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SEPARATION OF ISOTOPES

Madhav R. Ghate, C. H. Choi and T. I. Taylor
Abstpact

The chemical exchange reaction between carbon dioxide (Coy)
and carbamate of di-n-butyl amine (Rzﬁcoo—+HNR2) in triethyl
amine as a solvent results in a concentrations of carbon—l3'in
the liquid phase and oxygen-18 in the gas phase. A solvent
carrier system with thermal reflux has been investigated and £he'
results are summarised. Based on these studies, a six section
cascade was designed for the preparation of high concentrations
of carbon-13. The ngcade was successfully operated for 240
days to study various startup procedures and other characteristics.
During the first 141 days, concentration of carbon-13 reacﬁed a
value of 66.9% '3cC.

Measurements of single stage separation factors («£) for

different amine-carbamate systems by batch and multistage



téchniques is being continued. Preliminary results indicate that
o is nearer 1.006 than 1.01 assumed previously. Correlations are
being made between the effectiveness of amines for the separation
" of carbon-13 and their structure, reaction rates and thermo-
dynamic properties as well as the'physical characteristics of
their solutions.

This report also includes a copy of the preprint qf one
article on the‘results of our previous research on the preparation

of nitrogen-14 highly depletéd of nitrdgen—lS.
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SUMMARY OF TECHNICAL REPORTS
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Summary,of Technical Reports:
The following is a brief summary of the principal reuslts
of the technical papers of our Annual Progress Report on the

"Separation of Isotopes" for 1973

Summary of Data and Experiments performed to obtain high concen-
tration of carbon-13 by chemical exchange reaction between amine
carbamate and carbon dioxide:

Most of the characteristics of the (DNBA—TEA)'system
13¢co, + R,N*2C00™ @ '2Co, + R,N*3co0” ,

for the concentration of carbon-13 were summarised in detail in
our previous reports. Section II of this report describes all
those experiments in brief and their relation to the design of
a six section tapered cascade. As mentioned in our last year's
report, it was necessary to clean all the sections of the cascade
and modify the boilers to avoid the formation of exchangeable
"decomposition products.

The whole system was reconditioned by cleaning the refluxers

and packing. The packing in the refluxers was replaced with



helicies. All the six'columns Qere then connected using Teflon
tubing and were tested for leaks by both evacuating and pres-
surizing with dry'nitrogen.

Using feed CO, at the first column only, theAcascade operated
well for 30 days until the overall séparation was 79.8 (47.7% 13C)..
.‘One of the Teflon tubes developed a crack, causing the cascade to
return to the nﬁrmal concentratién. This was repaired énd the
cascade was operated without anf breakdown for l4lAdays during
which time overall separation in the sixth column was 177
(66.9% 12C). Since the rate of build~-up was rafher slow, it was
decided to add one more section to the cascade énd it was done.
With this added section, operation of the cascade was continued
for another 80 days, thus bringing the total operation time to
about 84months. Addition of the seventh section did not improve
the performance of the cascade.

Single Stage Separation Factors and the Properties of

Amines. As mentioned in the report for last year, an isotbpe
ratio mass spectromeﬁér with a double collector was reconditioned
for more precise determinations of single stage separation factors,
a;3 and g - This is important, not only for the operation and

evaluation of the present system for concentrating carbon-13, but
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alsé for comparison of different amine-solvent systems. The
overali separation of carbon-13 for over fiftegn amines in
methanol have been determined. Attempts were made to correlate
the overall separations with structure, basicity,‘réte of reaction,
and physical properties. For further progress it was evident
that it would be necessary to have moré pr;cise values for C,,.
Several single stagé equilibrations'were made to test the
repréducibility and reliability of both the procedures and the
analyses wiﬁh the mass spectrometer. AAfter soﬁe preliminary
experiments, CO, was equilibrated with 100 ml of 2M DﬁBA in TEA
in a 325 ml vessel with magnetic stirring bars. At equilibrium
there was 149.6 m moles of carbamété and 9.16 m moles of CO, or
a ratio of 16.3. A total of 44 determinations for six different
gas phase samples gave a value of 1.0060+*0.0012 (s.D.) for o,
The rather wide spread of the results from 1.0045 to 1.0092
indicated that further work on the4equilibration sampling, puri-
fication of the mass_spectrometric determination of isotope ratios
was needed. |
Further tests were made using 30.8 ml of 2M-.DNBA in a 1157
ml flask so that the m moles of carbamate and CO, were about

equal at equilibrium. Mass spectrometric measurements were made



on the ¢62 from both the gas and the liquid phase. The average of
12 analyses gave g = 1.0060 + 0.0008 (§.D.) with a spread from
1.0049 to 1.0073. A similaf run with 2M monomethanolamine in
methanol gave an average value ofAl.0059:tO.OOO6 (S;D.) for 13
measurements. The spread was from 1.0050 to 1.0070. Although

the reproducibility for both these runs was significantly better‘
than the first ones, it was evident that the resolution, sensi-
tivity and noise of the mass spectrometer should be improyed to
determine differences for amine solvent systemé. To this effect,
.a more sensitive recorder was added té‘the mass spectfometer.'

The values obtained for ¢, , are somewhat lower than the
approximate value of 1.0l .arrived at earlier from a determination
of oy g with a single collector mass spectrometer and the relative
separations of carbon-13 and oxygen-18 at the same time in the
same column. In preparation for determination of 0 g using the
double collector mass spectrometer, water was prepared by catalytic
reduction of CO, to H,0 and CH,. Carbon dioxide equilibrated with
this water gave g, = 1.040 +0.002 (S.D.) with a spread of 1.037 |
to 1.043 during adjﬁstments of the mass spectrometer. This may
be compared to the reported value of 1.038 so that further refine-

ment of the measurements with the double collector mass spectrometer
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is heedéa. Once a reliable value of o, for the CO, - carbamate
system is obtained, it will be possible to recalculate ¢,5; from
previous reults of the relative separétions of oxygen-18 and
carbon-13 in the'exchange columns.

Multistage System for the Relative Values of ¢, 5. Because

§f the importanqe of ¢;, in correléting the properties of amine-
solvenf syétem with their performance in separation columns, a
multistage method wés devised to minimize the effect of reaction
rate, etc. 'This is essentially five horizontaily arranged
cells with magnetic stirrers for mixing the liquid and gas phases.
The 250 ml cells are ihterconnected for counter flow of liquid
and gas with low opportuﬁity of mixing between cells or stages.
A saturator, refluxer and pump are provided as in the case of
exchange columns. The residence time for the gas and liquid
phases as they flow through the cells can be controlled by the
flow rate of the carbamate. Samples of CO, for analyses were
withdrawn with an hypodermic syringe through septums in the
top os each cell. E

In one run wiﬁh 2 M monoethanolamine in methanol, the flow
rate was reduced from 4 ml/min to 0.5 ml/min over a period of

eleven days. Although the curves showed that the system was



not quite at equilibrium, it was stopped to improve the pumping
system. The overall separations relative to tank carbon dioxide
used for the feed were: stage 1, S, = 1.0051; stage 3, S5 = 1.0144;

- stage 5, Sy = 1.0238; and for the reflux system S, = 1.0282.

Using the relation 4n S, -4n S, = (a-1) - (sz~s;), we obtained
a value of (a-1l) = 0.0046 for stages (s,-s;). Similar calcula-
tions gave (@-1l) = 0.0046 also for (sg-s;), (sg-s;), and for

the overall separation from feed to the reflux. The value for
(a-1) is expected to agree with (a-1l) = 0.0059 for the static
systém only if the following assumptions apply: 'complete eqqi~
librium, 100% stage efficiency, no mixing between cells, no T
leaks, and no loss of exchangeable carbon in the refluxer.
Based on the above comparison, the effective stage efficiency
is only (0.0046/0.0059) x 100 = 78%. Improvements are being
made in the pﬁmping, stirring, and refluxing in an effort to
obtain greater efficiency and reproducible reuslts for the

relative values of (g-1) for differént amine-solvent systems.

Preprint of the article "NO—HNO8 Exchange System for Pro-
duction of Nitrogen-14 Highly Depleted of Nitrogen-15" Madhav

R. Ghate and T. I. Taylor. Separation Science, 9, No. 2 (1973).



iI. PREPARATION OF HIGH CONCENTRATION OF CARBON—13 BY
SOLVENT CARRIER CHEMICAL EXCHANGE REACTION BETWEEN
AMINE CARBAMATE AND CARBON DIOXIDE IN A MULTI STAGE
CASCADE.

Madhav R. Ghate and T. I. Taylor

INTRODUCTION.
Isotope effects for carbon, oxygen, nitrogen and
deuterium in the exchange distillation of several low boiling

1,2

amine carbamates have been studied by Holmberg. Yealts3

and Br'own4 have investigated these systems further and have

1. XK. E. Holmberg, "Proceedings of International Symposium
on Isotope Separation," North Holland Publishing Co.,
Amsterdam, 1958, p. 201.

2. K. E. Holmberg, Acta Chem. Scand., 16, 2117 (1962).

3. L. B. Yealts, Jr., Annual Progress Report ORNL 2782
(1959), p. 22.

4, L, L. Brown, Annual Progress Report ORNL 2983 (1960), p. 19.

determined the effect of temperature on the separation faétors.
Most of the current production'of carbon-13 1is carried
out either by distillation of carbon monoxide or by thermal

diffusion method. Low temperature distillation of carbvon
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monoxide can produce large quantities of carbon-13, but it
requires rather sophisticated equipment and substantial

capital investment.5’6 The thermal diffusion method is

5. R. A. Schwind, Chem. Progress Eng. 50, 75 (1969).

6. D. E. Armstrong, A. C. Briemeister, B. B, McInteer, and
R. M. Potter, Los Alamos Scientific Laboratory Report
LA-4391 (1970).

capable of producing only Sméll qﬁantities of enriched
materiai. Another class of separation prdcess is the
chemidal exchange method. Chemicalfexchange method such

as exchange of carbon-13 between HCN and CN~ developed by
Urey and his co-wbrkers7 was used a number of years by East-;

man Kodak Company.8 The taxicity of the chemicals and their

7. C. A. Hutchinson, D. N. Steward and H, C. Urey, J.
Chem. Phys., 8, 532 (1940).

8. . D. W. Stewart, Nucleonics, 1, 18 (1947).

tendency to polymerize required special precautions in using
the system. Chemical reflux also required large quantities
of chemicals. -

Among the-chemical exchange methods, solvent carrier
systems with thermal reflux are rather attractive for both

laboratofy and large scale operations. Studies on the ex-



change of carbon dioxide with a variety of amine carbamates

9,10,11

in different solvents, such as

R2N12000_ + l3002 - R2N13coo' + 12002 a ~ 1.0065

9. A, R. Gubta and T. I. Taylor, Annual Progress Report to
U.S.A.E.C., Contract AT (30-1) 755, Section IV (1962).

10. J. P. Agrawal and T. I. Taylor, Ibid., Section IIA (1967).
11. J. P, Agfawal, Separation Science, 6 (6), 819 (1971). '
12. J. P. Agrawal, Ibid., 6 (6), 831 (1971)..

methanol indicated either a gréater exchange rate, or a
larger value for the separation factor (a) was required for

practical use of the system. During further investigations

-of solvent carrier'systems to concentrate carbon-13, it

was found that the exchange between 002 and amine carbamate

of di-n-butylamine (DNBA) dissolved in triethylamine (TEA)
13,14

was promising even though single stage separation factor

13. Madhav R. Ghate and T. I. Taylor, Annual Progress Report
to U.S.A.E.C., Contract AT (30—15 755, Section II (1969).

1%, Madhav R. Ghate and T. I. Taylor, Ibid., Section II (1970).

(a) 1s rather low. This system allowed significantly higher

through put rates and gave substantially higher overall
13

separations of carbon-13 in the same columns.

In order to design a cascade of exchange columns for

13

the concentration of carbon-1l3, studies were made on such

variables as: type of solvent, concentration of amine(DNBAX



effect of catalyst, flow rate, diameter of the column, etc.
on the performance of the column. Based on these pre-

liminary studies, a multistage cascade was designed and

14,15,16

tested. The results of some of the above studies

15, Madhav R. Ghate and T. I. Taylor, Annual Progress Report
to U.S.A.E.C., Contract AT (11-1) 3263, Cu-3263,
Section II (1971).

16. Madhav R. Ghate and T. I. Taylor, Ibid., C00-3263 (1972).

and the data on the performance of the six-section cascade
which was operated without any stop for eight'months are

described ‘in this report.



EXPERIMENTAL

The exchange system consists of.an exchange éolumn
packed with HeliPak packing, a reboiler with a stripping sec-
' tion, and an amine séturator. The dimensions of each of tﬁese'
components depend upon the flow rates of gas and 1iquia that are
‘to.be used. A typical reboiler Jﬁth~a stripping.secﬁion is
shown in Fig. I. It consists of a boiler B, a stripping section
S, a drip-tip T, and a coéling condenser C. The cooling condenser
is fitted wifh a nichrome wireAcoil in order to conduct the
liquid in a stream around the surface of the,condensef. This
feature aids in the prevention of any solid deposit that may
form due to a drop in ﬁemperature of codling water. The liquid
that leaves the boiler goes through a small bend with a stopcbck.
This small bend éoilects the small amount of_heavy decomposition
- products that fofms after a iong periocd of operation and thus
prevents them ffomientering thé exchangze column. A typical com-

plete eXchange system with 1ts assoclated equipment is shown

in Fig. 2.

| Légel Contréllef. It was observed thgt‘the drop in liquid
level in the boiler is mainly due to the 1os$ of solvent vapors
in the exit streem éf waste 002. As a result it was necessary
to control the 1liquid level in the boiler to maintain the
concentration of (DNBA) at'a constant value. In the past
we have successfully used a level controller consisting.of an

inverted codtaiﬁer of TEA which allowed air to enter when the

level was low. In'the present investigations, various level
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Figure 1. A typical boiler used for a 25 mm 1i.d.
exchange column in the cascade for the concentration
of carbon-13. B, boiler; C, condenser; S, stripping

section; T, drip-tip.
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controlling devices were tried. The onéldescribed below is

‘ versatile, simplé and reliable. :It malles use’ of thermistors

as fhe sensing‘elements. Thermistors are semiconductors
hav1ng large nccatlve temperature coefflcients of resistance.
If a constan\ voltage is applied to the thermistor, 1ts tem-
perature will be lower and 1its résistance.higher in the
liquid thén in air dus t0~bettor heat transfer in the liquid.
This oroperty of thermistors was upilized to control the liquid
level using two thermistors'in a standard bridge circuit with
some modifications. In Fig. .3 the level controller is shown
schematically. When the level of the liquid ;s bélow Tlf the
balance of the‘bridge is sef SO that,solenoi& valve Vl is
open and solvent flows into the boilér.A Tﬁe Tlow of solvént

'throogh \4

l.is controlled by a throttle valve Vé. When the

~level of the liquid rises to'Tl,"the'balancé"of“the“bridge is
~ changed and this closes the solenoid valve V,. The function

of thermistor T2 is to compensate for changes in room tem-

perature.

Another level controller that uses a float to interrupt

.a light beam has also operated satlsfactorWIy.

Procedure for a2 run. DBefore starting a run the column is

flooded with DNBA solution in various solvents to ensure proper
wetting of the packing.‘ Then the column is allowed to drain
slowly while the feed of amine solution is being pumped into
the amine saturafof. After draining the excess fluid from

the column, the liquid flow is‘édjusted to the operating

value. The column is allowed to operatec under this condition
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Figure 3. ILevel controller. Tl and T2, thermistors;

V,, solenoid valve (normally closed); V,, throttle valve .
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to obtain steady flow of liquid throu"h the packing and to'

f adJust the liquid level. ln the boi]cr. Then the feed of CO

2
“is started to the amine saturator. After a predetefmined time

the boiler heater is turned on. Tnis time depends upon the
hold up in 1he column and the flow rate at which amine solution
is pumpcd into the amine seturacor ‘The voltaﬁe of the boiler
heater is so adJusLed that the Lomoerature near the drip-tip T
is about 70 C. Then the levelccontroller is connected to the
’boiler; Attainment of a constant temperature and boiling rate

i1s necessary since fluctuations result in erratic changes of

the liquid level i1n the controller. The progness of separation

is followed by withdrawing small gas samoles at different
time intervals and analyzing them mass spectrometrically

" Mass Spectromecrlc Analysis. The gas sample collected

in the sample bulb is flrut frozen w1th 11qu1d nitrogen and

then opened to the vacuum system to pump out noncondensible

impurities. . Then liquid nitrogen 1s replaced by dry ice to

: keep the water and solvent vapors condensed. The gas sample

is then introduccd into the mass spectrometer and a scan of the
mass spectrum is taken from mass 12 to 46, From the peak

heights at mass 44 and 45, the separation S13 is calculated

as follows:

R tank 002
"S -
13 R Sample
peak height of mass 4

where R =

peak height of mass %45

TR A AT T,

SN

et
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Determination of the Composition of the Amine Solution.

As.menﬁiohéd earlier the.o§erall separations are influenceéd by
the concentration of bNBA. Since this may vary becéuse of loss
or an addition of solvent,vif is essential that the composition
of liquid in the boiler be'monitored. Various volumetric‘
methods viere tried but none was'satisfactory. Consequently

it was decided that a gas chromatocgraphic methed should be
investigated. Different_types of columns under various
conditicas were testedvand the one whiph was reésonably sat-
isfactory consisted of Gas-chrom-Q és a column support and

silicone QFl as a stationary phase. A typical gas chromatogram

‘of a 21 DHBA in TEA is given in Iig. . For day to day an-

-alysis, a calibration curve for standard solutions of DNBA is

obtained first, then a sample from the boiler is analyzed.
Over long periods of time it was found that concentration of
DNBA in the boiler rémained within the range of 1.9M to 2.

Larger variations in concentration were corrected by addition

of DNBA or solvent TEA as needed.



v

Figure 4. Gas chromatozram of (A) 2M DNBA in TEA and

(B) a sample from the boller after three days of operation.
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RESULTS AND DISCUSSION

The chemical reaction between an amine and carbon

A

dioxide to form a carvamate can be represented as follows:

2R NH + CO, > R,HCOO H MR, (1)

vhere R is an alkyl group. The 1sotopic equilibrium between

the carbamate and carbon dioxide is

12 = 13.. 13 12 A\
RQN COO™ + “7CO, = RSN 7CO0- + €O, 5 | (2)

a =~ 1.01

Thus, carbon-13 concentrgtes in the carpamate at the lower
"end of the exchanze column. Oxyzen-18 cqncentrates in the
carbon dioxice With o w~ 1.013. | |

" In the exchange system shown in Fig. 1, the isotopic"
exchange reactiun (2) is utilized as follows. The amine
‘carbamate solution from the séturatér A flows down the ex-

change column C. througzgh the stripping section Cl to reboiler

2
B. The hot vapors of the solvent.decompose the carbamate to

i
amine and carben dioxide in the stripping section. Carbon
dioxide rises countercurrently in the exéhange column ﬁhere it
is contacted with the'carbamate and the amine solution is pumped
back to the saturator at the upper end of the exchange column.
The effectiveness of the system in concentrating carbon-13

depends vpon a numner of factors which require investigation

to select the optimum operating conditions. These include
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such factors as a,‘the natﬁre of the amine, the solvent, the

concentration of the amine, the flow rate, etc.
. . . . 18-20

Although previous investigations had shown some
significant differences among the amines in the same solvent,
the choice of the amine is in part dependent upon the solvent
selected. For proper oreration of the stripping section it
is desireble, for example, that the boiling point of the amine
be somewhat higher than that ot the solvent. The solubility

of its carbamate in the solvent, the viscosity of the solution

and the absorption of carvon dioxide are also of importance.

-Since the differences among solvents had been found to be
greater than the differences among most amines, consideration

‘was glven first to the effect of different types of solvent.

1. Effect of Solvent

Since methanol had been used as a solvent in many of the

18-20 .
2 it was selected as a reference solvent.

previoﬁs experiments
esides the boiling point, the solubility of the amine and‘the
carbamate, the viscosiﬁy, etc., two other properties wvere
given consideration in selecting a solvent. These were the
basicity and the seolubility of carbon dioxide in the solvent.
Triethylamine~(TEA) and pyridine'have significantly different
basicities and were found to have suitable solvent properties
otherwise. The results of the prozress of overall separation
with time using these solvents and meﬁhanol are plotted in
Fig. 5 - 11 and summerized in Table I.
It can be seen Irom thesé results that di-n-butylamire

(D¥BA) in triethylamine (813 = 2,05) is considerabdbly more
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Fig, 5. Run 5, Overall separatidn for 1M ISOBA in mefthanol
" as a function of time, Flow rate: 4ml/min, Column: 25 mm

1,8, x 100 cm packed with "HeliPak" 3013.
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Fig &« Run 19.  Overall separation for 1M MEA in methanol
as a function of time. Flow rate: 4 ml/min,. Column: 25 mm

‘1.,d. x 100 cm packed with "HeliPak" 3013..
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Fige 7. Run .15, Overall separation of 1M DNBA in TEA as
a function of time, Flow rq@e:‘4 ml/min, Column: 25 mm

i1.,d, x 100 cm packed with "HeliPak" 3013,
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. Fig. 8. Run 25A. Overall separation of 1 M DNBA in TEA.
- as a function of time and addi’tionA of methanol to syst‘em.“'
Flow :t‘rate: Yml/min. Column: 25 mm i.d. x 100 'cm packed
with "HeliPak" 3013, | |
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N Fig. 9. Run 17. Overall separation of 1 M DNBA in pyridine
asa function of -time, Flow rate: 4ml/min. Column: 25 mm

i.d, x 100 cm packed with "HeliPak" 3013.
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“‘Fig.l(-). Run 21. Overall separ'atior_l.bf 1'M DNBA in 50:50 (v/v)
' TEA and methanol as a function of time and flow rate. Flow
‘rate: 4ml /min., -,énd'8m1/min. Column: 25 mm i.d, x 100 cm .
packed with "HeliPak" 3013, -
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 Fig. 11, Run 18. Overall separation of DNBA in methanol as

"a function of time., Flow rate: 4ml/min, Column: 25 mm i.d. x

100 cm packed with "HeliPak" 3013,
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'ACffCCthG than DJBA in methanol (S13 = 1. L3), DNBA in’ pyridine .
(s S13 = 1. 7h), or IMEA in methanol (s13 = 1.39). That is, with
1M DNBA, the ‘concentration of carbon-13 was increased by 105%

‘with TEA aé solvent ccnipared to 74%,for pyridine and 43% for

methanol. A small amount of methanol mixed with TEA did not

affect the overall separation,(sl3 =:1.99) but when the solvent

- was 50% by velume mcthanol, the overal separation dropped to

S = 1.52.

A measure of the totallvolume of CO, absorbed per ml of

2
solution could be obtained by measuring the ml/min of amine

solution pumped to the saturator. This assumes that the amine

solution was completely saturated with CO in the saturator.

2

From the CO,, feed required by the saturator, saturation appeare

2
to be complete for 1H solutions but not for the 2 solutioh of

"DNBA. Because -of some Tluctuations due to the boiling, the

ml/min of 002 in fhe exit stream could not be measured too

precisely. Some static measurements of the solvubilities of

002 in the solutions are given in another sectlon of the report

Except for the nixed TmA—n thanol solvent, there are no

absorbed per ml. of solution.

large differences in the CO2



" Table I. Effcét of solvent on overall

sepafation in a 2.5 cm 1.d.X 100 em column with 1M DNBA.

I’low Rate
L%

: _ m moles CO ERTP

Solvent %%H , 2m1 5 3 S 1nS cm
- crl. ~ niin cm - min ‘

‘Methanol )} .00 0.800 0.640 1.4310.358 | 2.77
TEA b.17 0.835 0.668 2.05{0.718 | 1.38
Pyridine ».15| 0.830 0.664 1.75 lo.55% | 1.78
1M Methanol ‘
in oA T | k.15 0.830 0.664 1.99(0.688 | 1.hk
50:50 (v/v) -
Methanol 4.15 0.830 0.66}4 1.52{0.419 | 2.56
+ TEA ‘ : 4

is taken as O.

* .
. Moles of CO

2

80 and a = 1.,01.

absorpved per mole of DNBA
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2. Effect of fmirne Concentration on ‘Separation

Because of the small single stage separation factor
(a =-i.01), it is desirable to use Eigh concentration of bNBA,
large diaireter columns, or fast flow rates %to increase the
interstage flqw for large isotope transport. At higher con-
.céptrations, due to ihcreased viscosity of carvamate, the
»édvédtage gained by higher throughput is reduced by the
loss ih‘overall separétion. The results obtained in 2.5 cm
1i.d4.X 100 c¢m exchange column for DHBA -~ TEA system are given
4n Table II. The concentration of‘di~n—butylamine'(DNBA)
was varied froﬁ 1M to 2.8% .. It caﬁ.be seen that overall
;eparation 813 is not greatly affected in the concentration
'.range of 1M to 2M.A At concentrations higher than 2M DNBA,
the overall Separation is affected signifiéantly as seen
from the drop in overall separation from 1.9% at 21 to 1.69
at 2.84M. Use of concentrations higher‘than 2M‘DNBA not only
results in loss of separation but also creates other problems
such as depositiocn of solid carbvamzte on colder parts of the
exchang¢ system. From the practical poin% of view it was
felt that 2M DNBA would e the optimum concentration to be used’

in the preparation of enriched carbon-13.

3. Effect of Catalyst

Because of the relatively slow exchange rate of amine
carbamate—CO2 system, attempts were made to catalyze the

excharge reaction between carbamate of monoetharol amine in



Table II. Effect of amine concentration on
overall separation in a 2.5 cm i.d. x 100 cm column with
DNBA in TEA. | |

Flow rate
L*

DNBA ' : ' '

ml ml m moles CO, s | ins | HETP|1mTP
conc. min cm2 - min Cm2 - min | _ e L

M ‘ '

1,00 b7 0.835 - 0.668 2.05[0.718} 1.38] 2.07
1.40 | 4.00 |  0.800 0.905 2.02/0.703| 1.40| 1.55
2.00 4,17 0.835 1.338 1.940.663] 1.50] 1.12
2.8k 4,00 0.800 1.820 1.69|0.525] 1.89| 1.04

*Moles of CO

o absorbed per mole'of DNBA is taken

as 0.80 and a = 1.01.




. - Table III Effect of catalyut on overall
separatlon in a b.2 cm i.a. X 90 cm column u31nﬂ 2M DNBA in T“A

Flow rate |
m mole CO, . Cdtaly t S HETP
: = ' cm
cm2 - min
1.15 1 - 1.61 1.87
1.28 Zn-acetylacetonate 1.55 2.0
1.21 0.02H o o
) Cu -~ acetate’ . 1.56 2.00




, T2

" methanol and carbon diéxidéfQSiAg trahsitibn~métﬁl'iohs
' such:as Cu++;-Co+f;'and Zn++.(qlu>w1tp other amines ahdf

' éél&entSf*f;thé& were not very'éffective as catalysts;'.Mbst
salts of these elements are not vefy soluble in DNBA - TEA
>solufions. However, it was found that anhydrous cupric
acctate and ziné acetylacetonate were sufficiently soluble
to determine thelr effect on overéll’separation. The re-
sglts dbtéined in a 5.2 cm 1.d. X 90 cm exchange column are
summarized in Table I11. .It can be seen from these reéults

that neither 0.02M cupric acetate nor 0.05M zinc acetylacetonate

made a marked improvement in the overall separation.

4, Effect of Flow Rate on Separation

The interstage flow«canAbe increased vy increasing the
flow rate or cdncentrétion of the feed material. In order
tQ determine the_optimum flow rate at which various sec- ‘
tions in the cascade can ve operated, éxperiménts using
different diameter columns were carried out. These columns
were packed with Heli-Pdk.#3013 packing and were'operatedAat
varlous flow rates. Typicél results obtained in a 5.2 cm
41.d. X 90 cm and in a 2.5 em i.d. X 100 cm exchange column
are summarized in Tablcs IV and V.

The effect of flow rate L on overall separation S can

be expressed by the equation developed by Coheéj7)

and applied
by Jeevanandan and TaylorLIS)in this laboratory.
According to this equation the variation of overall sep-

aration S with flow rate is expressed as follows:

17. K. Cohen, "Theory of Isotope Separations",
McGraw Hill Book Co., New York (1951).

18. M. Jeevanandam and T. I. Taylor, Adv. in chem.

~ o~ - . T N aYalal}



‘Table IV. Effect of flow rate on the performance of a 5.2 em 1.d. X 90 em =

column with 1M and 2M DNBA in TEA.

kTa X 105 .
L .
) ml m moles co, 'S' : s Hgg? rl— :EEZE' moles CO,
m=n em® - min em® - min ' L - L emS - sec
1M DNRA B ' | |
16.0  0.75 0.60 1.70 0.531  1.69  1.67 2.78 0.60
24,0  1.13 0.90 1.49  0.399 2.2k 1.11  2.49 0.67
30.0 - 1.41 1.13 1.41 0.344  2.60 0.88  2.30 0.72
3.2 1.85 1.48 1.35 0.300 2.99  0.68 2.02 0.83
1{ DNBA |
16.0  0.75 1.20 1.63 0.489  1.83  0.83 1.53 1.09
23.5 1.11 1.78 1.45  0.372  2.41  0.56 1.35 1.23
29 .4 1.38 5.21 1.37 0.315 = . 2.84 0.45 1.29 - 1.30
39.2  1.85 2.96 1.25 .01 0.3+ . 1.35 1.23

0.223

For this table the moles of CO2 absorbed per mole of DNBA 1s taken as 0.80 and a as 1.01.

e (T T
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Table V. Effect of<flow rate on
with 2M DNBA in TEA

thg-peffdrmanée‘of a 2.5 ém‘i.d, x 100 cm column

jl;f'.;[w

Flow rate L . 5i.
: C kp x 10
ml ml mmoles GO, g | lnS ~ 1 HETP | KETP | mole CO,
min 2 2 s ‘ T - h L cm L —_—
) cm- - min cm - min | - T 4 cm3 - sec
4.2 0.85 1.3 1.04 | 0.663 | 0.77 1.49 | 1.15 1.3
‘8.4 | 1.7 2.7 o 1.54 | 0.432 0.37 2.30 | 0.85]|  1.85 .
.5 | . 2.9 L6 1.31| 0.270 0.22. 3.68 0.81 1.58

Ay

\

o5
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where Z 1s the length of the column and L is the interstage
flow expressed as m moles COe/cm?-min., The specific transfer

rate kg (moles Cog/cmg—sec), when multiplied by interfacial

2

arca (a) in a one centimeter lenzth of column per cm® of

cross sectional area, gives an interphase transfer rate kTa

3

per cm” of the column.

g “At.the steady_state with no product withdrawal, equation

(3) indicates that 1n S should vary linearly with %fprovided
" _the quantities (a - i) ard kpa remain constant. Alternatively

_the equation (3) can be put in the form:

1;14:' zla=1)  _ e )

so.thef HETP should vary linearly with flowrate L. In Fié. 12 :
plets of HETP ve L, 'ln S vs. i, and 1nterphase transfer |

rate kTa Vs flozrate L are shown. It can- be seen from ‘these
plotu that, at lower flowrates, HETP varies linearly with L

and 1n S, varies lnnearlv as i, but at hlfher flow rates there

is a significant deviation from the linear relationshlps. The
rather rapid ihcrease in HETP'with flowrate'probably results

Trom aAdecrease in interfacial area with a corresponding decrease
in interphase transfer rafe kTa. This is not unreaeonable since

the viscosity of 21 DNBA in TEA saturated with carbon dioxide

is rather hizh (1.10 cp) as compared to (0.59 cp) for 1M DNBA.Z3
Another measure of the optimum concentration and flow

rate is the relative volures of the single column required



A = - - ‘  i -3

Figure 12. Effect of interstage flow faté and
concentration of DNBA in TEA on HETP, 1n S_ and
interphaseitpansfef‘rate kTa in a 5.2 em i.4. x 90

em column paéked with Heli-Pak'3013. -
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'for_a given overall separation S, and the initial transport T,

for a feed.cohtéining atom fraction N, of the desired isdtobe.

The volume required is:

T tn S_

~ X
'(No?(l"No) L (a - 1)°

or

HETP

“V ~ (CONSTANT) X
o o L(a - 1)?

If (a - l) is censtant, the volume requ1red is proportlonal

to the ratio of HETP/L. On thlS basis, the values of HETP/L

taoulated in Table IV show that the values are 51on1flcantly
smaller for 2M DWBA than for 1M DNBA. Also, the mlnlmum

volume for 2M DNBA would be ootalned for a flow of 2.4

m mole/cm2,- min, ﬁhich corrésponds tb the'maximum for the

interphase-transfer rate kTa. However, this concentration is
too high because of tbe practical consider atlon of deposition

of solid in the'cooler parts of the system."

5. Calculation for a Cascade to Enrich Carbon-13

Viith the information gathered from the.préliminary

studies and using known equations, calculations for a multi-

stace exchange system were carried out. The overall separation
5 Y 3

needed to cobtain the desired enrichmert in such a system is

given by the equaticn

N /N n (6)

HETP (5)

- el
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‘where S is tne_oyera1i separation; Nb and‘Nf‘are the mole

“fractionspof'éne desired'component in the enriched material

and feed material respectively; a is tle single stage sep-

~aration factor; and N is the total numter of theoretical plates.

This'equation is for operation at edﬁilibriom with no production.

-In the present case, the 51n71e s» ce separgtlon factor «

for tle chemlcal exchange

o w12n0n= o 130 = w al3manm . 12
RNT5C007 + 77€0, = RyN"2C007 + 20, (7)

is approx1mately 1.01. If 90 mole. percent carbon 13

f(N = 0. 90) is to be obtained from natural feed raterial w1th

a concentration of 1.13 mole percent carbon-13 (N = 0. 0113),

‘an overall separation S of 786 would be required. Accordlng to

Eq. (6), this corresponds to 672 theoretical plates for =
equlllorlum operatlon. For a practical system with production
about 1.5 times the theoretical plates for equilibrium operations
are usually provided, which would be about 1000 plates for this
systen. | |

Vlhen a large number of plates is required,‘a tapered
cascade of several columns is used to reduce the hold;up
of the system and‘ﬁhus the time required for steady state.
Such an arrangement is particularly important for this
system because'the transport of isotope is low as a result of
the small a and the slow rate of exchange. Due ﬁo the physical
limitations of the laboratory, the. packed length of the columns
was limited to 250 cm. Six columns would provide total 1ength

of 15C0 c¢cm.
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A column 6. 4 cm i. d X 250 cm lon7 fllled wlth Heli Pak ]:,M,

3013 was elected for column 1 oL the cascade. The . area is

32}2 cm2 so that a liquid flow rate of 1.24 ml/cm - min of
214 DNBA gives a total flow of 40.0 ml/hin or an intersﬁage

'p of (hO ml/min) (211) (0.8 mole CO /hl) 64 m moles Co,.

This flo: rate is some 'hat greater than the optimum of 0.8

to 0.9 ml/cm - min, but the hizher flow rate in the initial

column increases the transport of isotope into the system and

consequcntly the rate of productlon of the 1sotope.
Fron materlal balance con51deratlons, the maximum

productlon PNp or the transport of carbon-13 is given by

i
o~

(a 1)(1 Np ) + PN, ]

H
l

Mp .- 1+ (a- 1)(1 N )

(8)
or'for the low coocentrations of carbonfiSAat the feed end of
the first column,-

PN = T Lf £ (a-1) (l-N ) ‘
(64) (o 0113) (0.01) (oO. 9887)
~ T.1 x 10 m moles 3C/'m:m
~ (7.1 x 10 3) (14&0) (13) 131 mo. 3C/aaj.
In the above equatlono, T = transport rate in m moles of
carbon-13, r = = flow in m moles of CO2 as carbamate and

o3 Q= 51ngle stage separatlon factor,'Nf = mole

fraction of carbon=-13 in the product; and P = m moles of

"earbon dioxide" withdrawn as product. A constant transport

of 7.1 x 10"3 m moles of 130/min as calculated above was used

-
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in determining the size and operating conditions for the

other five columns of the cascade. Because of fluctuations,

losses, etc., only a fraction of the above maximum transport
is usually withdfawh as product. - It is hoped that at about.

75 percent or 100 mz cf carbon-13 per day can ‘be withdrawn from

‘ethe svstem

One of cno advarua es of tre solvext carrier system

j"::Ls trat the concent;»t on of the active solute (DNBA) can oe

varled and thlS allcus 1ndependenu'cnan"es in the liquid

'e'flow rate and the 1nuerstave flow L Thus, adJustments for
~the dlametcrs of the columns’ used for the cascade can be made
oy chanvlno the flow rate of 2u DNBA or oy changln~ the con-
'“centratlon ot DVBA Tnls ‘makes - 1t p055101e to use some coluwns
- already aveiiable in the laboratory. Others can be made on t%e

- pasis of approximate calculations for constant transport.

The diameters of the six columns used for the cascade are

"given in Table VI. Columns 1 through leere packed with .

Heli-Pak 3013 and'the tﬁe smaller columns wvere packed with
Heli-Pak 3012. o

Prellmluarg eyperﬂnents on the operatlon of 1ndiv1dual
columns to near equll;orlum 1hdlcated tuat the HETP for the
6.4 cm column'at the relatively high flowlrate of 1.24 ml/cmz-min
of 2M DNBA would be abdout 2.3‘em. The'ebproximate values of
HETP for the other columns nhen operated to near their
GQUlllDPlum separations are 2.0 cm for coluna 2 and 1.5 cm
for columns 3, 4, 5 and 6. These values for EETP correspond

to the following nunters of theoretical plates for equiliorium



Table VI. Diameters of columns, flows and eStimated COncentration‘of»Cérbon-13,
based upon steady state operation in the tapered cascade of -six columns using

2M DNBA in TEA.

Each column is 250 cm long.

Column | Diameter | Cross section HETP Mole fraction Le F F
Number i.d. om? cm 13, m moles liquid flow | _ml
cm ‘ | maa ml/min eme-min
1 6.4 32.2 3.1 | 0.025 64.0 40.0 1.24
2 5.2 21.2 2.7 0.061 28.6 18.7 0.87
3 3.4 9.1 2.0 0.18 11.7 '7.3 0.81 -,
A 2.5 k.9 2.0 |  0.43 - 3.8 2.k : o'.49¥ N
1.5 | - 1.77 2.0| 0.73 1.5 . 0.95 0.54%
1.18 1.09 2.0| 0.9 0.61 0.38 0.37%*

* These flows can be increased, if neces
decreasing the DNBA concentration.

sary; for proper wetting of the packing by

v

A ~ -
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“for column 2 and 1.5 cm for oolumns'3, 4, 5 and 6. These

values for HETP correspono to the following numbers of

theoretlcal plateb for eouillbrium operatlon with no production:
column 1 = 109; column 2 = 125; and columns 3, 4, 5 and

6 = 167. This is a total of 902 instead of 1000 plates

.. calculated preViously. The cascade of six columns provides

902/672-= 1.34 times the minimum number of theoretlcal plateo

so that the values for HETP for productlon will be

‘(l 34) x (? 3) = 3. 1 cm for column 1; 2.7 em for column 2;

and 2.0 cm for columns 3, 4, 5 and 6 as summarlzed in Table V1.

An HETP of 3.1 cm for column 9. would result in

‘250/3.1 = 81 plates or an overall separatlon (S = «a ) of 2. 23.
"The mole fraction,Np of carbon-13 at the product end of this
“column would be Np = SRf//(l + SR ) = (2-23)(0 01142/11~023) =

0. 025 where R, for the feed material with mole fraction Nf

£

- of carbon 13 is R; = Nf (l-N ) = (0. 0113)/(0 9887) = 0. 011k .

As calculated preVlously, a total flow of 40 ml/hlp
(1.24 m cme—min) of 2M DNBA results in a'makimum transpoft of
7.1 X lO"3 m moles 130 per min or a maximum‘prOduction‘rate
. = T/'Np = 7.1 x'lo_%/6.90 = 7.9 x l0-3 m moles of "carbon
dioxide" per min at 90% carbon-13.

The product material from column 1 with mole fraction
0. 025 for carbon-13 enters the feed end of column 2. With an

HETP of 2.7 cm, there will be 93 plates in the 250 cm column and
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the separation in this coluhn will be 2.5. The total sep-
aration at the bottom of column 2 will then be (2.23)(2.5)'=

5.6 or a carbon-13 concentration of 0.061. In order to.

maintain a constant transport T of carbon-13, the flow Lf

.. required can be obtained as follows from a rearranged form

of Eq. 6: ) | _
' L A 4 (@-1)(1-N,)] - PN
| f‘~v-l(N ) (1)) (1)

(%)

i

(7 1 % 10 3)[1 4 (0.01)(0.975)] = (7.9 x 10*3)(0.0251
(0. 025)(0 75)(0-0;)

7.17 x 1073 - o. 197 x 10 =3 _ .6.97 x 10“3
o.47 x 107% | o.47 x 107%

= 28.6 m moles/min

Since one ml of 21 DNBA in TEA absorbs 1.6 m moles
of 002, a llquld flow rate of F = //1 6 = 28 é//l 6 =

18.7 ml/min.

' Phe diameter of columa 2 is 5.2 (area = 01.2 cm ) so that
the Tlow of 2M DNBA in ml/cmz-min'is 18.7/21.2 = 0.87. This
is near the optimum flow rate‘of oM DNBA in this column as .

determined in the preliminary experiments.

¢
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Similar calculations were made for the four remaining

) columns and th° results are summafized'in Table Vi, For .

optlmum ‘flow of O 8 to 0.9 wl/cnz-mln in column 4, it would

be desirable to use a »waller dlareter column but a column

2.5 ¢ecm i.d. was alr eaov available. f the 0.50 ml/min is

too low for proper nettlnv of the packing (Heli-Pak 3013) in

" column 4, th 'concentratlon of DNBA can be decrcased to 1 to

1. 5M DNBA with a correspondlnc increase in the flow rate to

_.glve the required interstage flow for constant transport T

.of carbon-13. Columns 5 and . 6 with the smaller 51ze packlnﬂt'“

(HeliFPak 3012) may ooerate properly at the 1ower flow rateo and
give*éven shorter values‘for HETL:' If they do not as w111 be

shown by the data fof the start up of the system, the con-

centrations of DNBA and the flow rates can ve changed.

.6, Schematic Arrangzement and Operation of the Cascade

" A flowsheet showing the general arrangement of each

section of the cascade is shown in Fig.l?)‘ " Each section con-

tains a saturator at the top; an exchange column; and a re-

boiler with a stripping section at the bottom. The dimensions

of each of these components of the‘section were chosen so that

. the system could be operated under a variety of conditions. These

sections were then intercoupled in such a manner that each of

them could be isolated from the rest of the system in the event



Fig. 3}3%. Flow diagram fdr a tapered caééade of six
" sections for the concentration of qgrbbh—13. A1l
éxchangeAcolumns afe 250 cm lonz and their diameters
‘are respecfively: (;) 6l4'cm, (2) 5.2 c@, -(3) 3,4 Em,A
:4(4) 2.5 cm, (5) '1;§»cm,' (6)- 1.18 em.  The first four
“cblumns are packed with Heli-Pak 3013 (O;OSO X 0.100 x |
0.100 in.) rectangular:spirals of stainless steel wire and
the last two columns are packed wi£h Heii—Pék 3012

(0.030 x 0.070 x 0.070 in).
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- of & breekdown. A typicallcoopiing of two sections;is shovin
in Fig. 14 o | |

The tap red design of the cascade of columns nec-
e351tates a prowre sive decrease in the amine flow rate
from section 1 through section 6 (see Taole VI). A solution
'of 2h DMBA in TZA 1is pumped at the predctermlned flow rate
from the b011er Bl into amﬁne saturato‘ (Flo. 13) where it
'reacts w1th a feed of natural CO2 to form amine carbamate
Excess CO2 from the saturator passes through the amine trap
—.and lo dlscarded as wvaste. The amlne carbamate solutlon
- flows into the exchange column and then to boiler By wherebiﬁ
is decomp0°ed completelj into amlne solution and carbon ;
dioxide. ' |

The wnole amount of carbon oioxide'is:then allowed 
to-enfer amine saturator 82 to form carbamate. Since the-
flow of amine is less, bart of this CO, is used and the rest is
returned to the bottom of column Cl. The carbamate that flows
through column 02 enters boiler B2 end is decomposed there
into amineuand 002. The amount of CO2 formed in B2'is fed to
the saturaﬁor S3 and excess is returned to the bottom of
column Cé. Similarly all the sections are interconnected.

The gas that leaves the top of each column is mixed with the

excess gas leaving the saturator of that column. Due to

-
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- stage éoupling for two sections of the:céscadeu Pl

“analysis are withdrawn at T
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Figure 14. Schematic diagrams showing a typical inter-
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this type of couplinb, the amount of gas that is enterlnv

4at the bottom of any column is equivalent to the amount

of gas that is leaving the b011er assoc1ated with that

column.

The advantaﬁe of the above type of intercoupling of

sections lies in the Tact that one does not need addltional

pumps to tranuport enrlcbed mauerlal in the forward directionu.
It is neces sary to balance the flow of °olvent vapors forward

and baclward direction by cooling the gases at the proper

places. Failure to Obtain solvent,balance'results in

changes of the DNBA conccntratlon. Gas chromatographic

.analyols was used to detect any cham'eu in concentration '

»that occurred so that oorrectlons could be made .

It was convenient to condense'the solvent . vapors in

the waste gases from section 1 and return the required amount

ol solvenﬁ to the system. “Instead, the gases from saturator

S1 and the exchange -column Cl were passed through a cooled

~amine trap to recover the solvent. The liquid level in

boiler B, was maintained at a predetermined mark with a therm-

1
istor controller as described in chapter two.



Operation of the six section cascade: As mentioned in our

last reporp,‘all the boilers were opened and the original-
stainless steel Pro-Pak packing was removed. The boilers then
cleaned with S%Asolution of HF'to remove a black deposit that
was formed during the prolonged operation. The strippingA
sections of the refluxers were repécked with Raschig rings
and glass”helicies. All the columns were fhoréughly cleaned
and dried. After connecting all of the columﬁs together,

the whole cascade system was tested for leaks by. evacuating
and observing the leak rate; and by pressurising with dry
nitrogen. It was decided to start the{cascéde by admitting .
the CO2 feed at column 1 only. Accordingly all columns wefe”
flooded with 2 M DNBA solution in TEA. The solution was theﬁ
drained slowly while pumping 2M solution of DNBA in TEA to
the saturators. When excess solution from all the columns

was removed and all of them were operating at their predeter-
mined flow rates, CO2 feed o column was started. After about
30 minutes when the carbamate started flowing from the bottom
of the column, the heater to the boiler 1 was turned on. The
.carbon dioxide thus produced in the béiler 1 was then fed to
the saturator 2. Wﬁén the carbamate started flowing from the
bottom of column 2, the heater to the béiler 2 was turned,
This proéedure was continued untii all the columns were
operating properly. At first the cascade operated very well
for 30 days bringing the concentration of carbon-13 in the

sixth column to 47.7 %. Then one of the Teflon connections



ﬂ~f—/é

‘betWeen colnmn.3 andAeolumn 4 deve1oped'a cfack thus»causing-.
theAceecade to return te normal concentration of carbon-13,
This:was repaired and the cascade was then operated without
'any breakdown for 141 days. During this period the overall
separétion in the sixth column reached to a value of 177
(66.9 %A13C). A typical.mass spectra of this sample is shown
in Fig. 15. Since the rate of build up was rather slow, it
was dec1ded to add one more section to the cascade, While

the work on this section was 1n progress, the operatlon of
the cascade was continued The seventh ,“r;f section was
lndependently tested, and then it was connected to the
section 6, The cascade was then operated for another 80 days.
thus bringing the total operation perlod.to eight months,
This added section did not improve the performance of the
cascade significantly. The cascade was then shut down, during
this operation it was obeerved that there was considerable

channeling in the first three sections of the cascade.



| Fig.15 A typical mass spectra of a car_bori-13'enrictied sampl_é;-.-r
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' III. EXPERIMENTS ON THE SINGLE STAGE SEPARATION FACTORS
'FOR CARBON-13 BETWEEN CARBON DIOXIDE AND AMINE
CARBAMATE., |

Madhav R. Ghate, (Late) T. I. Taylor, and C. H. Choi -

INTRODUCTION

Carbon dioxide reacts with primary and secondary amines in
non-aqueous solvents to form carbamates according to the

following reaction:

2R, NH + CO, R,NCOO f "H,NR, v (1):;
Equilibrium between carbon dioxide in the gase phaée with
carbamate in solution results in an increased concentration

of carbon-13 in the solution phase or alternatively an in-

crease of carbon-12 in the carbon dioxide of the gas phase:

13 12,000~ = 12 13600
CO, + R,N “°C00" = “°C0, + RyN ~~C00 (2)

The single stage separation factor (a) for the enrichment

of carbon-13 in the carbamate solution is given by

/a0y
13 ,,(n13)/(1-n13) (ny3)(1-Ny3)




'-ﬁhere N13 and ny3 refer to the'm6ie'fractions of carbon-13
in the exchangeable carbon of the species in the liquid (1)
and the gas phase (g) respectively. 'Simultaneously
equilibrium between carbon dioxide in the gas phase with the
carbamate in ‘the solution results in thé concentration of

oxygen-18 in the gas phase as follows:

¢ o, + rnc 0018 = ¢ 618 4 r e

160160-
The single stage separation factor (a) for the enrichment

of oxygen-18 is given by

(nyg)/(1-ng)  (ngg)(1-nyg)

%8 = , =
o (Nyg) (2-Nyg) (Ny8)(1-n1g)

Thus, a13 and a,g can be obtained from the same experiment

in which CO, 1is equilibrated with a carbamate solution.
: )

2
Previous measurements of the single'stage effects in-

dicated that « was too small for precise determination with

13
a single collector mass spectrometer. Although a,g was also
small, the average of a number of measurements by Gupta and

Taylor1 resulted in a value of 1.013 for CO2 equilibrated

1. A. R. Gupta and T. I. Taylor, Annual Progress Report
to U.S.A.E.C., Contract AT (30-1) 755, (1962), (1963).

with the carbamate of monoethanolamine in methanol. For
other amine-solvent combinations the value of 018 varied

from 1.010 to 1.013.

(%)

. (5)



A value for‘al3 wés‘caléulatéd frém the simultaneous
separations of the carbon and oxygen‘isofopes in exchange
columns. When Cog‘is refluxéd by reaction'of an amine
solution at the upper end;ofﬁan emdhange.coiumn; OXygen-18
is enriched and éarbon—13 is depleted.. At equilibrium and
total reflux the overall separations for oxygen-18 and

carbon-13 are given by:

S 1
S;g =98 ©OF 7518 = s hog

=3 8(0»18 "' 1) | . _ (6) A
s
and | 813 = al3
or Wtsl3 =5 &fdls
ad S(a13 - 1) v (7)

. . pi .
Since the number of plates s in the column are the same for 1

the isotopes‘

hSyg (a;g - 1)
MFSlS - (a13 - 1)
. S, ., ’
or (a,, - 1) = ————13—-(a - 1)
13 mSig 18
i S ‘ ) | t
= —33 (a9 - 1) (8) 1
nSg

i



Unfortunately the overall separation Si8 for oxygen-18
is reduced by formation and subséqdent recirculation of
small amounts of water and decomposition products with ex-
‘changeable oxygen. This effect is variable éo that the
most reliable values for a13 will be obtained from those
experiments in which 818//813 is the greatest. 1In one tybiéal
experiment Gupta and Taylor1 obtained a value of 1.009 for
a13. In addition to the fdrmation of water and decomposition
.'products,'uncertainties in the'wetting of packing and dynamic
hpld-up_of the column would influence the overall separatibn
and equilibrium. Thus it is rather impossible to obtain
- reliable and reproducible values of sebaration factors from
the exchange célumn_éxperiments. in order to overcome this
difficulty several single stage and multi stage equilibrations
were made to test the reproducibility and tﬁe reliabiiity ‘
of bothlthe procedures and the anaiysesiwith fhe mass

spectrometer.



EXPERIMENTAL

SINGLE STAGE EQUILIBRATIONSﬁ These equilibrations were.
carried out in two different equiiibration flasks. One of them
has a capacity of 1157 ml and the other has 325 ml. The use
of these two flasks permitted us to obtain a very high and
about equal ratio of carbamate i.e. carbon in 1iquid phase
and carbonldioxide il.e. éarbbn in gas phase. The flasks are
shown Schematically in Fig. 1 and Fig. 2. ABeforé'sﬁarting
-the equilibration flask was thoroughiy dried and weighed o
with and withouf air. Then a predétefminéd volume of amine
solution was boured into the flask. The solution was
f;ozen with liquid nitrogen and_the flask was'évacuated.
.After obtaining sufficiently high vécuum; the flask was
isolated from the pdmp and the solution was warmed up to
release the trapped air.- Again the solution was frozen
with liquid nitrogen and the flask was évacuated. This
procedure of'degassing the solution was continued'until all
the trapped air was removed from the amine solution. Then
the flask was carefully weighed to obtain the weight of the
amine solution. After this 1t was again connected to thé
vacuum line to pump out air between the stbpcodk on the
flask and the vacuum line. The flask was isolated from the
pump and was connected to the 002 line. The flow of CO2

was so adjusted that a small quantity of it was drawn into
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the flask. Intermittentlyfthe flask:wes shaken to

facilitate the reaction. When the breesure'inside the.
flask reached 1 atm the stopcock on the flask was closed

The flask was again welghed to obtain the weight of total

CO2 added to the flask. Knowing the-temperature, volume

of the solution and the v.p. of amine, the amount of CO2

in the gas phase and in the liquild phase was calculated; The
flask was rotated for about 72 houfs before any sample ﬁas
removed from the'system. After a predetermined tihe, the
flask was connected to the vacuum line and the air between
the stopcock on the flask ahd the vacuumAline was pumped |
out. Then the'flask was connected to the pre-evacuated semple
" bulb. The stopcock on the flask was opened very slowly to
allow the gas to enter into the sample bulb through the dry
lce trap and over P205. The dry ice trap and PQOS prevented
any amine vapors to enter intoﬂthe gas sample. When the
pressure inside the sample bulb reached about 70 cm Hg,‘
stopcocks on‘the sample bulh and the flask were closed.

| Similarly, gas samples from the liquid phase were collected
by reacting a small amount of liquid with 6M H3P04 in a Y-tube.
The gas samples thus collected were analyzed on the double

collector Nier-~type mass spectrometer.

MULTISTAGE EQUILIBRATION SYSTEM: It is essentially five
horizontally arranged cells with magnetic stirrers for
mixing gas and liquid phases. It is schematically shown in

Fig. 3. Eachcell is ~ 250 ml large and these cells are inter-



-
TO TRAP

COEXIT
. ? :
7,

g —..-.
)\ Wzinvviyery

NOOlfﬂfc

\WAVAY

==

STAGE NO.

e
dvY¥Yl OL «—

SEPTUM

REFLUX

D

- )

o

db

— By

oW

-

YY)

W

pe z %
D -

q

. 0

~ .

LEVEL
CONTROLLER

-



__.To
VACUUM
SYSTEM




connected for counter flow of liquid and gas with low
possibility of mixing between the cells. It also has
saturator, refluxer, pump and liquid level controller

similar toAthat in the case of an'exchange columh.

PROCEDURE FOR A RUN: Before starting the run, amine
solution was pumped into the cell 5, and was allowed to
flow from cell 5 to cell 4, and so on until it started flow-
ing into the refluxer. Then the flowrate was adjusted to
the predetermined value and 002 flow.was started into the
saturator. After about 15 minutes the boiler heater was
turned on. The change in the isotopic compositioh in each
- of the celis was followed by withdrawing small gas samples
thfough the septum by_means of é hypodermic syringe.' This
entire gas sample was allowed td pass through a dry ice
trap ahd over P205 into the pre-évacuated sample bulb. The

érrangément for collécting these samples is shown in Fig; y,
N



NITERS

RESULTS AND DISCUSSION

Precise determination of the single stage separation
factor (a) is important not only for the operation and evalu-
-ation of the present exchange system but also for comparison
of different amine-solvent systems. Several single stage
equilibrations were made to test reproducibility and re-
liability of both the procedures and the analyses wifh the
mass spectrometer. In order to account for the day to day
varlations in the mass spectrometer characterlstlcs, a

"standard CO." sample was analyzed before and after each

2.
sample. This “standard CO2" was prepared by isotopic
dilution method, and its isotopic composition was about

1.01 times that of normal carbon‘dioxide. In the pre-~
'liminary experiments séveral measurements were done. The
value of single stage separation factor (a) for 2M DNBA

in TEA wasl1.0060 + 0.0012 (S.Dx); In the initial measure-
ments’ the spread of the results was rather wide ranging,
from 1.0645 to 1.0092. This was reduced byAusing a more
sensitive recorder, thus increasing'the measurement accuracy.
A total of 168 measurements were done on four different
amine-solvent systems. The results of these measurements

are summarized in Table 1. It can be seen from these results

that the value of 1.0056 #+ 0.0014% (S. D.) for o is obtained.
The spread of results is from 1.0048 to-1.0063, which is



e :; :¢:=liff#?<, L -

quite to the expectation. Attempts Will be made in future
studies to improve experimental techniques to confirm this

value.

MULTI STAGE EQUILIBRATION SYSTEM: Sinée a lot more infor-
mation is avallable through column experiments on methanol
as solvént, it was decided to study monoethanol amine car-
bamate in'methahol-carbon dioxide exchange system in this
set up. 'In one run'with 2M MEA in methanol, changé‘in
isotopic‘c;mposition was measured as variéué‘flow rates
ranging from 4 ml/min to 0.5 ml/min. This is shoﬁn in
Fig. 5. Although the curves show that the system was not
quite,at equilibrium; the overall separation values relative
to the tank carbon dioxide used fofmthe feed were: -

stage 1, Sl'é 1.00515 stage 3, 83 =‘l.01#4; stage 5,

S. = 1.0238; and for the reflux system,~Sr = 1.0282. In order

5

to calculate single stage separation factor (a) material
balance calculations were carried out for carbon-13, and'the

following relation was obtailned:

wzs3 -th 3, = (a - 1)(s3 - sl) where S,, S

represent the overall separation in cell 1 and cell 3

3

and Sl and 83

relation a value of (a - 1) = 0.0046 for stages (s5 - S;)

represent the cell number. Using the above

was obtained. Similar calculations gave (a - 1) = 0.0046

-
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for (S5 - S3),.(S5 -'Sl), and for the §verall}separation

from feed to reflux. The value for (a -Al) is fairly in
agreement with (a - 1) = 0.0056 obtained from the single

stage equilibration studies, oniy if the following assumptions
apply: the system was at complete equilibrium, stage
efficiency was 100%, there was no mixing betﬁeen the cells,
there were no leaks and no loss beexchangeable carbon from
the refluxer. Improvements ére being made to imprgve the
stirring and refluxing in an effort to obtain higher
efficiency and reproduceable results for the relative

values of (a - 1) for different amine solvent systems.



Table 1. Single stage separation factor (a) values

obtained from single stage equilibration‘

Systemf o m/M | | _ a3

1M DNBA in TEA 1.01 o 1.0048 £ 0.0014
1M DNBA in e
Methanol 0.75 ' 1.0054 *= 0.0016

2M DNBA in TEA ‘ 1.01 ‘ 1.0061 + O;OQll

2M MEA in : : o
Methanol o 1.01 1.0063 * 0.0010

Average 1.0056 + 0.0014



NO-HNO, Exchange System for Production of

' *
Nitrogen-14 Highly Depleted of Nitrogen-15.

+

MADHAV R. GHATE AND T. I. TAYLOR
Chemistry Department
Columbia University
New York, N. Y. 10027
~ Summary

~ The isotopic exéhapge reaction between NO and HNO3 was

used to prepare’ nitrogen-lh highly depleted hitrogen-lS.. This
Lrequired an efficient reflux system of low hold-up to qonvért
oxlides of nitfogén to nitric acid by'réagtidn wiyb_oxygéh and
water. A study of the characteriétics of the one constructed
showed that less than 1 part in 32,000 of the nitric acid was
lost from the refluxer as oxides of nitrogen. Nitrogen-14 with
an atom fraction of less than 0.00004 of nitrogéh-lS was pre-
pared at the rate of 46.0g/day. The appliéation of the

refluxer to a system for produéing nitrogen-15 1s discussed.

+Deceased (July 1973)

¥ This investigation was supported in part by a grant from the
U. S. Atomic Energy Commission.



INTRODUCTION

Nitrdgen-l4 highly-depletéd of nitrogen-15 has several
applications in nuclear physics,.chem;cal and industrial
research (1-3). A relatively'pure nitrogen-14 could be preéared
by a chemical exchange method, that has been successfully used
to concentrate nitrogén—ls having isotopic concentration over
| 99.5%. The ¢hemica1 exchange method involves the exchange reactions
betweeﬁ'nitric acid and nitric oxide. The major reactions are

as follows: (4-7)

Exchange ‘ S , _ , ‘
15N0.+’H1,4No3 = o + 1'2Nog | C(1)
S ‘ - . ' 0=1.055 =~
Product reflux
“,3$02:+ 2HNOg + 2H,0 :_332804 + 2NO - :.- ~(2)
302 + 2HNOg = HyS0, + 2NO, :‘ - (3)
Waste reflux - . '
2NO + 0, = 2NO, o | | | ()
3NO, + H,0 = egNo3 + NO . - (5)

" As seen from the abbve reactions,»in ﬁhe preparaéion of nitroéen-lS
reactions (1) through.(3) afe of prime importaﬁée, while (4)

and (5) of secondary. Since'nitrogéh—lh gets concentrated in '

the gas phase, contrary to earlier case reactions (1), (3) and:

(4) are of great importance. In the presént investigatioh

attempfs are made to develop refluxers to obtain quantitative
conversion of oxides of nitrogenAto nitric acid and obtain

nitrogen-14 isotope highly depleted of nitrogen-15 isotope:

1



)
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‘Figure 1. Exchange system with a short column to. test
designs for the_upper'réfluxer.
) )
. b ‘1
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'Figufe 2. Details of the design of the  upper refluxer
for converting oxides of nitrogen to nitrogeﬁ to

nitric acid.



EXCESS O
oS 2

“ éo cm.

LIQUID \
| PRonuctg '

TO COLUMN



packed¢column‘with excess of oxygen and no otner inert gas, a
A_part of the nitric oxide may also be OYidised in the solutlon
‘phase. Although the absorption of NO2 and N 04 in water to
'form nitric acid has been investigated extensively (lO 15),
but there is no general agreement on the details of the
mechanism'of the reaction. However, it is significantly
influenced»by the concentration~of nitric acid and the com-‘
position”of'the éas.phase. In the present case situation'it is
" more complicated due to the concentration gradient present along
~«the refluxer. For the preparation of either nitrogen~l5 or
nitrogen—lh exchange system is to be operated at lOM HNO3 con-
centratlon. In order to obtain this concentration of HNO3 |
,é_precalculated water was supplied from the top of the refluxer.A-
:For approximately lOM HNO3 whlch is: 1n equillbrlum with the
 oxides of nitrogen, the mole fractions of the gas phase com-
ponents are: 0.81 NO; 0;083 NO,; 0.051 N204; 0.041 N203 and
0.15.H20.(16,17). Using these values,'for a flow of 10 ml
HNOB/hin of 10M HNO3 corresponding to 1OOAm moles Nitrogen/hin,
the floﬁ of each species in m:moles/min is NO=T75.2; N02;7.7;
AN204=4.75§ and N203=3¢8. By oombining the reactions proposed by
~Verhoek and Daniels'(lS) with;those in literature (19,20), the

overall reactions.and the oxygen requirement can be calculated.

The following‘are the reactions:

i

2N0, = 3204 | ' | (7
NO + NO, = N0, : 3 A (8)
NO + 3/4 O, + 1/2 H,0 = HNO, (9)
NO, + 1/4 0, + 1/2 H2) = HNO3 | (10)



()
(12)

Né04'+'1/2AOé + HeoxzizHNosx
203 + 0 + H20 2HNO3
The oxygen requirement thus caloolated'turns_out to be 64.5 .
m moles/min for a flow of 10 ml HNOB/min. The water
requirement for the refluxer to form nitric acid is 50 m mol/min,
plus the amoant that is required to make 10 ml/min of
- and its

10 M HNO,. Since 10 M HNO, is 48.6% by weight HNO

3" 3~ 3
‘density is 1.259g/cc at 25°C, 6.6g of water will be needed.

Exchange System for Nitrogen-1l. After preliminary experiments -
had shown that the product refluxer operated satisfactorily;

sufficient data was'obtaihed with'a 157 cm long X 2 é cm i d.

“*;column to de51gn an exchange system to obtain relatively pure

nitrogen—14 In thls column the steady state overall separation
of 9.4 was attained in about 13 -14 hours. Using a value of
1.055 for the single stage separataon factor (a);‘H.E.T,P.
of 3.8 was obtained this va;ue was in approximate agreement
with the values ootained by Taylor and Spindel (5) for the
concentration of nitrogen-lS ﬁue to greater values of overall
separations and the uncertalnty about the hold -up in the
product refluxer, it was not possible to estlmate the rate of
~ approach to oteady state using equatlons proposed by Cohen (21).
However, it vas evident from the relatively short time required
"to attain steady state overall separation, that the hold-up
in the product refluxzer would'hot in'any way affect the
operation of the larger system.

- A reduction of the nitrogen-15 content of normal

nitrogen by a factor of 100 was consldered adequate for most



 i lof the applicatlons of Nitrogen 14. The minimcm numcer of j»
.'theoretical plates required for this separation 1s 86, as
calculated from the relation n = log S/log a, a = 1,055,
Using the value of 3.8 cm for H.E.T.P. as measured earlier by
Ghate and Taylor (22), the minimum length -of the packed column
would be 327 cm. 'Usually, for production, one provldes 1.5 to
2 times the minimum number of theoretical plates so that an
exchange column of 500 to 650 cm long would be suitable.
Since about.lOO g of Nltrogen-14 depleted of Nitrogen-~15
was desired, the size of the exchange system to obtain this
quantity in a reaeonable time was arrived at'as follcws:‘ |
The maximum m mole HNOB/hin of producﬁ.P with amole.fraction
. Np;of Nitrogen-14 that can be:withdrawh for a glven interstage
flow,.L, in m mole HNOS/min is (5) -

_LXo (1-No)(a-1) N ] ': ;~ 1 N (13)

N [l+(a—1)(l No)]-No

The mole fraction (l-No) of-nitrogen-lS in the feed material is.
0.00365 so that No is 0.99635, and since fhe desifed concen-

" tration of nitrogen-15 in the product 1s 0.0000365, the mole
fracticn'Np of nitrogen-14 is Of9999635. For a=l.055 end
interstage flow L =_lOO m mole/min, the maximum withdrawal rate

P is calculated to be 5)24 m mole HNOé/min or 106 g/day of
'nitrogen at the specified concentration. This would.correspond to
the maximum P/L ratio 70.052. This meximum withdrawal rate applies
only to a column with an infinite number of stages. In order

to acccunt for the losses and fluctuatiods, the préctical

withdrawal rate is usually 30 to 40% lower than the minimum.



Figure 3. Exchange system for the pteparation‘of

‘nitrogen-14 highly depleted of nitrogen-15.
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Figure 4. Details of product withdrawal system.
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;That is, it should be possible to- withdraw 64 g of nltrogen
.per day at an overall separation of about lOO

Based on the above estimates, the exchange system
shown diagrammatically in Fig. 3 was constructed. Because of
the limited height of the room, it was necessary to make the
exchange .column in two sections. The two sections I and II
were intercoupled through a bellows pump-(PB). Both these
sections provided a total of 525 cm of packed‘length,-packed
with HeliPak 3013. The product reflexer (B) at the top of
-column II is supplied with a precalculated amount of oxygen

and water to obtain 10 M HNO. at the rate of 10 ml/min.

3
At the bottom of this refluxer productawithdrawal‘system was
-connected, details of which are shown in Pig. Yy, To wlth- q
’ Adraw the 11quid product (HNO ) at the des1red rate, a solen01d
- valve (M) was connected to the cycle timer ‘which controlled
'the percentage of time the valve was open. The liquid product
"is than passed counter currently W1th the small stream of
oxygen over a sectlon packedmwlth glass helicies. In this
manner disSolved}oxides of nltrogen were oxidised and a

clear product was obtained.

Start up procedure. Before starting operation of the
exchange‘system,.columns were flooded-with lO'MAHNO3 to
 ensure proper wetting of the:packing. Then columns were
drained slowly with a flow of 10 ml 10 M HNO3/min to column
IIT and 7.5 ml H20/min to the product refluxer. When the
columns were free from excess liquid, SO2 was passed through
the bottom refluxer (A) to generate oxides of nitrogen

according to reactions (2)'and (3). These oxides then rise:

L e p, am—— P ——— O



; pdﬁnter cufrenﬁly"throﬁgh coluﬁns'IiI, i and'II,'éhd finaily
enter into the‘produétfﬁefiuXer ﬁherevthey are mixed with
oxygen and absorbed into watef to producé hitric‘acid.
The progress of the separation wasvfollowed by
isotopic analyées of gas and liQuid sampleslwithdrawn from
the top of column II, Fig 3. Since direct introduction of
oxlides of nitrogen into the mass-spectrometer is unsatisfactory
‘because of their‘reaction, decomposition and adsorption in the
ion source (23-25), it was necessary.to convert them to nitrogen
(26). The con&ersion té nitrdgen was accoﬁplished.by passing
the oxides of nitrogen through Cu/Cu0 furnacé maintained at
750°C (5). In'the case of liqﬁid samples,Athe nitric acid

‘.was flrst converted to nltrlc oxide by reaction with Hg and .
| Hé804 (27) and then it was converted to nitrogen as described
above. | | : |

| The isofopic analyses of the hitrogen samples were made

. with a single collector Nier-type mass spectrometer (28).

~

RESULTS AND DISCUSSION

“.."The progress of overall separation with time is shown
in Fig. 5. After abouf 49 hours of qpération under total
reflux fherverall separation of 192 was obtained. A typical
spectra of nitrogen-14 highly depleted of nitrogen-15 is given
in Fig. 6. 1In calculating the ratio of mass 28 to mass 29,
a lot of difficulty was encpuntered due to uncertainty in the
contribution of mass 29 Background. However, attempts were
made to estimate the mass'29 backgroﬁnd contribution using gases

other than nitrogen, but the results were not consistent. 'Using

|
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Figure 5. Overall separation, S, as a function of time.
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- Figure 6. 'Masé spectrometer record showing the mass 29

~peak in the product relative to that in tank nitrogen.
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the approximate value of 2 5 divisions as the contribution of
'mass 29 background to the peak at mass 29 in the sample ratio
Rp 24 800 of mass 28 to mass 29 was obtained. The average
value of the similar ratio R for tank nitrogen with the
particular settings of the ion source controls was 142. The

overall separation is then S = 24,800/142 = 174.6. Since

N.

' ~ R o} No_
s e—2— - o ()
Where'Np = atom fraction of luN in product and

N, = atom fraction of_luN‘in feed. Using the value of

0.99635 for No one obtains a value of 0.999979‘qu Np when
= 174.6. a o |

Effect of Product Withdrawal Rate:" The exchange system was.

. operated for about 96 hours and_then the product was withdrawn

at several different rates to determine the effect on the concentra-.

tion of nitrogen-15 in the product. AFigure 7 shows the change

in the concentration of nitrogen-15 while the product was withdrawn
at different rates. It is apparent from the plot that even

 the highest witharawal rate has little o" no effect on the
..concentration of nitrogen 15 in the product However, a more'
sensitive measurs cof the effe0t of product withdrawal rate is’
obtained froﬁ the vaiues of pverall separations. Table 1
summarizes the results on this basis,. In Fig. 8 overall separation
S is plotted as a function of P/L, that is, the fraction of the
interstate flow that is drawn off as a product. At a value of

0.023 for P/L, which corresponds to 2.3 m mole HNO3 pef min.

or 46.0g nitrogen per day, the overall separation was reduced

b BT RET
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Figure 7.. Atom fraction of nitrogen-15 during the
operation of the éystem. P indicates the periods

during which product was withdrawn.
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Figure ®. Overall separation as a function of the

fraction of the interstage flow drauwn off as product.
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R

to 100,4Which reduéed the‘hitréged—i5'conéentfation by . a faétér
of IOO.from its'naturaifabundance. The rate of &6.0 g/day

éf which the pfoducﬁ was ﬁithdrawn was aﬁout 19% less tﬁah

tﬁe 64.0 g/day arrived at in the desigh calculations. This
indicates that the exchangé column 2 t6~2.5 times longer

than thé'minimum length would probably have improved the

agreement.

\
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Effect of product withdrawal rate

on overall separation

Rate R S Atom frac-
- : P tion
m mol HNO3 g Nitrogen P Mass 28 R 15
| T Mass 29 b N
. day - : -
- min. Ro
o 0 0 27,300 192 '0.000019
1.38 27.8 © 0.0138 21,300 150 0.000024
2.40 48.4 0.0240 13,700 96 0.000038
3.65 73.6 0.0365 10,800 76 0.000048

3
v




"Performance of the Product Refluxer. .':A:decrease in the
'production rate could result from the loss of oxides of
nitrogen from the top of.the refluxer. The extent of loss was
measured by allowing the gases that ieave the.broddCt refluxer
to pass through 230 ml of water in a 250 ml graduated cylinder.'
After 10 to 40 honrs, the solutions were titrated with
standardized sodium hydroxide using chlorophenol red indicator.
The ratio_of losses to the interetage flow during the collection
time was in the range of 1 part in 2,900 to 1'part in 33,000.
This would be.equivalent to a P/L'ratio of 0.00034.to O;OOOO3
~ compared to a ratio of 0.0365 for the maximum product Witndrawal.
These observations indicate that the refluXer was Quite | |
efficient in convertlng the ox1des of nitrogen into nitrlc acid.
Another indlcatlon of the rellable operatlon of. the
refluxer was the constancy of the concentration of the nitric
“acid produced.. As shown in Tablele, the concentrations of
various samples were in the range of 10.1 M to 10.8 M with an
average of 10.45 M. This is_slightiy higner‘than 10.0 M
becaose it includes the dissolved oxides of nitrogen withdrawn
| with nitric acid and oxidized by oxygen in the product

withdrawal system. .



S

-~ TABLE 2

Concentration of nitric‘acid'produced by product

refluxef
during initiél part of the experiment. |
Product | Volume M Product | Volume M
Number ml. moles/1 | Number ml. moles/1
1 - 25.0 10.10 8 50.0 10.22
2 29.0 10.22 9 40,0 | 10.80
3 31.0 10.22 |- 10 44 .8 10.80
4 | 36.0 | 10.50 11 15.0 10.80
5 - 31.0 | 10.80 12. 36.0 10.10
6. 35.0 | 10.80 13 37.0 10.10
7 23.5 10.80 C 1y 47.0 10.80 |
ave. - | 10.50£0.3
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The faté-of pfoductipn df nitfic;acid by this reflﬁxér

| is 281 molés.HNO3 per day per liter'pf‘Qolume. This is
sigdificantly greater than the 32 moleé'HNO3 pef day per liter
of volume produced'in commercial 60 ton/day high pressure nitric
acid plants using air for oxidation (1#). However, per unit
cross sectional area, the refluxer used here produced only 17
moles HNO3/day-cm2 compared to‘42 molés HNOS/Hay-cm2 for the
commercial planfs. Apparéntly the use of oxygeh in the
arfangement used as in the preseht work results in‘a much

greater rate of oxidatioh'ahd absorption of the oxides of

nitrogen to form nitric acid.

- APPLICATION TO PRODUCTION OF NITROGEN-15

The produét refluxer discussedAin the previoué section
has an important use in the production of nitrogén-ls. Aé an
ekample of the use of the refluxer fqr pfeparing 1l g per day of 99%
nitrogenFIB is illustrated in Fig. 9. The minimum interstage
flow rate L at thé feed point where the atom fraction of.,

nitrogen-15 is 0.00365, as calculated by equation 13 is 243

“<m mol/min. This is usually increased by 20 to 40% to take care

of IOSSés, fluctuations, etc., so that a flow of about 300
Amlmol/min would be used. PreVious experience of Taylor and
Spindel (5) and the present work show that H.E.T.P. values of
about 4.0 cm can be obtained with HellPak 3013 at flow rates

as high as 3.0 ml/min-cm?. On this basis the diameter and length
of the first enriching column should be 3.5 em and 550 cm
respectively. The second enrichihg column which receives

about 4% of the flow in the first column, is'filled with



Figure 9. System for thé'production of lg/day of 99%
nitrogen-15 uéing a waste refluxer for recovery of 70%

of the nitrogen-15 in the nitric acid.
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HeliPak 3012 and eberates at about 1 ml/min-cm?, so that its
diameter should be'l.éﬁdm with a lengfh of about 600 cm.
The lengths indicated would provide 1.8 times the minimum
number of etages fequired to produce 99% nitrogen-15.
| Similarly the diameter of the stripping section should be the
- same as the fifst enriching column since it has the same inter-
stage flow. If it is desired to recover about 70% of the
nitrogen-15 ffom the nitric acid, the atom fraetion in the
waste»would be 0.0012, so that the stripping column should
operate at an overall separation of'3.l for nitrogen-l4.' With
a= 1.055 the minimum'number.of stages wouldebe 21.0 and for
. the production twice of this should be provided. Using a
| value of 4.0 cm for H.E. T P, the length of the stripplng ‘
section should be  200.0 cm. | |
To convert the oxides of nitrogen to 10.0 M nitric acid
f the size of the fefluxer can be calculatedrby using a |
'proportional scaling factor. Since ouf'preseht“refluxer operated
satisfactorily for the rate of 100 mg atom nitrogen/min, for the
feed of 300 mg.atom nitrogen/hih the diametef of the‘
refluxer would be‘abqut 5.8 Em i.d. and the total length of
-~ about 100-120 cm. The flows of water and oxygen would be
22.7 ml/min and 4.73 liters/min respectively. The heat
generated would be about 9.47 kcal/mie. Adeqﬁete coo;ing should
be provided. S ; _
The rate of withdrawal W of waste nitric acid and the
feed flow F can be arrived at by material balance calculations
for nitric acid P=F - W, end a material balance on nitrogen-15,

PNp = FNO‘- WNW where Np = 0.99, No = 0.00365, and Nw = 0,0012.:

o 12s



13.

.'Solviné fpf F and V one obtains F =l18.87 m mdl HNO3/min‘and;
W = 18.82 m mol HNOs/hin, i.e;;1.88 ml ;O M HNO3/min. Thus -
the feed and waste flows of nitric acid are essentially the
same. This value of 1.88 mlvlo M HNOs/hin required when no
stripping section énd the fefluxef to converf‘oxides of nitrogen
to nitric acid are used. Sugh an arrangemént vould mean

the requirement of 2.7 liters of HNO3 per day as against

43.2 liters/day otherwise. Previous experience shows that use
of the stripping‘section does not add ény complications to

the system. The savings-in constructional costs since the
nitric acid 1is produced at the étmospheric pressure, and -

the usage of niltric écid partially compénsates for the

coét of oxygen used. 'In additibn, the removal of oxides of

nitrogen from the waste gases would reduce poliution problems.
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