GAS FLOWRATE (CC/SEC) - : | | 50,2
" HENRY'S LAW COFFFICIENT (ATH/MOLE FRACTION) - 9150.7
HD=AWINE DIFFUSIV)TY (SQ.CMISEC) o 0.716E-04
" GAS. PHASE EOUILIBRIUM CONCENTRATION (PPM) . 21.8°
LIOUID PHASE EQUILIBRIUM CONCENTRATION (PPM) . 130,0 i

MOLE FRACTION HYDRNGEN IN' GAS PHASE
MOLE FRACTION AMINE IN GAS PHASE

.

.DIFFUSIVITY OF HD IN GAS PHASE (SOD. CM/SEC)  0.3614

VISCOSITY OF HYDRNGEN GAS (CP) , 0.00755.
VISCOSITY OF AMINE VAPDR_(CP) . . 0.00636
VISCOSITY OF GAS MIXTURE (CP) o 0.00785

DENSITY DF GAS PHASE (G/CC) SV [0.00048

GAS PHASE REYNNLND'S NUMBER - ) D je4.6

 OVERALL LIQUIN PHASE TRANSFER | - ! 0.0670
(COEFFICTENT' (CM/SEC) L

™
GAS PHASE - MASS TRANSFER CﬂEFFICIENT - - Jo. 3927
"{G MOLE/(SEC SQ.CM(G MOLF/CC))) ] R
LIOUTD PHASE TRANSFER COEFFTCTENT' FCW/SEC) T o 0675

FIRST ORDER RATE CONSTANT (1/SEC) 93‘6

!

oo : . o

_ ' L o
TIME . GAS PHASE DEUTERIUM vLN((Y—YE)/l T=-YE)) .

(SFC) . = CONCENTRATION (PPM) T .
0.0 492,5 . 0

800.0 . - . 476,2 . T =040

- 1600.,0 . ¢« 456,6 S ' -0.0f193 -
2400.0 . 438,.3 : - 20.12:
3200.0 .  415.5 ’ - =0.1Y87
4000.0 - ) © . 396,9 - . =0,2
4830.,0 - ‘ 378.8 ; T =0.27p3
5600.0 : 361 4.6 ‘ 0 =0.3457

6400.0 . ©343,2 -0,



.\w

RUN Nﬂ. 13 APR. 11/75."

' CATALYST‘CDNCFNTRATION en FO/G) S

CLIYHIUM AMIDE
' POTASSIUM AMIDE
SYSTEM TEMPERATURE (DEG C)

A

'TOTAL INITIAL PRESSURF (ATM) S
" GAS VOLUME (CC) = - ,VV B
' INTERFACTAL . AREA (SO.CM): o

 ,GAS PHASF EOUILIBRIUM CﬂNCENTRATION
;LIQUID PHASE " FOUTLIBRIUM CONCENTRATION.

"MONOMETHYLAMINE DENSITY (G/PC)'
SLTQUIN FLONRATF (CC/SFC)

GAS FLOWRATE (CC/SEC) . o . !

" HENRY'S LAW COFFFICIENT (ATM/MnLF FRACTIDN) o

HD AMINE DIFFUSIVITY (SQ CM/SEC) L I

(ppn)
TiPPMY
MOLE FRACTION HYNROGEN IN GAS. PHASE

‘HOLE FRACTION AMINE IN GAS PHKSE

foENSITv nE. GAs PHASE

.VISCOSITY OF HYDROGEN GAS (CP) . o
- VISCOSTTY. OF AMINE VAPDR.(CP)
. VISCOSITY. OF GAS MIXTURF

DIFFUSIVITY OF HD IN GAS PHASF (SQ. CM/SEC)

(CP)

(G/CC) U

GAS PHASE REYNOLD'S NUMBER . . S

DVERALL LIQUID: PHASE TRANSFER o s
COEFFICIENT (CM/SEC) B

v -

GAS PHASE MASS TRANSFER .CNEFFICIENT -

(G MOLE/(SEC .SQ.CM(G MOLE/CC)))

" L1OUID PHASE TRANSFER-COEFF IC IENT (CH/SEC)

FIRST DRDER RATE CANSTANT (1/SEC)
1 . N . o e
1

GAS PHASE DEUTERIUM

ﬂléf.

0.430

0.430.

+17.8

2.150-

2537.6

- 46,05

0,282

50,2
"7095.8 .
-0,102E-03

26.9

131.0
0D,729

0.271

0.,2921-
0,00803
'0,00696
.0.,00819

51,7

.fﬁu\ 

0.1441

g io".-asv \'_'

0.1481 '

,"'214 4

LNCOY=YE I/ (YIZYE))

 TIME ‘

-(SEC) CONCENTRATINN (PPM) . o

0.0 494, 4 ' - 0.0000

"600.0 . 450,5 - ~0,0988
1200.0 41743 -0.1802
1800.0 -381.5 . =0.,2764
2400.0 . 343.9 ' ~=0,.3886_
3000.0 1. 30444 - =0.5215

. 3600.0 283.2 -0.6009
4200.0°° 25 . - =0.6992

- 4800.0 238.2 | -0.7943

©5400.0 214.4 | -0.9135

6600 .0 17841 ~-1.12BRA

7700.0 14644 =1.3645

|

V-

fo.79h3-'

1

0.0010]

.

Nl
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/ R ’ RUN ND. 14 APR, 23/75

CATALYST CONCFNTRATION M EQ/G) S e

COLITHIUM AMIDE |~ . ° © 0,430
- POTASSIUM AMIDE. ... S ST LT 04430
; ’YSTEM'TEMPERATUTF (PEG C) = . | =45,T
_TOTAL INITIAL PRESSURE (ATM) T : 1.822
GAS VOLUME -(CC) ' Pl ' . 2525.6
INTERFACIAL ARFA (SO.CM) o 2 ' 46511
MQNOMETHYLAMINF DENSTTY - 16/ccy o 0.7392
onuxo FLOWRATE (CC/SEC). - o L 04251
'GAS FLOWRATE (CC/SEC) iy 8002
- HENRY'S- LAW COFFFICIENT (ATM/MOLE FRACTION) . ' 9920.4 !
HO-AMINE DIFFUSIVITY (50, CM/SEC) s N 0.634E-04
GAS. PHASE.. EOUILIBﬁIUM CONCENTRATION (PPM) - . . 20.7
_ LIOUIN PHASE FOUILIBRIUM CONCENTRATION (PPMY . ° 132,0
I MOLE FRACTION HYDROGEN IN GAS PHASE . ~ . 0.936
MOLE FRACTION AMINE IN GAS PHASE : T 0,066
DIFFUSIVITY OF\HD IN GAS PHASE (5Q.CM/SEC) "~ 043695
'VISCOSITY OF HYQROGEN GAS (cP) @ .. .. 0.00741
"VISCOSITY OF AMINE' VAPNR (CP) o ; 0.00618
VISCOSITY OF GAS MIXTURE ey S, 0,00766
v DENSItY 0OF GAS PHASE (G/CC) S _ , 0.00037
GAS PHASF REYNOLD'S NUMBER Lo 20,6
OVERALL LTQUIN PHASE TRANSFER . ; , 040498
COEFFTCIENT (CM/SEC) \‘ o S BN
. GAS PHASE MASS TRANSFER COEFFICIENT v 0.3940
. (G MOLE/(SEC SQ.CM(G MOLE/CC))) S
LIOUID PHASE .- TRANSFER CONEFFICTENT (CM/SEC) 0.0501 , , '
FIRST ORDER RATE CONSTANT (1/SEC) & .. 39,5 . ‘.
S R & .
TIME GAS PHASE DEUTERIUM ~ LN((Y=YE)/(YI-YE))~
(SEC)Y. CONCENTRAT&DN (PPM) . - ;
| 0.0 ' . 504.7 o 0.0000
. 800.0 ©490,6 - . © . =0.0297 - 4" »
T 160040 .. < 481.0; : -0.0503
2400.0 . 462.8 S =0.,0905
3250.0 . . 450.2 C © =0.1196 )
40D0.0 . 436.6 . =0.1523 7
4800.0 , 1623,7 ° ' . . =041832"
. 5600.0 . 409.9 o -0.2181
. 6400.0 S 391.8 |, © . =0.2655

‘ L . .\' - .
S R ]



\

RUN ND. 15 MAY 21/75

CATALYST CONCENTRATION (M EQIG)

LITHIUM AMINE
 POTASSTUM AMI
,SYSTEM TEMPERAT

NE - '
URE (DEG €)

TOTAL INMAL PRESSURE (ATM) i

GAS VOLUME (CC) .
INTERFACIAL ARE
MONOMETHYLAMINE

LIOUID FLOWRATE

A (SO.CHM)!
DENSITY (G/CC)

(CC/SEC)

GAS 'FLOWRATE (CC/SEC)
FFICIENT (ATM/MOLE FRACTION)

HO-AMINE NIFFUSIVITY (S0, CM/SEC)

HENRY'S LAW COF

. \

'

-
~N
ON

0,630

‘0,630
44

1,955
2521.4
46.11

2

GAS PHASE EQUILIBRIUM CONCENTRATION (PPM)
- LIOUID PHASE EQUILIBRIUM: CONCENTRATIUN { PPM)
MOLE FRACTION HYDRNGEN IN GAS PHASE.

_MOLE FRACTION A

DIFFUSIVITY OF HD IN GAS PHASE (SO CM/SEC)

MINE IN GAS. PHASE

. VISCOSITY GF HYDROGEN-GAS. (CP)~
* VI1SCOSITY OF AMINE VAPOR (CP)

'fVISCOSITY OF GAS MIXTURE }CV)

DENSITY OF GAS

PHASE (G/CC)

GAS PHASE REYNOLD'S NUMBER .

OVERALL LIQUIN
~ GOEFFICIENT (

* GAS PHASE MASS
'-(G MOLFV(SEC

L10UID PHASE TRANSFER COEFFICIENT (Cﬁ/SEC) )

FIRST ORDER RA:

TIME
(SEC)
0.0
'~ 80040
1600.0
2450.0
3200.0
4000.0
4800.0
560040

PHASE, TRANSFER °
CM/SEC) -

&
TRANSFER COEFFICIENT
$SO.CMIG MOLE/CC)))

E CONSTANK (1/SEC)

GAS PHASE DEDTER [UM
CONCENTRATLION ( PPM)
518.9
507.8
490.2
472.6 -

Ced 45642

43642
: 421.0
- 7 405.0

°

a9

0. 253

9783 5

0.647F-04

21.0
132.0-
0.935
0.065

" 063464

0.00743
0.00621
0.00769

0.00040

22,0
0.0573

0.3756

©0.057T

51.3 £

CLNCLY=YE)/(YI-YE))

0.0000

-0.0225
~0.0594
-0 D975
-0.1346
 -0.1817
,~0.2189
-0, 2598

\

o
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RUN NO, 16 MAY 27/75

i

CATALYST CONCFENTRATION (M FQ/G

LITHIUM AMIDF - : ‘ : 0630
POTASSTIM AMIDF - ; . L 04,630
SYSTEM TFMPFRATURF (DEG C) : : < =47,5
TOTAL INITIAL PRESSURF (ATM) ' . - 1.69h
GAS VOLUMF (CC) - ’ ' ' ?516.8
INTERFACIAL ARFA (SO,CM) , : 46411
CMONOMETHY LAMINF DENSTITY (G/CC) N0.7411
\ : ' ! .
LIQUID FLOWRATE (CC/SFC) - : ‘s N.247
GAS FLOWRATFE (CC/SFC) , . 50.2
HENRY 'S LAW COFFFICIFNT (ATM/MOLF FRACTION) ‘ 10149.0
HD-AMINF DIFFUSIVITY (SN.CM/SFEC) , 0e611F-06
GAS PHASF FQUILIBRIUM (ﬂN(FNTRATIﬂN (PPM) b 20.5
LIOUIN PHASE FQUILIBREUM COANCENTRATINN (PPM) 133.0
MOLE FRACTINN HYPRNAGEN ‘IN GAS PHASF - '~ 0.939
MOLE- FRACTINN AMINE [N GAS PHASF 0.061
DIFFUSIVITY NF'HD IN GAS PHASE (SHh.CM/SEC) < 043927
VISCOSITY 0OF HYPROGEN GAS (CP) ~ 1 0.00736
VISCOSITY OF AMINF VAPNR (CP) ) . 0.00612
VISCOSITY NF GAS MIXTIRF (CP) | i 0.00760
DENSITY OF GAS PHASE (G/CC) - \ N.00034
GAS PHASF REYMOLDIS NIIMRER : . 19.0
OVERALL LIOQUIN PHASF TRANSFFR 0.0531
CNEFFICIFNT (CM/SFC) ' o ' .
GAS PHASF MASS TRANSFFR 'CNREFEICIENT o 0.4117
(G MOLF/(SFC SQ.CM(G MOLE/CC)))
LIOUID PHASFE TRANSFFR CNEFFICIENT (CM/SEC) N0.0534
FIRST DRDER RATF CONSTANT (1/SFC) - i v 4645
o TIMF © GAS P Agf DEUTFRIUM  LN({YSYE)/(YI=YF))
(SFC) ! CﬂNCF%# ATINN (PPM)
0.0 532.0 ° 0.0000
8000 521.1 , " =0.0216
. 1750.0 S 499 ,8 -0.0651 \
£ 3200,0 - ’ 47201 w—0.1247 - “
‘ 4000.0 c . essimet ' S -0.1626
. 439,R -0.1987
) 42646 ' -0.2309
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!

RUN NO. 17 JUNE 04/75

CATALYST CONCFNTRATION’ (M EO)‘)

LITHIUM AMIDE - 04630
POTASSIUM AMIDE : ' . 0.630
SYSTEM TEMPERATURF (DEG C) J -23.1
TOTAL INITIA! DRFSSURF (ATM) ) : . . 2.082
GAS VOLUME (CL) : : ‘ 2544 .2
INTERFACIAL ARFA (SQ.CM) . 46,08
MONOME THY LAMI NF DENSITY (G/CC) : ' 0.T144
LIOUIND FLOWRATE (CC/SFC) , ’ o 0.296
GAS FLOWRATE (CC/SEC) . 50,2
HENRY'S LAW COFFFICIENT (ATM/MOLE FRACTION) . 7548.9
HD-AMINE DIFFUSIVITY (SQ.CM/SEC) _ 0.9415-94
- GAS PHASE EQUILIBRIUM CONCENTRATION (PPM) - 26.2
LIOUID PHASE EQUILIBRIUM CONCENTRATINN (PPM) 134.0
MOLE FRACTION HYDRNGEN IN GAS PHASE . 0.787
MOLE FRACTION AMINE IN GAS PHASE ST 0.213  °
DIEFUSIVITY OF. HD IN GAS PHASE (SO. CM/SEC) - 0.3107 .
VISCOSITY OF HYDRDGEN GAS (CP) . 0.00791 -
- VISCOSITY OF AMINE VAPOR (CP) : '0.00681
VISCOSITY OF GAS MIXTURE (CP) : 0.00816
DENSITY OF GAS PHASE (G/CC) ' 0.00083
GAS PHASE REYNOLD'S NUMBER 42.6
'OVERALL LIQUIN PHASE TRANSFER B 0.1319
'COEFFICIENT (CM/SEC) '
GAS PHASE MASS TRANSFER CNEFFICIENT . - 0.3642
(G MOLE/(SEC SQ.CM(G MOLE/CC))) ' ‘ .
LIQUID PHASE TRAMSFER COEFFICIENT (CM/SEC) 0.1350
FIRST ORDER RATE CONSTANT t1/SEC) A : 193.4°
, | / :
TIME - GAS PHASE DEUTERIUM: LN((Y=YE)/(YI-YE))
(SEC) CONCENTRATION (PPM) . - o |
0.0 510.1 . e 0.0000 .
600.0 - . 468.3 -~ =0.0904 .
1200.0 L 432.1 -0.1758
1800.0 1 394,.6 ' - -0.2729
2400.0 , 370.8 . . -=0.3396
30000 . 343,6 ' -0.4218
3600.0 * . 311.7 . -0.5278
4400.0 : 277.5 ., " ~0.6554
5200.0 . - 1 258.8 -0.7325
6000.0 .- 228.8 . '-0.8708
- 6800.0 = 194.5 : -1.0564"
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RUN NO. I8 JULY 01/75 i
CATALYST CONCFENTRATION (M FN/G)
LITHIUM AMINF ' . ' ~ 0.630
POTASSIUM AMIDE , e ' : 0.630
SYSTEM TEMPFRATURE (NFG C) = ' o -13.2 |
TOTAL INITIAL PRESSURF (ATM) . . 2.166
GAS VOLUME (cCC) L : : 2524,3
INTERFACIAL ARFA (SQ.CM) . , : 46,08
MONOME THYLAMINE DENSITY (G/CC) , : 0.7031
LIQUID FLOWRATF (CC/SEC) : N0.313
GAS FLOWRATE (CC/SEC) - : 5042
HENRY 'S LAW CNEFFICIENT (ATM/MNLE FRACTIIN) £786,1
HD-AMINFE DIFFUSIVYITY (SO.CM/SEC): ' "0.109F-03. - .
GAS PHASE EOUTLIBRIUM CNNCENTRATINN (PPM) . 28.9
LIQUIN PHASE EQUILIBRIUM CONCENTRATION (PPM) 136.0
"MOLE FRACTION HYDRNGFN IN GAS PHASF . . Neb64
MOLE FRACTION AMINE M GAS PHASE ' 0.336 . 9
DIFFUSIVITY OF HD IN GAS PHASE (SO.CM/SEC) - 0.2785
VISCOSITY OF HYDROGEN GAS. (CP) ‘ ‘ 0.00812
VISCOSITY OF AMINE VAPOR (CP) : ' ' 0.00709 "
VISCOSITY OF GAS MIXTURE (CP) : _ '0.00R1%"
DENSITY 0F .GAS PHASF (G/CC) ~ 0.00119
GAS PHASE REYNOLD'S NUMBER : _ C61.0 . |
OVERALL LIOUIN PHASE- TRANGEFR | L 041766 o
COEFFICJENT (CM/SEC) ‘ :
GAS PHASE MASS TRANSFFR CNEFFICIENT . 0.3446
(G MOLE/(SEC SG.CM(G MOLFE/CC))) ' : o
LIQUID PHASE TRANSFER .CNEFFICIENT (CM/SEC) - 0.1834 |
FIRST ORDER RATE CONSTANT (1/SFC) . - 306.9
~ . - . L. . !
TIME GAS PHASE DEUTERIUM  LN((Y-YE)/(YI-YE))
(SEC): - - CONCENTRATIDN (PPM) '
. 0.0 " 493,4 ! 0.0000
. 700.0 442,9 . -0.1151
1400.0 . - - 379.6 o -0.2809 '
2100.0 32h.6 o =0.444T7 -
2800.0 282.9 . ~0.6035
© 3500.0 ~ . 25044 -0.7405
S 4200.,0 - 210.3 - " =0.9401
4900,0 ! . 177.3 -1.1408
5600 .0 159, 4 . -1.2693 ' /

6300.0 ‘ » 1:42_.4 -1.4090



RUN NN, 19 JuLY 09/75 - ' @&
CATALYST CONCFNTRATION (M.EQ/G) )
LITHIUM AMINE ' R _ . 0,630
POTASSIUM AMIDE o . 0.630
- SYSTEM TEMPERATURE (DEG.C) = . - _ -40.0
" TOTAL INITIAL PRESSURE (ATM) : 1.913
" GAS VOLUME (CC) S | . 252B.6 .
INTERFACTAL AREA (SQ.CM) C C L 46,410
MONOME THY LAMINE nFNsrfv (6/cCyr ‘ 0.7331
LIOUID FLDHRATF (GC/SEC) ' . . 04263
GAS FLOWRATE (CC/SEC) : 5042
CHENRY'S LAW CNEFFICIENT (ATM/MOLE FRACTION) ‘ 9250.5
HD- AMINE NIFFUSTIVITY (SO, CM/SEC) - 0.705E-04
GAS PHASE EQUILIBRIUM CDNCENTRATION (PPM) . 22.8
LIQUID PHASE FOUILIBRIUM CONCENTRATION (-PPM) 137.0
MOLE FRACTION HYDROGEN IN GAS PHASE 0.912
MOLE FRACTION AMINE IN GAS PHASE ' 0.088
OIFFUS!VITY OF HD IN GAS PHASE (SQWCM/SEC), "0,3542°
VISCOSITY OF MHYDROGEN GAS (CP) i Co - 0.00754
VISCOSITY OF AMINE VAPOR (CP) S i 0.00634 =
VISCOSITY OF GAS MIxTURe-tci;/),\ o ‘ 0.00783
DENSITY OF GAS PHASE (G/CC) . ' :0,00045
GAS PHASE REYNOLD'S NUMBER S 24,3
OVERALL LIQUIN PHASE TRANSFER ' . - . 0.0709
COEFFICIENT (CM/SEC) . o ' o
GAS PHASE. MASS TRANSFER CnEFFICIENT . 0.3859
(G MOLE/(SEC SQ.CM(G MOLE/CC))) o , o
LIQUID PHASE TRANSFER CNEFFICIENT (CM/SEC) . . 0.0715
FIRST ORDER RATF CONSTANT {1/SEC) 72,5 .
o ‘ | .
TIME GAS PHASE DEUTERIUM =~ LN((Y=YE)/(YI-YE))
(SEC) .,  CONCENTRATION (PPM) . ' ,
0.00 ' . ! y5240" K 000000 '
1400.0 481.7 ' ~-0.0888
2100.0 C . 4psT o -0.1267
2900.0 445,3 ' -0.1714
3700.0 ' 421.5 -0.2296
4600.0 398.9 R -0.2877
- 5500.0 - 377.2 . -0.3473 , ' :
. 6000.0 : 367.1 =0.3762.
‘ . ' . { - N . . v ,’.J .



RUN NN. 20 JULY 30/75
H .

¢

CATALYST CONCFNTRATION (M EQ/G) : ' T
LITHIUM AMIDE : (ii) | : . 1.660
POTASSIUM AMIDE -t 0.390

SYSTEM TEMPERATURF (DFG C) ~ -43.2

N . [ -
- TOTAL INITIAL PRFSSURE [ATM) , - - 1.901
WAS VOLUME (CC) _— . 2519.2

INTERFACTAL ARFA (SQ.CMT . , B 46,172

MONOME THYLAMINF DENSTTY (G/CC) T e 10,7365

LIQUID FLOWRATF (CC/SEC) T 0.256

" GAS FLOWRATE (CC/SEC) . o ' : 50.2

HENRY 'S LAW COEFFICIENT (ATM/MOLE FRACTION) - ' 9620.6

HD-AMINE DIFFHSTIVITY (SN.CM/SEC) , T 0.664E-04

GAS-PHASE .FQUILIBRTUM CANCENTRATINN (PPM) : 20.9

LIOUID PHASE FQUILIBRIUM CONCENTRATION {PPM) . 130.0

MOLE FRACTINN HYDROGEN IN GAS PHASE - o 0.928

MOLE FRACTION AMINE IN GAS PHASE C : 0.072 -

"DIFFUSIVITY OF IHD IN GAS PHASE: (S®.CM/SEC) 043566 =

VISCOSITY OF HYDROGEN GAS (CP) o .~ . 0.00746

‘VISCOSITY OF AMINE VAPOR-(CP). ~ -~ . - .0.00625

- VISCOSITY OF GAS MIXTURE (CP) - : ' 0,00773

DENSITY. OF GAS PHASE (G/CC) S _ 0.00041

 GAS PHASE REYNOLD'S NUMBER . : 22.3
OVERALL LIQUIDN PHASE ‘TRANSFER , Lo 10,0140 - o.
COEFFICIENT (CM/SEC) [ - o o
" GAS PHASE MASS .TRANSFER CNEFFICIENT . 0.3851
(G MOLF/(SEC,Sz.CM(G MOLE/CC))) R : , -
LIQUID PHASE TRANSFER CNEFFICIENT (CM/SEC) © 00,0130
FIRST ORNDER RATE CONSTANT (L/SEC):i. = v 2.10 !
' ‘ : _ _— ST 4 b

[ h

. N ) : ) . '
TIME o, GAS PHASE DEUTERIUM LN((Y—YE)/(YI-Y‘\; :

(SEC) CONCENTRATION (PPM), .

0.0 - " 518.5 . , 0.0000
600.0 ; 517.1 o . =0,0028
1300.0 o 513.0 ‘ -0.0111 . .

1 2000.0 ' ‘ . 508.8 ' , -0.0196 . 1
2800 .0 . 499,0 o -0.0399. '
3700.0 D 493,8 . -0.0508

4 4600.0 T 488,.4 ' ~ -0.0624

"5550.0 . 484 ,6 . -0.0706
6400..0 484,3 ~ =0.0713

17300.0 - - 480.7 - % v -o0.0789

!
. »
e -



e

-CATALYST CONCENTRATINN

711'Auc. 15/75

;"

FIRST ORDER RATE CONSTANT (17SEC).

\

\

TIME .

" {SEC)

0.0

1300.0

3160.0

4800.0
6600 .0

GAS PHASE DEUTER UM
CONCENTRATION (PPM)
"~ 505.8

455,71

395,9 -

O £ T I

: (M EO/G) . G

LITHIUM AMIDE , ( 1.660 -

POTASSIUM AMIDE 04390
SYSTEM TEMPERATURE {NEG C)- -19.2 o :
TOTAL INITIAL PRESSURE (ATM) . 24137
GAS VOLUME ; . 2517.5 .
INTERFACIAL .ARFA (SO.CM) . 46,07
MONOME THYLAMINE DENSITY (6G/CC) | 0.7100 = -

. . ! ' : . . - ’
LIQUID FLOWRATF’ (CC/SEC) - 0.028 ‘
GAS FLOWRATE (CC/SEC) . ' .. 50.2
HENRY'S LAW COEFFICIENT (ATM/MOLE FRACTION) T 721449
HD ~AMINE PIFFUSIVITY (SQ.CM/SEC) ! . 0.100€-03
GAS . PHASE “EQUILIBRIUM- CnNCENTRATION (PPM) 2644
LIOUID PHASE FQUILIBRIUM CONCENTRATION (PPM) - 130.2
MOLE FRACTION HYDROGEN IN GAS PHASE . 0.747
MOLE FRACTION AMINE IN GAS- PHASE oo+ 0,253

DIFFUSIVITY OF HD IN. GAS PHASE (S0, CM/SEC) O 0.2965

' VISCOSITY OF HYDROGEN GAS (CP) ~ '/~ 0.00800

~ VISCOSITY OF AMINE VAPOR'(CP) 1 0.00692
VISCOSITY OF GAS MIXTURE (CP) . 0.00819;:
DENSITY OF GAS PHASE (G/CC) . 0.00095 g
GAS - PHASE REYNOLD'S NUMBER 48.9 -
OVERALL LIQUIN PHASE TRANSFER " 0.0343 - -

3 COEFFICIENT. (CM/SEC) ; '

'GAS PHASE MASS\TRANSFFR CnEFFIC!ENT 043551

(G MOLE/(SEC SQ.CM(G MOLF/CC))) ! L
LIQUIN PHASE TRANSFER CNEFFICIENT. (CM/SEC) . ' 0.0346

R 11.5

1

LN((Y YE)/(YI—YE)) -

0. oooo 3
©=0.0253 . : :
-0.1103 = - 1
:-001944. ) '

~0.2604
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RUN'Nn. 22 AUG ., 2 /7%

CATALYST CONCENTRATION (M EQ/G)
LITHIUM AMINE | ,
POTASSIUM AMIDE

SYSTEM'TEMPERAFURF (DEG C)

TOTAL . INITIAL

PRFSSURE (ATM)

' GAS VOLUME (CC) , )
INTERFACIAL ARFA (SQ.CM)

MUNOMETHYLAMINFNDENSITY'(G/CCI

LIOWID FLOWRATE (CC/SEC)

GAS FLOWRATE

(CC/SEC)

i
i

HENRY 'S "LAW CUFFFICIFNT (ATM/MOLE FRACHION) .

'"HD~ An;us D;FFUSIVIFY

(SQ.CM/SEC)

(GAS PHASF EOUILIBRIUM CONCENTRATIDJ (PPM)
LIOUID PHASE EOUILIBRIUM CDNCENTRATION (PPM)
"MOLE FRACTION HYDROGEN TN GAS PHASE ' !

MOLF FRACTION AMINE IN.GAS PHASE ;
DIFFUSIVITY OF WD IN GAS PHASE

VISCOSITY OF “HYDROGEN GAS {CP)
VISCOSITY OF AMINE VAPNR (CP)
VISCOSITY OF GAS. MIXTURF (CP)

DENSITY 0f GAS PHASE (G/CC)

GAS PHASE REYNULD'S NUMBER
OVERALL LIQUIN PHASE TRANSFER '

CDFFFICIENT

(CM/SEC)

(-SO. CM/SEC)

1.660

"y

0.390
-26,4

1r955
2526.2
46,09

0.7181

0.304
50.2
7847.7

0.893E-04

264.8

0.810
0,190

0.3327

' 0.00784

GAS PHASF MASS TRANSFFR CDFFFICIENT
A6 MOLF/(SE( SQ.CM(G MDLE/CC)))\~
LIQUID PHASE TRANS FER CﬂFFFICIFNT (CM/SEC)

. . |
CTIME
(SEC)

l 0.0 .v
- 1000.0 .
200000"
3000.0.
4000.0Q
5000.0

/

GAS ‘PHASE DEUTERIUM

CONCENTRATION
491.7

", 487,5 -
47)42
458,5
445,55
430,46

| FIRST ORDER RATE CONSTANT (17/SEC)

(PPM) - - . .
%  ° 0.0000

0 =0.0091

’ -000451

. =0.1042
- =0.1407

0400672
0.00811 -

0.00072

© 37,4
0.0267,

{ ~
0.3806*

0. 0268

7 50

LNC(Y=YE)L(YT-YE))



RUN NO. 23, sepr. 26/75

'\CATALYST CONCENTRATIDN (M- EQ/G)

- LITHIUM AMIDE"

POTASSTUM AMIDE. C
SYSTEM TEMPERATURF (DEG ¢

TOTAL INITIAL PRESSURE (ATM)
(cc) !

‘GA S VOLUME

INTERFACIAL ARFA (SQ. CM)
MDNOMFTHYLAMINF DENSITY '(6sccy

LIQUID FLOWRATF

(CC/SEC) /
(ATM/MOLE FRACTION)

GAS FLOWRATE -

~HENRY'S LAW COFFFICIENT
HD-AMINE DIFFUSTIVITY

GAS PHASE. EOUILIBRIUM QDNCENTRATIDN (PPM)

(CC/SFC)

(SQ CM/SEC)

EI

0.000

‘04400
’ "48.4 ' i '

1.787
2511.6
46.11

© 0.7420

"LTOUID PHASE | FQUILIBRIUM CONCENTRATIDN (PPM)
MOLE. FRACTION. HYDROGEN IN GAS PHASE -
MOLE: FRACTION’AMINE IN GAS PHASE

”DIFFUSIVITY OF “HD 'IN GAS PHASE (SQ CM/SEC)

VISCOSITY OF HYDROGEN GAS (CP)

" VISCOSITY OF AMINE VAPOR (CP)

 VISCOSITY OF : GAS MIXTURE (CP)

DENSITY DF GAS PHASE (G/CC).

" GAS PHASE REYNDLD'S NUMBER . |
OVERALL LIQUID PHASE TNANSFER

COEFFICIENT

(CM/SEC)

‘VYGAS PHASE MASS TRANSFFR COEFFiCIg%T
. {G. MOLE/{SEC SO.CM{G MOLE/CC)))

‘ LIOUID PHASE TRANSFER. CNEFFICIENT

~ FIRST QORDER RATE CONSTANT (I/SEC)

i

TIME
- (SEC)

“630.0
- 1300.0
2100.,0
3000.0
. 4%000.0.
- % 5000.0
- 6000.,0
7000.0

, A

GAS PHASE DEUTERIUM
CONCENTRATION (PPM)

542,8
532.5
508.2 -
L 484,4
463.3
'435,9
409,5
: 387.2
. 361.9

(CM/SEC)

Coob.245 0

50,2
10261.0
0.601E-04 °

Ly
17,7

116.2

0.945

" 0.055.

0.3741

0.00734°

. 0.00610

0.00757

0.00034
‘1902.‘
0.0772

‘043958

- 0.0779

| )
0.0000
-000197

- =0.1178
L =041640

-0.,2275

-0.2929

-0.3513

100.8

F]

LN((YfYE)/(YI-YE)h;



°
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5'90000 ' . 113.2
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. Ruw Nh 24 0CT, 01/75
CATALYST CONCFNTRATION (M EQ/G) \
LITHIUM AMIDF - 0.000
POTASSTUM AMIDE \ 0.400
SYSTEM TEMPERATURF (NFG C) , 1 -2Q.1
TOTAL INITIAL PRESSURE (ATM) 21141
GAS VOLUME (CC) - 1 ; . 2525.2
INTERFACIAL AREA (S0 .CM) 46,05
MONOMFTHYLAMINF NENSTITY (Q/CC) . 0.7110.
LIQUID FLOWRATF (CC/SFC) . 0.250
- GAS FLONRATE (CC/SEC) 5042
HENRY 'S LAW CNFFFICIENT YATM/MOLE FRACTION) 7290.3
HD - AMINE DIFFUSIVITY (SO.CM/SEC) o 0:0987F-04
GAS PHASE EQUILIBRIUM CnNCENTRATIﬂN-(PPM{ L2346
LIQUID PHASE FOUILIBRIUM CONCENTRATIAN {PPM) 117.2
"MOLE FRACTION HYDRNGEN [IN GAS PHASE ‘ : 0,758
MOLE FRACTION AMINE IN GAS PHASE': v 0.242
- i R . i
DIFFUSIVITY OF HD IN GAS PHASE (SQ.CM/SFC) . 0.2985
VISCOSITY OF HYNDRNGEN GAS . (CP) 0.00798
VISCOSIT®Y OF AMINE VAPOR (CP) 0.00690
VISCOSITY OF cAs MIXTURF (cp) 0.,00819
DENSITY OF. GAS PHASF;(G/CC) \ 0.00093
GAS PHASE REYNDLD'S NUMBER 47.5
OVERALL LIQUIN PHASE. TRANSFFR 0.?297
, CDEFFICIENT (CM/SEC) ~
'GAs PHASE MASS TRANSFER COEFFICIENT 043560
LG MOLF/}SFC SR.CM(G MOLE/CC))) . . L
LIOULD PHA'SE TRANSFFR CNEFFICIFNT (CM/SEC) 0.2397
"FIRST ORDER RATF CONSTANT. (1/SEC) . ‘ 582.3
Vi _ Lt ! -
TIME GAS PHASF DFUTFRIUM lN((Y YF)/‘YI-YF))\
. (SEQ) . CONCFNTRATINN (ppmq i
0. B YL PO ; . 0.0000
S 6Q0.0 . ‘ © 401,.8 -0.1504
1300.0 &% . 328,73 ; © =0.3664
2020.0 : L 279.6 / . =0.5406
2700.0 - ‘ 239,2 ~0,7122
3500.0 T 195,2 -0,9407
4300.0 ‘ 161.6 -1.1585
S 5200,0 . . 12648 -1.4489
-1.5908 !



, RYUN NN. 25 0ET. 04/75
. . e { . PR

4 CATALYST CDNCFNTRATIUN (M EQ/G) - ¢

LITHIUM AMINP. ‘ 0.000
CPOTASSIUM, AMIDE . . ' 0,400
SYSTEM. TFMPERATURF (PEG C) - S ‘ -40,0
TOTAL INITIAL PRESSURF (ATM) ' 1.941°
" GAS VOLUME (CC) o , 2517 .6
. INTERFACIAL ARFA (SQ.CM) ' . . 46,08
MONOME THY LAMENF DENSTTY (6/ccy S 0.7331-
LIOUID FLOWRATF (CC/SFC) - S 0,240
GAS FLOWRATE (CC/SEC) . - , " . 50.2
HENRY'S LAW COEFFICIENT (ATM/MOLE FRACTION) : 1 9250.5 '
HD- -AMINE DIFFUQIVITY (S0.CM/SEC) ‘ 1 0.TOSE-04
" GAS PHASEiEOUILIBRJUM CONC ENTRATION (PPM) 1946 y
LIOUID .PHASE FOUILIBRIUM CONCENTRATINN (PPM) © 118.2
MOLE FRACTION HYDRNGEN IN GAS. PHASE ~ ) . 0913
MOLE FRACTION AMINE 1IN’ GAS PHASE A - 0.087
DIFEUSIVITY OF HD IN GAS PHASE (SO.CM/SEC) . - 0.3492
VISCOSITY OF _HYNROGEN GAS (CP) . ‘ . 0.00753
VISCOSITY OF AMINE VAPOR.(CP) . ' - 0.00634 -
' VISCOSITY OF GAS MIXTURF (CP) S V' 0.00782
[ , ‘ . _
DENSITY DF GAS PHASE (G/CC) . - 0,00045
"GAS PHASE REYNOLD'S.NUMBER ' ' \ : 24.5 ,
- OVERALL LIQUIN, PHASE TRANSFFR oo S 041061
COEFFICIENT (CM/SEC) -~ . ‘ . - I
GAS, PHASE MASS TRANSFFR CNEFFICIENT . 0.3817
(G MALE/(SEC SQ.CM(G MOLE/CC)I) o
LIOUID PHASF 'TRANSFER CNEFFICIENT 4CM/SEC) 0.1076
i - FIRST-ORDER RATE CONSTANT (1/SEC)! = 16441
K " TIME GAS PHASE' DEUTERIUM* LN((Y=YE)/(YI-YE))
" (SEC) CONCENTRATION (PPM) C , :
0.0 485,.8 : 0.0000
600.0 : . 464,.7 ~0.0463
2100.0 396.9 , -0.2117
"3000.0 - 366.6 * ~0.2954.
3900.0 ©339,.4 *| -0.3768 7
4900.0 312.7 - o -0.4642

5900.0 - : 288.0 ' -0.5522



! .
+ RUN NN, 26 NCT, 09/75%

CATALYST CONCFNTRATINN (M FO/G)

LITHIUM AMINE o Lo 0.000
POTASSTUM AMINF v . , ' +0.400
SYSTEM TFMPFRATHRF (DFG C) S =29.6 .
. ’ \ . .
TOTAL INTTIAL PRFS%HRF (ATM) &; : 2.037
. _GAS VOLUME (CC) 3§ ; o . ‘ 2519.7
. INTERFACTAL AREA Qso cCM) : - . 46,08
MONNMF THYLAMINF- DENSTTY (G/CC) - ' 0.7917
LIOUIN FLOWRATF .(CC/SEC) SRR _ 04261
GAS FLNWRATF (CC/SFC) : 5042
HENRY 'S LAW CNFFFICIFNT (ATM/MOLP FRA(TION)\ 8155.7
HD-AMINF DIFFUSIVITY (so. CM/SEC) ' - : 0.BR4hF =04
. , \ N
GAS PHASF FOUIIIBRIUM CONCENTKATINN (PPM) . ?22.0 \
LIQUIN PHASE FOUILIBRTUM CONCFNTRATION (PPM) 11942
MOLE FRACTINN HYDRNGKN IN GAS PHASF - 0.847
MOLF FRACTION AMINE TN GAS ‘PHASF : 0.153
'DIFFUSIVITY nF HD IN GAS PHASE (SQ.CM/SFC) 043267
VISCOSITY, OF HYPRNGEN GAS (CP) — ©0.00777
(VISCOSITY OF AMINF VAPOR (CP) ' . 0.00663
VISCOSITY OF GAS MIXTURF (cp) \ : 0.00807.
DENSITY OF GAS PHASF (G/CC) : o " 0.Q0065
GAS PHASF. REYNOLD'S NUMBER ‘ B 34,0
OVERALL LIQUID PHASE TRANSFER . R 0.,1563
COEFFICIENT WCM/SEC) P v ' :
GAS PHASE MASS TRANSFFR Cﬂ#FFICIFNT _ ' 0.3718
(G MALE/(SEC SO.CM(G MOLE/CC))) ' :
LIQUIN PHASF ,TRANSFFR CNEFFICIENT (CM/SEC) 0.16072
FIRST NRNDER RATF CONSTANT (1/SFC) : 303.1
TIMF GAS PHASE DEUTERIUM  LN((Y=YE)/(YI=YE))
{ SEC) "~ CONCENTRATION (PPM) . ‘
0.0 g 471, 7 , 0.0000
600.0 431.0 0 =0.0947 4
1300.0 " 393,8 A ~0.1902
5800.0 - : 199.4 -0.9302



CRUN NO. 27 0CT. 10/75

!
CATALYST CONCFNTRATION (M EQ/G) . -
LITHIUM AMIDF . o Yo
© PDTASSTUM AMIDE «
SYSTEM TEMPERATURF (DFG-C)

. R |
_TOTAL -INITIAL PRFSSURE. (ATM) ..

GAS VOLUME (CC) -7
INTERFACIAL ARFA (S0.CM)

MﬂNOMETHYlAMINF DENSTITY (G/CC)

LIQUID FLONRATF (CC/SECY

GAS FLOWRATE (CC/SEC)

HENRY 'S LAW COEFFICIENT (ATM/MOLE FRACTION)

HD AﬂINE DIFFUSIVITY (s0Q. CM/SEC):

r

GAS PHASF EOMILIBRIUM CONCENTRATION (PPM) .
(PPM)

"LIQUID PHASE EOUILTBRTUM. CONCENTRATINN
MOLE FRACTION HYDROGEN IN GAS PHASE' |

- MOLE FRACTION AMINE (N GAS PHASE
DIFFUSIVITY OF HD IN GAS PHASE (SO, CM/SEC)

(ce)
(CP)
(CP) -

VISCOSITY DF HYDROGEN GAS
'VISCOSITY,OF AMINE VAPOR
’ VISCOSITY OF GAS MIXTURE

_DENSITY OF GAS PHASE (G/CC)
GAS PHASE REYNOLD'S NUMBER
OVERALL LIQUIN PHASE TRANSFER' .
' COEFFICIENT (CM/SEC )

\)

GAS PHASE MASS TRANSFER " CnEFFIClENT ‘

(G MOLE/(SEC SO.CM{G MOLE/CC)))
LIQUID PHASE TRANSFER .CNEFFICIENT
FIRST ODRNDER RATE .CONSTANT .(1/SEC).

!

. . ‘ |

GAS PHASE DEUTERIUM

TIME
C(SEC) - 1 CONCENTRATION (PPM)
S 0.0 508.1 ’

"£1000.0. \ 504.5
2000.0 ‘ 494,7
3000.0 | 478.8
4000.0 . 6468,7
5000.0 | 455.5
6000.0 443 ,8

(CM/SEC)

N

12

04860
-0.500

‘1 B75

2523. 9
46.09

0.7413

0.224
50,2

10171,0

0,609E

19,1
124.0

0,945

0.055 .

. 0.3588

-04 -

’

0.00736 .

0,00612

0. 00759

0.00036~

‘2041

0.0325

*

,OaQBBQ_

j

\‘.

0. 0000

=0.0074

-0.0277
-0.0619
-0.0841
-0. 1 138
-00 14 10
-0.,1740

17,5

0.0327

»

1

LN((Y-YE)/(YI YF))



! o S Nt

| RUN NNJ 28  NOV. 05/7 '
CATALYST CONCENTRATINN M FO/G) - ]

LITHIUM AMIDE - : o 0,860
.. POTASSIUM AmIDE . \ : 0.500 .
SYSTEM TEMPERATURF (NFG C) S : ~2046
TOTAL INITIAL PRESSURE . (ATM) , . 14938
GAS VOLUME (CC) - _ , © 251844
INTERFACIAL ARFA (S50. CM)- : : - 46,06
MONOME THY LAMT NF DENSTTY (G/CC) . 047115
. ' | R S N
CLIOUID FLOWRATF (CC/SFC) - 0,277
GAS FLOWRATE (CC/SEC) oo ' : o 50.2
"HENRY 'S LAW CNEFFICIENT (ATM/MOLE FRACF{Qy)\ '7331.8
HD-AMINE DIFFUSIVITY (SQ.CM/SEC) . o 0. 979& ~04
GAS PHASE EQUILIBRIUM CDNCENTRATIUN (PPM ) - 25.0
LIQUID PHASE FOUILIBRIUM CONCENTRATINN (PPM) 1 125.0
MOLE RACTION HYDRNGEN IN GAS PHASE ' . 0.740
 MOLE CTION AMINE [IN GAS PHASE & 0,260
DIFFUSIVITY OF HD IN GAS PHASE (SO. CM/SEC)/ 10,3223
VISCOSITY NOF HYNROGEN GAS (CP) ' 0.00796
* VISCOSITY OF AMINE VAPOR (CP) n o 0.00688
VISCOSITY OF GAS MIXTURE (cP) , > 0.00814 -
DENSITY DF GAS PHASE (G/CC) SRR .. 0.00089
GAS PHASE:REYNNLD'S NUMBER - - 45,9
OVERALL LIQUIN PHASE TRANSFFR o 0.0913

COEFFICIENT (CM/SEC)

GAS. PHASE MASS TRANSFbR COEFFICIENT& - - i
(G MOLE/(SEC SO.CM(G MRLE/CC))) ‘
INQU D PHASE" TRANSFER CNEFF IC IENT (CM/SEC). -

~FIRST ORDER RATF CONSTANT (1/S€EC) ! .
o o : . o .

" TIME " GAS PHASE DFUTERIUM * LN((Y=YE)/(YI~YE))
(SEC) - CONCENTRATION (PPM). o ..
. 0.0 f Do aT4,2 0.0000

. BOO.O - 438.3 . -0,0834
2400.0 . . 363.6 -042827

' 3200,0 A -342,8 - -0.3463 _—
4000,0 . 319.4 - =0.,4225 -



° . . - .

3600.0 : 393,2 \

.

. 140
_ . b .. Y .
RUN NO, .29 ‘Nnv. 17775 S e
CATALYST. COMEENTRATINN (M Fa/6). i . (_,
LITHIUM AMIDF , o . 0J860
POTASSIUM AMIDE ' ' o 0.500
SYSTEM TEMPFRATURF (NFG C) : L . -31, R
N <] :
TOTAL INITIAL PRESSURF (ATM) . S Ry 429
GAS VOLUME (CC) ~ oo . o521
INTERFACIAL ARFA (SQ.CM). . . ‘ 46, ov
MONOMETHY LAMINE DENSTTY (G/CC)  ° I 0,777
. LIQUID FLOWRATF *(CC/SEC) ' o - 0.258. .
" GAS FLOWRATE "(CC/SEC) : - 5062
HENRY 'S LAW COEFFICIENT (AFM/MOLE: FRACTIUN) - .B8301,5
HD-AMINE DIFFUSIVITY gio +CM/ SEC) ! { , " 0.825F<06 -
GAS PHASE EOU]LIBR;UM CONCENTRATINN (§PM) 22.9
LIQUID PHASE FOUILIBRIUM CONCENTRATIEN .(PPM) - 12640,
MOLE FRACTION HYDRDNGEN IN GAS PHASE - ;“ © 0,800
- MOLE FRACTION AMINE IN GAS PHASE ‘ 0,200 )
DIFFUSIVITY OF HD IN.GAS PHASE (S0. cn/sec 0.4347
VISCOSITY OF HYDROGEN GAS (CP) _ { ', ..0.00773
VISCOSITY NF AMINE VAPOR (CP) 3 TR L " 0.00659
 VISCOSITY OF GAS MIXTURF (CP) ' ? , . 6.00796
" DENSJTY NF GAS PHASE (G/CC) o " 0,00056
" GAS PHASE REYNOLD'S, NUMBER ' e VT 2935 '
OVERALD LTOUIN PHASE TRANSFER Y 0.,0666
COEFFNCTENT (CM/SEC) - ‘i <
GAS PHASE MASS TRANSFER COEFFICIENT. ' ;’ 0.4649
(G MOLE/(SEC SQ.CM(G MOLE/CC))) S
LIOUID PHASE TRANSFER CNEFFICIENT (CM/SEC) 10,0671
FIRST, ORDER RATE CONSTANT (1/SEC) S 5405
. LA ' : . ’:‘P‘ ,
- . , ? '
TIME GAS PHASE DEUTERIUM  LN(JY- YF)/(Y! YE))
‘ (SEC) - CONCENTRATION (PPM) ,
. 0.0 . 495,8 T . 0.0000
600.0 3 47R.7 . - §-=0.0348
1200.0 451.9 , , ~0,0974
26400,0 42246 - =0.1681 .
3000.0 ‘ 40R.3 -0.2046
-002‘0‘06






. . | |
. LRUN NN, 30 "NV, 21775

;o :
-

. CATALYST CONCFNTRATINN (M FO/G) s
) LITHIUM AMIDF . 0860
’ PQTASSIHM AM]H# . - O.SQO
SYSTEM TFMRFRATURF. (NEG C). - -38.1
vf.‘ -
\\\#QTAL INTTIAL PRESSURF (ATM) ' . 1.851
GAS VAQLUME (CC) : " 2521.4
e INTERFATTAL ARFA (SO.CM) : L 46,08
b MONOME THY LAMINF DENSTTY ((/CC) : , Vb 0.7311
LIQUIN FUAWRATF (CC/SFC) S ' 0.7243
o GAS FLOWRATF (CC/SFC)- . ' wr 50,7
.. HENRY'S' LAW CNFFFICIFNT (ATM/MOLF FRATCTION) 9041.9
. HD=AMINF DIFFIISTVITY (SO.CM/SEC) 0.729F-04
GAS PHASF FQUILIBRIUM CONCFENTRATINN (PRM) 2149
S LIQUIN PHASE FOUILIBRIUM CONGCENTRATION (PPM) =, 127.0
“;* MOLF- FRACTION HYDROGEN IN GAS PHASF ' 0 .B9R
MOLE FRACTION. AMINF [N GAS PHASE , .61_ "0.107
“DIFFUSIVITY OF HN IN GAS PHASE (SO.CM/SEC) 0.3628
NISCOSTFY:NF HYDROGEN GAS (CP) . 0.00758
VISCOSITY OF AMINE VAPDR (CP) o e 0.00639
VISCOSITY OF GAS MIXTURF (CP) : o 0.007HK8
DENSITY NF GAS PHASE (G/CC) N : 0.,00047
GAS PHASE REYNOLD'S NUMBER 25.3 ‘
OVERALL LIQUIN PHASF TRANSFER ~ § N.0546
COEFFICIENT (CM/SEC) -
| .
GAS PHASE MASS TRANSFER CNFFFICIFNT o 0.39%0
(G MOLE/(SFCr SQW=CM(G MOLE/CC)Y)) A
. LLIQUID PHASF TRANSFER CNEFFICIFNT (CM/SEC) 0.05%0
. "FIRST ORDER RATF CONSTANT (1/SFC) : , T4y, 3
.- ' :
. TIME . GAS PHASF DFUTFRIUM . ' LN{(Y=YF)/(YI-YE))
(SEC) CONCENTRATION (PPM)
0a0 o 501.8 & - , 0.0000
700.0 : 4B R, 6 ' =0,02R0 )
1400,0 . . 462 ,.6 . -0.0853 "
21.00,0 457.8 : ‘ ~0.09A3
2800.0 634, 6 -0.1509, .
1 3500.0 L 424,2 - -0.1766
4200.0 405,6 =042237
4900.0 397.6 . -0,2449

T R600,0° " 386,9 -0.2736 .



4
N ‘ - 142
A
' RUN NA, 31 ‘Nnv;'27}75‘ " b
CATALYST CONCENTRATION (M EO/G) _
S LITHIUM AMIDF _ - 04860
POTASSTUM AMIDF ~: ‘ 0.500 :
SYSTEM TEMPERATURF (DFG C) , / -10,?
TOTAL INITIAL PRESSURE (ATM) . 2,150
GAS VOLUME (CC) " o ‘ ) 2521.8
‘INTERFACTAL AREA (SQ.CM) ‘ ' 46,06
MONOMF THYLAMINF DENSITY (G/CC) 0.6995
LIOUID FLOWRATE (CC/SFC) - o  0.295°
GAS FLOWRATF (CC/SFEC) - 50,2
HENRY'S LAW COFFFICIFNT (ATM/MNLE FRACTION) . 6506.7
HD~AMINE NIFFIUSIVITY (S0.CM/SEC) "0.114E-03 .
GAS PHASF FQUTLIBRIUM COANCENTRATINN (PPM) 27.9
LIOUID PHASF FOUILIBRIUM CONCENTRATION (PPM) 128.0
 MOLE FRACTINN HYDRNGEN . IN GAS-PHASE® , 0.608
MOLF FRACTION AMINF IN'GAS PHASE 0,392
DIFFUSIVITY OF HD IN GAS PHASE (SG.CM/SEC) 0.2697
VISCOSITY OF HYNROGEN GAS (CP) ! - 0.90819 ,
VISCOSITY NF AMINE VAPOR (CP) 4 ; 0.00718 &’
VISCOSITY OF GAS MIXTURF (CP) [ , - 0.00815
'DENSITY DOF GAS PHASF (G/CC) ~ . ~ 0.00133
GAS PHASF REYNOLDN'S; NUMBER : S 68.4
OVERALL LIQUIN PHASE TRANSFFR : 0319
COEFFICIENT (CM/SEC) ‘ o
GAS PHASFE MASS TRANSFFR CNEFFICIENT 0.3395
(G MOLE/(SEC SQ.CM(G MOLE/CC))) .. :
LIQUID PHASE TRANSFER CNEFFICIENT (CM/SEC) 0.1358
‘& Fmér DRDER RATF CDNSTANT (1/SEC) . " 161.1
.. . ., . « t ' . .
> o -
. ] ' ‘ . . !
- TIME - GAS PHASE DEUTERIUM  LN((Y=YE)/(YI-YE))
( SFC) CONCENTRATINN ( PPM) . ‘ \
0.0 431,5 "~ 0,0000 :
500.0 . 404.8 oo -0.0684.
2000.0 , - 310.7 : -0.3555

2500.0 . i 287.8 . . =0.4400

E



€« RUN NNT 32 FFR,. 11/76

"CATALYST CONCFNTRATIAN (M FO/G)

;’; 7500.0 T w348,6
. ) : N :, 1

143

LITHIUM AMIDF - 0.350
POTASSTUM AMINF . 0.480 '
SYSTEM TEMPFRATURF (NFG C) -45,0
TOTAL INITIAL PRFSSIURFE (ATM) 1.876
GAS VOLUMF (CC) o 2524, 1
. INTFRFACIAL ARFA (SQ.CM) 46,08
- MONOMF THY LAMINF. DENSTTY ((G/CC) "~ 0,7385
t .
LIQUIN FLOWRATF (CC/SFC) 0.225
GAS FLOWRATF (CC/SFC) 5042
HENRY'S 'LAW COFFFICIFNT (ATM/MDLF FRACTY(IN) 9844 ,5
HD-AMINF NIFFUSIVITY (SN, CM/SF() 0eb&IF~04
GAS PHASF FOUILIBRIUM CﬂNCbNTRATIﬂN (PPM) 20.3
LIQUID PHASF FOUILIBRIUM CONCENTRATIAN (PPM) 128,13
MOLF FRACTINN HYDROGEN TN (GAS PHASF . 0.935
MOLE FRACTION AMINF [N GAS PHASF 0.06%
DIFFUSIVITY NF HD IN GAS. PHASE' (SO.CM/SEC)" 0.3597
VISCOSITY OF HYDRDOGFN GAS (CP) 1 0.00742
VISCOSITY OF AMINE VAPNR (CP) 0.00620
VIS(OSITY nF cAs MIXTURF (CP) "0.00767
DENSITY nF GAS PHASF (G/CC) N.00038
GAS PHASE REYNOLN'S NUMBER ) 21.2
"OVERALL LTQUIN PHASF TRANSFER "0,0588
COEFFICIENT (CM/SEC) ;e :
GAS PHASF MA'SS TRANSFFR CNEFFICIENT ' 0.3863
(6 MOLE/(SEC SO.CM(G MOLEZCC)) ) -
~LIQUID PHASE TRANSFER CNEFFICIFNT (CM/SEC) 0.059)
FIRST ORNFR RATF CONSTANT (1/SFC) 54.5
TIME. "GAS PHASE DEUTERIUM  LN((Y=YF)/(YI-VE£D)
- (SFC) CﬂNCFNTRATIﬂN (PPM) -
0.0 : . 493,0 | 0.0000, > *"-
600.0 . - 482.1.° L. 1=0,0234 !
.1600.,0 : ¢ 457.5 ’ -0.,0782
' 2600.0 N L4348 -0.1316
©3600.0 ‘ 41600 -0.1778
4600.0. T 460241 -0.2135
5600.,0 - 382,2 ~0.,2672
' 6600 ,0 . . 363.,0 . ' -0.3217: ~ 5.
-0.3645 -

e

-

A
e



b _ : | o 144
§

, T RUN NNy 33 FFB. 197767 -
"CATALYST- CONCENTRATION (M EQ/G) _

LITHIUM AMINF o ! 0.350 " -

POTASSIUM AMIDF . , : 0.480
SYSTEM TEMPERATURF (DEG C) - L, =23l
TOTAL INITIAL PRESSURE (ATM) 2,063
GAS VOLUME (CC) : A ' ' 2526,.8
INTERFACIAL ARFA (SO.CM) ; : ! 46,08
MONOME THYLAMINF. DENSITY (G/CC) - L 0.7150
LIGUID FLOWRATE (CC/SEC) . . - © 0,272
GAS FLOWRATE (CC/SFC) ‘ 60,2
HENRY 'S LAW CNFFFICIENT -(-ATM/MOLE FRACT ION) 7602.0
HD-AMINF DIFFUSIVITY (S0, CMiSEC) : : 0.937E-04
GAS PHASE 'EOUTLIBRIUM CONCENTRATION (PPM) 25.1
LIOUID PHASE FOUILIBRIUM CONCENTRATION (PPM) 129.3
MOLE FRACTION HYDROGEN IN GAS PHASF ‘ 0.792
MOLE FRACTION AMINE IN GAS PHASE b . 0.208
DIFFUSIVITY OF HD IN GAS PHASE (SQ.CM/SEL) 043119 ,
VISCOSITY OF HYNROGEN GAS (CP) ’ 0.00790
VISCOSITY OF AMINF VAPOR (CP3 ' o 0.00680
VISCOSITY OF GAS MIXTURE (%ﬁqa‘: | » 0.00815
DENSITY NF GAS PHASE (G/CC) ' 0.00081

GAS PHASE REYNOLD'S NUMBER P

OVERALL ‘L1OUIN PHASF TRANSFER o S 041360
COEFFICIENT (CM/SEC) . A
GAS PHASE MASS TRANSFER COEFFICIENT =~ ' f;f\\$\ﬂn3645
(G MOLE/(SEC SQ.CM(G MOLE/CC)))Y .~ = -
LIOUID PHASE TRANSFER CNEFFICIENT (CM/SEC) © 0.1393
FIRST ORDER RATE CONSTANT (1/SEC) o . 207.8
TIME ~ ° GAS PHASE DEUTERTUM . LN((Y-YE)/(YI-YE))
(SEC) CONCENTRATION. ( PPW o S
0.0 - 458.,0° . . i 0.0000
600,07 . 421.9 . -0.0869.
1200.0 - - '386.9 . =0.1847 '
1800.0 356.7 .. =0.2664
2400.0 ©.321.8 . .+ ~0.3776
©3100,0 ' : ‘291,.4 . ~0.4857
3800.0 . \ 268,11 D ~0.5774

4500.0 - 243.0 . ~0.6865



i . Ir o . ‘145‘._. ,

'{’  '§UN‘Nn>‘3Z'”F?B;-é§/76 '

CATALYST. chCFnTRATInN (M E0/G) o
‘LITHIUM AMTDF : . 0.350

POTASSTUM AMIDE o e - 0,480 -
SYSTEM TEM&JFRATURF (NFG C) , ‘ '6,1
- TOTAL INITIAL PRFSSURF (ATM) _ " 1.B78
GAS VOLUME (CC) Co . 252144
. INTERFACIAL ARFA (SQO.CM). ‘ ‘ 46,07 -
MONOME THYLAMINF DENSITY (G/CC) ' : ), 0.72R9
LIQUID [FLNWRATF (CC/SEC) ‘ .. - 0.234
GAS FLOWRATE (CC/SEC) ' ‘ K 50,2
HENRY 'S LAW CONEFFICIENT (ATM/MOLE FRACTIUN)‘ BR23.4
HD=AMINE DIFFUSIVITY (SQ. CM/SEC) ‘ ; 0.756F=04
{ . ’ . .
GAS PHASE EQUILIBRIUM CONCENTRATION (PEM) - r 23.8
LIOUID PHA'SE FOUILIBRIUM CONCENTRATIOAN (PPM) - " 130.3 ‘
'MOLE FRACTION HYDROGEN IN GAS PHASF 0.886
MOLE FRACTION AMINE IN.GAS PHASE . ; . 04114
DIFFUSIVITY OF HD IN GAS PHASE' (SO.CM/SEC) - 0.3575
- VISCOSTTY OF HYDROGEN GAS (CP) o ’ 0.00762
 VISCOSITY OF AMINE VAPOR (CP) 4 . " 0.00644
VISCOSITY NOF GAS MIXTURE (CP) . - . ‘ | 0.00793
DENSITY OF. GAS PHASE 1G/CC) ' LT . 0.,00051
GAS -PHASE REYNOLD'S NUMBER o 27.0
OVERALL LIQUIDN PHASE TRANSFER - ; L 0.0889%
' COEFFICIENT (CM/SEC) C b :
GAS PHASE MASS TRANSFFR CNEFFICIENT o 03924
1 (G MOLE/(SEC SQ.CM(G MOLE/CC))). , S
LIOUIN PHASE TRANSFER CNEFFICIENT (CM/SEC) 0.0899
FIRST ORDFR RATE CﬂNSTANT (1/SFC) ‘ o 106.9 ;
. ! ‘ - . ; ‘\ o
. . N . ) L : \
TIME GAS PHASE: DEUTERIUM - LN({Y=YE)/(YI=-YE))
(SEC) CONCFNTRATION (PPM)’ o R
0.0 475,3 i, 0.0000
. 600,0 o 4551,9 ‘ :~0.0438
-1300.0 E 432,00 -0.1008
2100.0 399.3 . -0.1842
3000.0 - 375.5 : -0.2496
4000.0 . L, 34744 -0.3331
5000.0 ‘ 321.3 . -0.4171
6000.,0 . 29740 -~ ~0,5023

7000.0 : 275.5 . =0.5841
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RUN NN, 35° FFB, 27/76

" ’. ' N . ’ N :
CATALYST CONCENMTRATINN (M EQ/G) .

LITHIUM AMIDE . - - 0:350
POTASSIUM AMIDE A . 0,480
" SYSTEM TEMPERATURE - (DFG C) S ' Co-1341
TOTAL INITIAL PRESSURE (ATM) o 2.05Q
GAS. vOLUME (cc) o : L 2522.2
INTERFACIAL ARFA (SQO.CM) 46,05
MONOMF THY LAMINF DEMSTTY. (G/CC) - 0.7029
i ! ' [ s
- LIQUIN FLOWRATF (CC/SFE) : 'ﬁ;g,,f' | 0,267
GAS FLOWRATE (CC/SFC) . - T 50,2
HENRY'S LAW COFFFICIENT (ATM/MOLE FRACTIHN) { 672640
HD-AM INE DIFFUSIVITY (SQ.CM/SEC) . 0.109E-03
' QAS PHASE EQUILIBRIUM CﬂNCFNTRATInN (PPM) too2800 0
LIOUID PHASE FOUILTBRIUM CONCENTRATINN (PPM) 131.3
. MOLE FRACTINN HYDRNGEN IN GAS. PHASE - 0.644
- MOLE ‘FRACTION . AMIN{NlN GAS PHASE % © 0.356
-DIFFUSIVITY ‘OF HD IN-GAS PHASE (SO.CM/SEC) o 0.2875"
VISCOSITY OF HYDROGEN GAS .(CP) . ' - 0.00813
VISCOSITY OF AMINE VAPOR (CP) - : o L. 0,00709
~ VISCOSITY OF GAS MIXTURE (CP) ‘ ‘ ' T 0.00814
DENSITY OF GAS PHASE (G/CC): .. - 7. -0.,00119
GAS PHASE REYNALND'S NUMBER e 6la1 »
OVERALL LIOUID PHASFE TRANSFFR. = 0 0.1964
COEFFICIENT. (CM/SEC) s R
© GAS PHASE MASS TRANSFFR - COEFFICIENT . © . 0.3536
(G MOLE/(SEC SN.CM{G MDLE/CC))) : o o
LIQUIN PHASE TRANSFER COEFFICIFNT (CM/SEC) - 042045 .
FIRST ORDER RATE CONSTANT. (1/SFC) - S e 381,27
TIME GAS PHASE NEUTERIUM LN((Y YF)/(YI -YE) )
(SEC). = CONCENTRATION (PPM) o .
0.0 S 445,5 L 040000
600.0 . - 388.0 o -0.1483. |
1200.0 . 336.9 -0.3013
1800.0 = . 294.3 ' =0.4497 |
2400.0 T 254,3 , i-0.6126 .-
. 3600.0 ©-193.0 -0.9281

4800.0 150.3 .Y -l.2281



| )
| . :

RN NN, 36 IMAR. 09/76

CATALYST CONCENTRATION (M EQ/G)

LITHTUM AMIDE S . T ol2so
: POTASSIUM AMIDE - .7 S 04500
SYSTEM TEMPERATURF (NFG C) S ' : ~48,3
TOTAL INITIAL PRESSURE (ATM) ‘ T 1,768
GAS VNLUMF (CC) A : ‘ . 2536,.8
"INTERFACIAL ARFA (SQ.CM) S ' : 46,07 .
MONOMF THYLAMINF RFENSITY (G/CC). | - 0.7419"
o . ! o { v
LIOUID FLOWRATE (CC/SFCY © ~ ¢ = e 0.201
GAS FLOWRATE (CC/SFC) I t *. 50,2
HENRY 'S LAW COFFFICIFNT (ATM/MOLF FRACTION) 10246,0
HD=-AMINE NIFFUSTIVITY (S0. CM/SFC) ' , 0.602F-04 . -
%
GAS PHASE EQUILTBRIUM CﬂNCENTRATION (PPM) ; ©20.0 -
LIOUIN PHASF FQUILIBRIUM CONCENTRATINN ( PPM) ~ 13046,
MOLE £RACTINN HYDROGEN IN GAS PHASE o 0.944
MOLE FRACTION(AMINE [N GAS PHASE . - . : 0.056
DIFFUSTVITY.OF HD 'IN GAS PHASF (SOu CM/SFC)i . - 0.3788 ~
. VISGOSLTY NF HYDROGEN GAS, (CP) ' S 0.00735 ‘
VISCOSITY .DF° AMINF VAPOR.(CP) - L 0,00610-
" VLSCOSITY OF GAS MIXTURF (CPY ' - .~ 1, '0.00758.
. . : by “ “ . - . .
DENSITY NF GAS: PHASF ((G/CG)’ e : 0.00034
GAS PHASF REYNOLDN®*S NUMBER c S o 19.a
“OVERALL LIQUIN PHASE TRANSFFR L 0.,0610
COEFFICIENT (CM/SFC) R ’ :
.GA§ pHAsr MASS TRANSFFR CnEFFICIENT ' P 0.3998
(6 MOLF/(SEC. SO.CM(G MOUE/CCY)) ' o ' ‘
LIOUIDvPHASFVTRANSFER’COEFFICIENT (CM/SEC) - 0.0614
FIRST ORNFR RATF CONSTANT -(1/SEC) 7 - - S 6245
, . , .
TIME . GAS PHASE DEUTFRIUM - LN((Y-YE)7(YI=YE)).
{SEC) " CONCENTRATINN ( PPM) , o ,
- 0.0 496,7 1 0.0000
600.0 - 482,.4 i -0.,0305
1300.0 B 468.5 7 =0.0609 :
2000.0 o b4T,T. ... -0.,1084 -
'3000,0 - 431,3 . -0.1474
4000.0 .. 40R.6 ' T =0.2064
. 5000.0 ' T 396,1 . =0.,2369
L 6000.,0 1 . T 377.5 ) ) -0.2876 .

7000.0 1+ 361,0 - : ‘ -0.3350

l
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OVERALL

“RUN ND, 37

MAR. 12/76
Ky | b
CATALYST CONCFNTRATIDN (M EQ/G)
LITHIUM. AMIDF -
POTASSTUM AMINE, | o
SYSTEM TEMPERATIRF (DEG C) A
. 1
- TOTAL INTTIAL PRESSURE “(ATM) '
GAS VOLUMF (CC) - o '
INTERFACTAL ARFA (SO.CM) '
- MONOMETHY LAMINE NENSITY (6/CC)
LIQUID' FLOWRATF (CC/SEC) |
GAS FLOWRATE (CC/SEC)

HENRY 'S LIAW COFFFICIFNT (ATM/MOLE FRACTION)
HD=AMINE RIFFUSIVITY. (S0.CM/SFC) -

GAS PHASE EQUILIBRIUM CﬁNCFNTRATIﬂN (PPM)
LIQUIN PHASE FOUILIBRIUM, CONCENTRATION
MOLE FRACTION HYDRNGEN IN GAS PHASE

- MOLE FRACTION AMINE IN GAS PHASE

DIFFUSIVITY OF'HD IN GAS.PHASE
VISCOSITY OF HYNDROGEN GAS (CP) °
VISCOSITY NDF AMINF. VAPOR (CP)
VISCOSITY’ OF GAS MIXTURF\(CP)

(SD.CM/SEC)

DENSITY nF GAS. PHASE (G/CC) ' s
GAS PHASE REYNOLD'S NUMBER o
IQUIN PHASF TRAN%FFR

CﬂFFFI TENT (CM/SEC) - -

GAS PHASF MASS TRANSFFR: CDFFFICIENT
(G MOLE/(SEC SQ.CM(G MOLE/CC))) R

T LIOUID PHASE TRANSFER CNEFFICIENT (CM/SEC)

FIRST ORAER - RATF CONSTANMT (I/SEC) o :

[

i \
- TIME GAS PHASE DEUTERI(IM
(SEC) CONCENTRATION (PPM)
0.0 445,9
1 600,0" 383.0 l
“1200.0 326, o T
1800.0 278.3 -
243,64

- 2400.0
enRed {

(PPM) "

-0.1631
=0.5127
-0.6630,

148

0.250
0.500
"_1202

2.128
2550.6

. 46,05

0.7019

0,787

50.2 .
666042

- 0.111F-03

28.1
N.641]
0.359

0.2789

" 0.00815

0.00712 :

- 0,00816

0.00153
6343
0.2130

" - .
0.3463

0:22279

[

447,

" LNCLY=YE)/(YI-YE))
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\ o
RUN NO. 38 MAR. 17/76

CATALYST[CDNCFNTRATION (M FQ/G)

LITHIUM AMINF ‘ . 0,250
. POTASSTUM AMIDE . . 0.500
SYSTEM TFMPFRATURF (DFG C) o ~22.h
TOTAL INITIAL PRESSURE (ATM) .{ o ~ 2,082
GAS VOLUME (CC) a : ©2535.8
INTERFACIAL ARFA (SO.CM) ' - . 46,05
. MONOMF THYLAMINF DENSITY (G/CC)- .. 0.7138
. LIPUIND FLNWRATF (CC/SFC) 0241
GAS FLOWRATF (CC/SFC) R 5042
HENRY 'S LAW CNFFFICIENT (ATM/MOLLF FRACTION) - 7507 .2
-AMINF DIFFUSIVITY (SQ.CM/SEC) ‘ 0 94RFE=04
GAS PHASF EQUILTBRIUM CONCENTRATION (PPM) i . 26,0 r
"LIQUIN PHASE. FOUTLIBRIUM CHNCFNTRATIHN\(PPM) T 13241 ,
MOLE. FRACTION HYNDROGEN IN GAS. PHASE - 0,787
MOLE FRACTION AMINF TN GAS PHASF = 0,218
DIFFUSIVITY OF HD IN GAS PHASE (SO.CM/SEC) , 0.3091
VISCOSITY  NF-HYDROGEN 'GAS (CP) -~ ' 0.00792 "
CVISCOSITY OF AMINF VAPNR (CP) o Y o.noep2
VISCOSITY OF GAS MIXTURF (CP) - y T 0,00816
. . . Y
DENSITY 0F GAS PHASF (G/CC) . . : 0.00084
GAS, PHASF REYNOLD'S NIMBFR ( - 43,2
OVERALLLIOUID PHASF TRANSFER, : 01670 °
COEFRTCIENT (CM/SFC) - _—
. , o
GAS PHASF MASS TRANSFEFR CnFFFlCIFNT ' 043632
(G MOLF/{SEC SO.CM(G MOLF/CC))) ‘ ‘ T
LIQUID ‘PHASE TRANSFER COEFFTICIENT (CM/SFC) ~ "1 00,1719 %
FIRST ORDER RATE CONSTANT (1/SFC) . 311.5
f
. N . : I’
TIME " 'GAS PHASE DFUTFRIUM  LN((Y=YE)/(YI-YE})
(SEC) . . CﬂNCFNTRATInN (PPM) ) : i
0.0 44R, 2 - 0.0000- o
600.0 396,0 ~ . —0.1321
1800,0 _ 318,8 X L =0.3659
2400.,0 .. - L - 291.0 o -0.,4655
3600.0 o 257,40 o =0,601P
13600.0 ¢ . 23B.b. - . =0.6H61 -
4800.0 B \\.,gwp»a*ﬁ’ N -0.9246
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APPENDIX D~ i
. DETAILED ANALYSiSlOF‘Aﬁ;NOME?HANE.SOLUTIONS'
| FOR CATALYST Co&csungTIONs
o | ' !
Concentration of PMA used = 0.31' m mol/g amine . o
‘Date of analysis: Auly 30, 1974
'Samplé appéarance: wklea;, light brown,.no preCipitaté
' Aqély;ical method ‘ | a.a.s. ' r -, n.m.r.
Conéentration‘foﬁnd | (m eq/g?l i _ (m eq/g)
K" | ; 0.42 . o .
. ‘ , . . ‘ = \ :
CCHpNWT T . . S 0.3
CHN-CH=N-CH,~ - N ©0.09

. I . . . . .
'Comments: G.C. analysis-showed a.small'amoqnt of KNH2 in solution and

0.6 by weilght dimethylgmiﬁe'in»the solvent, ‘

1 \ : -
L *

€,
e



Coae -

-* Comments!

’

Conéentrationféf PMA used = 0.30 m mbl/gvaminel

151

i v
Concentration of LMA used -f0.30~m mol/g aming’_
Date of aﬁalysis: October 2, 1972
Sample appedfance:l Dark color, csntained-preFiPitate
; ' A
Analyﬁical method . a.a.s. n.m.r. g.c. Filié?é:.szgﬁle

Concentration found (m eq/g) (m eq/g)
. . ) e

,
be due to precipitate in the ‘'samples.

Daté of analysis:  October 23, 1974

" Analytical method ' a.a.s.
-\;Conéeﬁtratfoﬁ:found ‘ "ﬂ (m eq/g)
4 s
ut S EE 0.37
1”"2’ R | Ty
,C?SNH_ -
CH3N-CH-N-CH3

A
. : .o
Comments: Containg = 10% NH, as the metal salt.
cohtatn-a detectable amount of free ammonia.

»®

Date of analysis: ° March 26, 1975

Saﬁple appearance: Clear, pal€ yellow

;(m eq/g) ‘ - (m-eq/g)

k" \ 0.35 0.28 /
. [0.33 0.26
g ! ‘ ) '
, I S ‘ 0.08
 CEN RN ‘ . 0.68 0.70 "
PN ! St " ‘;'< . "

Analyzed'éﬁyplea wére‘éloudy. Vériaﬁions in the results may

n.m.r. . " g.C.

\ .
(mea/e)  (meals)
A o v | .
0:07 e
1 0.69 ‘ 6.73

-nil - nil

The solvent does'nqt



1
.Analytical method . a.a.8. ‘ n.m.r. ' g.'c.|
Loncentration found _ (m elq/g). ! (m eq/g) | _ .m eq/g)‘
K" ' Ve ~ 0.32 S .
ot R 0.32

NH,T , ' _] BT Lo 0.0
CHSNH'_ | | R 0.59 o 0.62
CH3N—CH-N—CH3' | o l o - trace | 0.004
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\ N )
Concentratien of'PMﬁ:uaed = 0;43 m'mollg amine, ~-
| . . | ' }
Concentration of LMA used = 0.43 m mol/g amine
Date of analysis: April 15, 1975
.Sample appearance: Clear yeilow solution ' ’ L
'Analytical method . a.a.s. ! n.om.r. E :g.c;
Concentration found . (m gq]g)- " (m eq/g) ‘ (m eq/g)
Kt - T e S
Tt o .. 0.48
et ' ' - o : . |
NH, L . 0.08 |
CHNH. : - S 10.94 '0.90
cn3n-cn-u-cu3f , o trace . 0.004
. v v . ‘.
‘ ‘ : : o o SR ]
Date offfanalysis: May 5, 1975 C : oA K
Sample éppe;ra@;e; Clear, feilow..'” oL o ';’_ IR
: . o a8, . ’ . L. . .
Analytical method 4 : a.a.g. n.m.r. : g.c.
Concentration found | : -~ (m eq/g) ,‘_ (n eq/g) o (m eq/g)
K" N 0.44
] ‘ L 0.46 .
CH,NH" ' o T o2 0.83
. - J [ . v )
CH3N-CH'N-CH3f, v 0.07 . -



Concentration of PMA used = 0.63 m mol/g ami\ |

Concent¥ation of LMA used = 0.63 m mol/g amine
- . . . \ .

Date of analysis:

Sample appearance: Cleaf, ye}logé,

Analytical method

Concentration found

kt -

CH3

CH3NwCH-N-CH

NH

3

“

May 13, 1975

L
L k]
)

@

a.a.s.

(m eq/g)

0.69

0.68 .

Date of analysis: July 29, 1975

Sampléfgppearance: ‘Clear, bright yéllow

 Analytiéal method

Conéehtration found

CH3NfCHfN-CH3

a.a.s.

(m eq/g)

ve

06

0.66 ..

. 154
\‘ ’
|
-
L - b
: . &
\
© nutr g.C
(meq/g) . (meq/g)
0.11
[} .
1.36 1.32
o . f
0.05 -
{ nom.r. = gecC.
(m eq/g) (m eq/g)
- 0.10
3 1,14
tréce 0.02
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.\\ . ‘ ‘ . l ‘
A o , L4 o }
: ) \ \ : ' AU . o . -

Coﬁb\entration of PMA used = vO.J39, m mol/go“.amihe

" , | . | 1
Concg\;ration, of LMA usea = 1.66 m mol/g amine:
‘ )
Date .-ofnana_lysi's{_;; June 6, 1975 Co R \
‘ T e o
Sample appearance: Pale yf}low, slightly cloudy . .
| . : : . . » . ‘ S‘
Analytical method ‘ 7 a.a.g; ~° n.m.r. .. gich

» |
§(m eq/g)

/

‘Coqgentratién’ found . ', .-, (ni &q/g) (m eg/g)
kb ~ | 0,40 S
. , G ,
L* - o 1.67 . . ,

NR,” S _ Lo nil

. | 3 e o .
(CHJNH,T . _ - 2,04 L 2.03
[ - ‘ , ~ . ‘ ]

\ CH ,N~CH=N-CH / nil nil
3 3 . i -
v N >
. .o, B S
Date of anglysis: August 11, 1975
Sample appét;rancle,: Ciear, nearly colorless T v
=, - ; ¢ : E L , ) ,v
" Analytical method i a.a.ed®  o.mr,. A
Confentration fgund T (m eq/gy (m eq/g) >
. . i . " ' ) ' :
Kt | | a 038 ..
ut o o © 1.k
. S-S . e )
o, o~ ey :

2 . '/, X - : _ ) ‘ "}’?

CHNHT : SRS 2,12
S T - . L . . o
N-CH=N~CH, _ E nil _ " nadl ,

. ] . { . 4 . PR R |

CH3
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. . |
Conceptration of PMA used = 0.40 m 'mollg amine - '
> . .
Date of analysis: September 8,' 1975 ¥
0 -
Sémple"appegrance: Clear, yellow solution o , D
| : : . :
" Analytical _method o .a.a.s. 7 n.,m,r;. _ ’ g.c.
/ K oy C . - .
S ' . .
_Concentration found : o (meq/g) = (m eq/g) . (m eq/g)
\ l§ Y . o
. C ‘ X S
Kkt A ‘ . 0.446 ,
v 4 ~ . } . I - ‘ <9
) /
- 0.007
/
.c 10,425 0.422
) { - -
‘of a‘halysis October 9 1975 ' o o v
4 : %mple appearance' Clear, qliaw P o : " ‘ B
. ! * w‘\ & . : LN
"Analytical method {’j‘f’?i,.‘*-"» a.a.s. n.m.r.  g.c.
Concentration found (m eq//g) (m eq/g) (m eq/g)
Kt : S 0.41 . Sy
R : L . . ' - :
NH ! 2 ~ = Do - . --0.006
2 . oo o ; ’ | L o
C?QHH » é;, ‘ 4 / _‘! “/f‘ ©0.376 | ..0.371
. - . : _ _ TR ’ ! . ’ i . . . -
« . CHyN~-CH=N-CH, - : . 0.016 -, 0.004°
A o - " ] o7 _ = .
/
. / ! , .




/ ) - 5
Concentration of PMA used,= 0.50 m mol/g amine

Concentration of IMA used = 0.?6 m mol/g amine

Date of analysis: November 7, 1975
! : e

Sample appéaranceg. Cleaé, yellow

Analytical method - ‘aféis.
‘Concentration found (m eq/g)
K ) SR . .e.51"
Lt . : ,;-o.q7é
NHZ? '. 1;m;w L. _d ;
CH NH » R | o
CH3N#CH-N%CH3- - K
a

. 157

A
- | 0.004 "+, A
. 1.363 . ,1.'16_?5"- :x-
T . o . - L SRR T



"Concen;ration of PMA ﬁeed = 0.48 m mbl/g amine
Concentration of LMA used = 0 35 m mol/g amine’
Date of analysis' Fébkuary 18, 1976

*Sample appearance: Clear, yellow - S ‘ ]

Analytical method ) . - a.a.s. ' A n.m.r.;
‘Concentrationlfdund ‘? .gm eg/g) , (m eq/s)
k" T 0 0.50

~L1+I | N " ©0.374
o L e , B

NH, ., . . . [ } -

CHNHJ“ ' ‘ Ya

*-
CH N-CH-N B “?’«

g:C.

(mieq/g)

)

\. . "'Q.\_QZ‘O‘& .
o,.soao e 3




N ' e s

Concentration of PMA used = 0.50 m mol/g amine’ .

Concentration” 3_1:' LMA used ‘= 0,25 m molllg_.amine I

Date of gnales'is: “,’J‘A'Pl'il 6,'_]‘.'9-76'. | . .

Samp;e ‘aﬁge:ranég:.// Clegf, yel%?w—gold : | 3

Analycical mechod | Bas ' Camr L g
S B e e S

Concentration found v . (mea/s) (Req/g) - - - +tulealg)
K | ‘ 7 0.5020 '

Li¥ R . » 0.2553 o

’ . ) K . ! . l"‘
NH,” : Y by wes ’ - © 0.0258..

‘CH,NH o | 5 o \ © 0 0.7563 . 40,627
CH N=CH=N~CH,,~ . b . o272 ~ 0.006
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