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Abstract:

Chemical exchange between gaseous BF3 and the liquid BF3 «dimethyl ether complex is currently used
commercially for the fractionation of boron isotopes. Several compounds never before studied as
donors in the isotope exchange reaction were examined to determine if they were viable replacements
for the currently used dimethyl ether system. The evaluation of these materials as potential donors was
based on experimental studies and modelling and analysis of large scale fractionation cascades.

For the first time, ketones were studied as donors in the boron isotope exchange reaction. The ketones
examined were: acetone, methyl isobutyl ketone (HIBK), and diisobutyl ketone (DIBK). The ideal
single stage separation factor, a, for these ketones was between a = 1.038 and o = 1.043 at 30°C. The
observed separation factor for a fourth donor system, nitromethane, was a = 1.067 at 30°, well above
that predicted by theory or observed for any known BF3/donor system. For each of the systems studied,
the separation factors were greater than the value of o = 1.027 reported for the dimethyl ether/BF3
system at 30°C. In view of the experimentally observed separation factors, these donor systems are
potential replacements for dimethyl ether in large scale boron isotope fractionation schemes.

Modelling and analysis of large scale fractionation cascades based on the values of a experimentally
observed for the different donors indicated plant size could be greatly reduced using these donors rather
than dimethyl ether. Ideal, constant recycle, and squared off cascade configurations utilizing counter
current flow were examined. The two section squared off cascade reduced the ideal number of stages
by 8% to 11% and required 13% more total interstage flow than the ideal cascade. Stripping in the
various cascades was estimated to account for as much as 30% of total cascade size. The ideal cascade
was shown to be the most energy efficient of the recycle cascade configurations studied. These results
indicate the directions cascade design must take if maximally efficient large scale facilities are to be
built and operated.
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ABSTRACT

Chemical -exchange between gaseous BF; and the liquid BF;+dimethyl
ether complex is currently used commercially for the fractionation of
boron isotopes. Several compounds never before studied as donors in the
isotope exchange reaction were examined to-determine if they were viable
replacements for the currently used dimethyl ether system. The evaluation
of these materials as potential donors was based on experimental studies
and modelling and analysis of.large scale fractionation cascades.

For the first time, ketones were studied as donors in the boron
isotope exchange reaction. The ketones examined were: acetone, methyl
isobutyl ketone (MIBK), and diisobutyl ketone (DIBK). The ‘ideal single
stage separation factor, a, for these ketones was between a = 1.038 and
a = 1.043 at 30°C. The observed separation factor for a-fourth donor
system, nitromethane, was a = 1.067 at 30°, well above that predicted by

theory or observed for any known BF;/donor system. For each of the systems:

studied, the separation factors were greater than the value of a = 1.027
reported for the dimethyl ether/BF, system at 30°C. In view of the
experimentally observed separation factors, these donor systems are
potential replacements for dimethyl ether in large scale boron isotope
fractionation schemes. : _

Modelling and analysis of large scale fractionation cascades based
on the values of a  experimentally observed for the different donors
indicated plant size could be greatly reduced using these donors rather
than dimethyl ether. Ideal, constant recycle, and squared off cascade
configurations utilizing counter current flow were examined. The two
section squared off cascade reduced the ideal number of stages by 8% to
11% and required 13% more total interstage flow than the ideal cascade.
Stripping in the various cascades was estimated to account for as much as
30% of total cascade size. The ideal cascade was shown to be the most
energy efficient of the recycle cascade configurations studied. These
results indicate the directions cascade design must take if maximally
efficient large scale facilities are to be built and operated.

-




INTRODUCTION

Naturally occurring boron is comprised of two isotopic forms. The
mass 10 isotope, 108, has a relative abundance of 19.8 atom % while the
remainder or 80.2% consists of the mass 11 isogope, -

o .

The impetus for the isotoepic fractionation of boron arises primarily
" from a contrasting‘difference in_thegmal neutron capture cross sections.
Boron-10 has a thermal neﬁtron capture cross section of 3837 barnes, while
that of !B is only 0.005 barnes. As a.composite of the two isotopes,
naturally occurring boron has a thefmal neutron capture cross section of
approximately 750 barnes. . Subsequently, 10 is roughly 5 times more
effective than naturally occurring boron, 20 times more effective than
lead, and nearly 500 times more effective ﬁhan concrefe as a neutron
shielding material. It is precisely this propensity for thermal neutron
capfure which makes 1°B‘enrich'ed materials a useful commodity.

The nuclear related industries are the predominant consumers of °B.
Enriched boron-10 compounds are used for standby liquid control systems in
boiling water reactors. Breeder reactors use mé enriched carbide for
control rods. Boron-10 enriched boric acid is used as a chemical shim for
react;vity control in pressurized water reactors. Boron-10 enriched
alloys are used for criticality control in nuclear fuel casks, as
construction material in storage racks, and as neutron shielding arounq
reactors. It is also used in instrumentation for both neutrqn density and
dosage. Medical research with °B enriched compounds has indicated a

promising method for the non-surgical removal of malignant brain tumors.
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The goals of this'study included examination of several isotope
exchange systems which have not begn previously reported in the
literature. The second objective was to examine modelliné and analysis of
a production scale counter current Eascade procesé for boron isotope

separation by gas-liquid isotope exchange.

Historical Bacquound

The quest for a suitable method for the large scale separation of

boron isotopes began in 1943. At that time, the U.S. War Department, as a

result of the war effort, requested 50 kg of crystalline boron contaihing

not less than 90% °B. Accordingly, research was initiated at Columbia

University, under a classified program of the Manhattan Project, to

develop a suitable scheme for the separatioﬂ.of'boron isotopes. Six

T

different separation schemes were investigated during the initial stages

of the project. These were: (1) thermal diffusion of BF;; (2) distillation,

of BF;; (3) distillation of methyl‘bbrAte, (CH30)3B; (4) steam distillation
of boric acid, H3BO;; (5) isotope exchange betweén dimethyl ether-BF;,
complex, (CH3) ;0°BF;, and BF,; and-(6) isotope exchange between ethyl
borate-BF; complex, (C,Hs0);B+2BF; and BF; gas.

The "distillation™ of dimethyl ether-BF; complex was sélected as the
most -efficient method of';eparation,-primarily aue to a lower gate of
irreversible chemical decomposit;on. As a result of this work, Standard

0il ‘Company (Indiana) designed and operated the first large scale boron

'isotope fractionating facility. The initial order from the War Department

was filled in May 1945. That plant was subsequently dismantled in 1948.

A second, larger facility was constructed "and operated by Hooker




3

Electrochemical Corp. from 1953 to 1958 at Model City, New York. That
plant successfully produced several hundred kilograms of 90-95% 1B metal
utilizing the "distillation" of dimethyl ether-BF; complex. A complete
account of the above ventures is available in the ;pen literature (1-3).

It is intereéting to note that the rapidity with which a suitable
method for the large scale‘separati;n of boron isotopes waé establishedlis
indicative that many potential methods were no£ investigated.

In 1977, Eagle~Pitcher Industries reconstructed and began operation
of the Model City plant at Quapaw, Oklahoma. This facility relies on the
same gas-liquid partitioning process as its predecessors, e.g. isotope
exchange between dimethyl et‘:her‘—BF3 complex and BF,; gas to fractionéte thg
isotopeg of boron. To increase‘capacity,'two new separation cascades were
designed and added to the plant. These cascades are identical, each
consisting of two packed columns in series. The first column is 50.8 cm
iDp with.a packed height of 42 meters, while the second is 30.5 cm ID with
27.4 meters of packing. ‘The operating pressure throughout the system is
27 kPa (200 torr) with boilué at 9é°c. Foufteen days are required from
startup for the process to reaéh steady state operation. The capacity of
this plaﬁt is reported to be in excess of two metric tons/year of boron
metal enriched to 95% °B with production costs-of $5 to $15 per gram of
10, depending on the degree of enrichment [4,36].

Problems associated. with the process used at the Quapaw plant
include irreversible decomposition of the dimethyl ether-BF; complex to
form undesired reaction products. Furthermore, quantitative recovery of
Bfa from the complex is difficult. The equilibrium constant for the

(CH:,)ZO'-BF3 exchange system is Keq = 1.027. Ideally, the single stage
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separation factor, a, would be identical to K.q- However, the gas phase

contains approximatelf‘40% undissociated complex, which effectively lowers
the single stage separaﬁion factor to a = 1.014>[4].

Due to the nomenclature used in the ear;ylliterature, the isotope
ekchange process is often referred to as "distillation". It must be
emphasized that the separation is based on chemical reaction equilibrium
rather than phase equilibrium. Consequently, this is not a distillation
pfocess. In fact, it is distillation (the vaporization of complex without
dissociation) which 1is responsible for lowering the single stage

separation factor and thus decreasing the process efficiency.
Literature Review

Many studies have been initiated in quest of an "improved" boron
isotope separation scheme. A survey of the literature indicates several
active areas of study regarding boron isotope separation. These areas are

conveniently divided into three categories:

(1) Photochemical induced separations or laser based separationé‘

where tunable lasers are used to separate isotopes by making use of the
small differences in the absorption spectra of !°B and !B or one of their

compounds.

(2)- Chromatographic separations where isotopic fractionation is

facilitated by small differences in the retention times of boron isotopes

in the ligquid phase on chromatographic resins.
(3) Isotopic equilibrium or isotope exchange reactions where
separation is affected by the isotope exchange equilibrium between boron

in a liquid '‘and a gaseous phase.
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Numerous publications, process and process equipment patents exist
in each of these three areas. Despite the fact that other teqhnologies
appérently exist for the large scale separation of boron isotopes,
commercial success has ﬁeen realized only with the isotopé exchange

process used by the Eagle-Picher Company as previously described.

This study is characterized by boron isotope separation schemes

involving isotope exchange reactions. - Accordingly, only the literature

pertinent to this area will be reviewed.
Isotope Exchange Processes

Isotope exchange processes are characterized by reactions of the
type:

Y9BX;(q) + ''BXyrDonor(y = *BXj(g + '°BX;-Donor (1)

where X is generally H, CH; or a halogen. The "complex", BX;+Donor, is a

molecular addition compound, and the donor is a Lewis base or electron

pair donor. The equilibrium constant for reaction (1) is given by:

[(**BX3(g)] ['°BX;-Donor 1 (*°B/**B] )

Keq = (2)

[*°BX3(q] [**BXy-Donor,]  [*°B/*B] g

where square brackets represent the equilibrium concentrations of thé
respective species.

Most known exchange systems pertinent to boron isotopes have values
of the equilibrium constant in the range of 1 = keq < 1.06. That thé
equilibrium lies slightly to the right in reaction (1) forms the basis for
the separation.l The small value of K.q sﬁggests the need of a multistagé

exchange process in order to obtain a significant degree of separation.
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Utilization of the 'isotopic exchange reaction requires the passage
of gaseous BX; and liquid complex ;n a stagewise process.  Thus, 3*°B
concentrates in the‘liquid'phase while !B concentrates in the. gaseous
phase. Pertinent considerations focus prima?ily on the selection of X and
the donor molecule in reaction'(l).' These considerations include:

(a) The largest possible value of the equilibrium conétant, Keq/ in order

to minimize the necessary.number of stages for a given enrichment.

vt

(b) The equilibrium must be rapidly.éstablished,'e.g. isotopic exchange

need be kinetically rapid, in order to ﬁaintain a high throughéut in
‘a continuous system. .

(c) BX; must ﬁe readily liberated from the complex for product recovery,
recirculation and feﬁse of the separative agent or donor. In this

regard, it is desirable that the formation reaction:
* BF; + Donor += BF,-Donor (3)

be.quantitativély'reversible.simply by addition or removal of heat.
kd) The BX,-donor complex must be sufficiently stable so as not £o

decompose into unwanted reaction proaucts.: Such irre;ersib;e

decomposition would result in 1°B enriched product losses with the

attendant loss of BX; and dornor.

Selection of X

Virtually all systems studied to date have used the first member of
the halogen family, fluorine, for X in the isotopic exchange reaction.
This consideration largely stems from criteria (a) and (d) above and is

associated with the excellent electron acceptor capabilities of BF; [6,7].

Use.pf BF, as the Lewis acid in the isotope exchange reaction has been
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justified on theoretical grounds as well (vide infra). Consequently, the

isotope exchange reaction may be rewritten for subsequent discussions as:
IOBF3(g) + llBFa-Donor(” - 11BF(3) + 1°BF3°Donor(” ’ (4)

In addition to BF;, several brief studies ﬁtilizing BCl, as the Lewis
‘acid in thevisotopip‘exchange’reaction have been conducted [6,7,13,15].
In al; reported instapces, the equilibrium constant-for the BF, syétems w#s
larger than for similar BCl,; systems. Consequently, the‘use of BCl, as the

acid in isotopic exchange was largely abandoned.

Donor Selection

The species BF;+Donor in equation (4) is a molecular adduct formed

between BF; and an electron pair donor. This type of compougd formation
"is a classical example of Lewis acid-base chemistry. Here, the Lewis
acid, BF;, accepts a lone electron pair‘from the basic donor afom which is
typicallylbbund in a molecular species. |
Boron trifluoride'has been touted as the most powerful acceptor
molecule (Lewis acid) know#, while the number of atomic specieS‘cépable of
donating electrons to §F3 is relatively small [5]. The nine elements H,
N, O, F, P, s, Cl, 'Se, and Te, in.ceftain of their compounds, ‘have been
found capaﬁle of donating electrons to BF; [6].
Of the 'aforementioned criteria, (a) and (d) limit the donor atom to
predominantly ﬁ, o, or S, aithough systems containing . other donors have

been examined [6,7]. Table 1 lists the donor molecules which have been

studied, the associated equilibrium constants which were reported and the.

literature references for the pertinent study.
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Table 1. Review of previously studied donor molecules in the isotopic
’ exchange reaction (4).
Keq'
Donor 30°cC o°c Reference
Oxygen Donors
1. Methyl Ether {CH,),0 1.027 1.034 6,7,12
2. Ethyl Ether (CyH;5) 2,0 1.031 1.037 6,7,17
3. n—-Butyl Ether (C4Hy) 20 - - 6,7,12
4, Tetrahydrofuran (CH;),0 1.026 1.031 6,7,13
5. Phenol CcH;O0H 1.024 1.040 6,7,14,15
6. Anisole CcH;OCH, 1.030 1.03 6,7,15,16
7. Phenetole CgH5OC,Hg 1.039 1.051 6,7,8
1.042 (25°C)
8. n-Butyl phenyl ether C¢HsO0C,H,4 1.026 (25°C) - 7,10
9. Ethyl formate HCOOC,H;s 1.029 (20°cC) - 7,11,12
10. Ethyl acetate CH,COOC,H; 1.033 (28°C) - 7,9
11. Ethyl propionate C,H5COOC, Hs¢ 1.019 (43°C) - 7,9
12. Sulfur dioxide SO, - - 20,21
13. Dimethyl sulfoxide?’ (CH;) ,S0 1.040 1.036 19
14. Diphenyl ether (CgHs) 2,0 - - 6
15. Nitrobenzene CcHsNO, 1.03 (7°) - 6,13
Sulfur Donors
16. Methyl sulfide {CH;) .8 1.037 1.046 6,7,12,23
"17. Ethyl Sulfide (C,Hs) ,S 1.037 1.043 6,7,17
18. n-Butyl sulfide (C4Hg ) 2S 1.032 1.040 6,7,15,18
19. Diphenyl sulfide (CgHs) 28 - .- 6,13
20. Thiophenol CgHsSH - - 6,13
21. Ethyl mercaptan C,H5SH - - 6
22. Butyl mercaptan C,HySH - - 6
Nitrogen Donors
23. Triethyl amine ) (C,H;5) 3N 1.022 1.028 6,7,17
24. N-Methyl diphenyl amine (CgHs) ,NCH, - - 6,13
25. N,N-Dimethyl aniline CeHsN(CHj3) - - 6,13
Miscellaneous
26. Methyl selenide (CH,),Se 1.032 1.039 6,7,12
27. Methyl telluride (CH;) ,Te - - 6,12
28. Methyl isocyanide CH,NCO - - 6,13

1'Equil;i.brium temperatures other than 30°C or 0°C are denoted by brackets.

¥fIsotopic equilibrium between the gas and solid phases:

10BF, gy + 1'BF;*DMSO(5) = 'BFj(q) + '°BF;+DMSO(g
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The standard by which an "improved" isotope separation process is

compared is the current production scale method involving BF; and the BF;-.

dimethyl ether complex. From Table 1, the equilibrium constant at 30°é
for this system is K;;= 1.027. The actual seéaration factor observed for
the process is a = 1.014 with the reduction due primarily go inéomplete
dissociation of the complex in the vapor phase and solubilityrof BF,; in the
‘liquid complex [1,6].

A second drawback aséociated with the dimethyl ether system results
from irreversible decomposition of the complek. A; atmospheric'pressure,
roughly 50% of the dimethyl ether-BF; complex -is decomposed to methyl
fluoride and methyl borate in 24 hours [6]. In order to decrease the
decomposition rate to tolerable levels, thg process is ope;ated at
subatmospheric pressure of approximately 200 torr. Thus, in accord with

criterion (d) above, an improved system would be amenable to operation at

conditions of ambient temperature and pressure.

With regard to irreversible decomposition, it is a forgone-

conclusion that water must be carefully excluded from the system [1,6].
Boron trifluoride readily reacts with water, even in fhe presence of
atmospheric moisture, to form a number of acidic hydrolysis products such
as hydrofluoric, hydrofluoroboric, fluoroboric and boric acid. Séveral of
these are highly corrosive to process construction materials, soﬁe may
cause or catalyze decomﬁosition of the complex, and others are solids
whigh tend to plug the process equipment [6].

The 1literature data éresented in Table 1 indicates that the
equilibrium constant for reactiﬁn (4) varies with temperature,vdonor atom,

and donor substituents. Palko and Drury have indicated ([7,32] that a
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variation of donor atom and donor substituents affects the relative bond
strength between the donor atom and boron in the molecular addition
compound. The bond strength is therefore a measure of the relative

stabilities of the various BF; adducts. 1In general, the more stable or

stronger the boron to donor bond for a particular adduct, the less prone

tne adduct is towards isotope exchange, resulting in a lower valué of the
equilibrium constant than for a similar} lgss stable complex.

Palko et al. [7] indicated that the variation in stability with
different donor atoms increased in the order N > O > S and that stronger
molecular addition compounds (in terms of bond strength or stability)
resulted in smaller valnes of the equilibrium constant. Consequently,
triethyl amine was more stable than diethyl ether which in turn was more

stable than diethyl sulfide. As a result of this difference in stability,

the value of the equilibrium constant increased in the order (C,H;),S > -

(C,Hg),0 > (C,Hg);N at 30°cC. In accord with theoretical considerations
(vide infra), the increase in K,q with different donors in the order s >
O > N can be attributed to the fact that substitution of the heavier donor
atom simultaneously increases the reduced mass.of the molecular addition
compound and decreases the donor to boron force constant resulting in a
weaker or less stablg adduct with a concomitant increase. in the
equilibrium constant [32].

The stability of BF; adducts containing the same.donor atom indicates
variations with ;ubstituents attached to thé basic center in the donor
_molecule. This variation has been explained in terms of inductine and
stgric effects associated with various donor substituents (7,37]. .An

electrophilic (electron withdrawing) group attached to the basic center
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decreased basicity, and resulted‘in a weakened adduct. Consequently,
(CH;),0+BF; is more stable than C4H;OCH, BF; and (C¢Hg),0<BF; does not forﬁ
at -40°cC. Accofdiﬁgly, the . largest equilibrium constant is associated
wi£h the weakest adduct, CgH;OCH,;*BF; in this cése (refer to Table 1).‘

Conversely, a nucleophilic or eiectron donating group attached. to
the basic center is expgcted to increase the basicity and stabilize the
resulting adéuct [7]. Table 1 indicates that the stabilities of the alkyl
substituted etherates increase in the order (CHQ}O-BF3 > (CyHg),0°BF3,
apparently due to incpéased steric interference;,.aespite the increased
inductive effect of the larger alkyl group. Appérently, the fB-carbon in
the ethyl .group of the 'Iatter compound interfefes with the normal
positioning of the fluorine atoms in the complex [7]. For the analogous
thioéther seriés, Table 1 indicates that the stability of the alkyl‘
substituted thioethers increases in the order (cg@)zs‘éF3 > (C,H5),8BF, >
(CH;),S*BF; at 0°C. The fact that fhe expected inductive/stability order
is observed in the alkyl substituted thioéthers is éttributed to the
larger size of the central sulfur atom, whiclh overcomes the stériq
hinderance encountered in the ahaloéous ether systeﬁs.

The above concepts regarding donor atom and inductive and steric
effects of substituent groups on the equilibriuﬁ constant'provide useful
guidelines for.evaluating potential behavior of unstudied compounds in
isotope exchange. Furthermore, these guidelines are of practicai interest
in the selection of potentially useful donors for experimental testiﬁg.

The list Qf donor species pFesented in Table 1 were studied pursuant
to development of an improved separation process with respect to the

dimethyl ether-BF; system. The improved system would be subject to all
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criteria previously outlined. Examination of Table 1 is indicative that
a number of egchangé systems possess a larger equilibrium constant
"(ériterion_a) than the dimethyl ether s?stem. Most of these systemé were
dismissed based on failure to meet . one Qr another of the remaining
criteria presented. In a number of cases, a donor»was eliminated prior to
obtaining experimental equilibrium-data..

Studies with anisole as the‘donor species in the isotope exchange
reaction indicated that this s?stem was indeed superior to the diﬁethyl

" ether system (6,16]. The promising experimental results for the anisole-

BF, exchange reaction prompted both bench scale and pilot plant studies

with this system [24,25]. The final conclusion from these.studies was
. that the anisole process was a definite improvement over the dimethyl
ether system and was amenable to plant scale application.

It was postulated that phenetole would be a better donor for isotope

fractionation than anisole, but the appropriate bench scale and pilot

" plant studies have not’ yet been peérformed [7].

Despite the positive results suggesting the use of anisole as the

separative égent for large scale fractionation of the boron isotopes, its
use has not been incorporated‘into'the process. ‘A satisfactory answer

regarding why anisole has not been incorporated into the separation scheme

is unavailable in the 1literature. It is therefore postulated that the

reason involves economic considerations.
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Effect of Temperature and Pressure on Kgq

Examination of the available equilibrium constant data in Table 1
indicates that Kmlincreaseg as temperature.decreases. The only exception
to this observation is for the dimethyl sulfoxide kDMSO) system. Thus, in
all but this one instance, the isotopic ekchange reaction is exothermic.
In the case of the-DMSO system, examination of the -original iiterature
[26] indicates that this data was obtained by parametric pumping studies
based on isotopic. equilibrium between DMSO+BF; complex in the solid state.
and géseous BF;. This is the only known instance of equilibri;m constant
determination between the gaseous and splid states, and is thérefore
indicative that the isotope exchange reaction in such systems may indeed
be endéthermic.

Studies régarding the effect of pressure on the equilibrium constant
for isotope exchange are extremeiy limited. Only éne literature reference
to such a study was obtained [27], and the nature éf this source left much
to be desired. In that study, the equilibrium constant (system unknown)
was measﬁred -over a pressure range of vl to 4.5 atﬁospheres. The
equilibrium constant was observed to decreése from Keq = 1.027 ‘at 1 atm to
Kegg = 1.017 at 4.5 atm. This decreas¢ was’presumed to be‘aue to increased
solubility of gaséous BF; in the liquid.complex; This obs;rvation was
explained in terms of d&ompeting isotope\exchange reactions between BF,

bound in the complex with gaseous BF; and BF; dissolved in the liquid

phase:
1 N [} .
103F3(diss. gag) + 11BF3°D°n°r(!) -1 BF3(diss.gas) + 1 BE-‘3'Don9r(” (5)

108F, ) + ''BFy-Donor(,, = 'BFy4 + '°BF;-Donor (6)
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The equilibrium constant for the liquid phase-exchange (reaction.5) was
reported as 1.003 at 25°C [27].

Palko et al. [6,22] has observed that BF; is quiteée soluble in several
of the 1ligquid complexes studied and that the solubili?y' generally
increases with decreasing temperature. The increased solubility results
in a lowering of the observed eqqilibrium constant. In agreement with the
above pressure study, Palko indicated the equilibriﬁm cﬁnstant for the
liquid phase exchange reaction (reactioh 5) was small, on the order of
1.002 [6]; |

Based on-the above d;scussions,_the effect of_pressure on £he
equilibrium constant may vary gonsiderably depending on the solubility of

BF,; gas in the liquid phase.
Kinetics of Isotope Exchange Reactions

In order to achieve a high throughput of process materials in

isotope exchange, the rate of exchange in such systems must be rapid.

From the standpoint of process application, it is desirable that the rate

of isotopic exchange be so rapid that exchange be completed as soon as the

two phéses are contacted in the suitable process eguipment,. i.e., the

exchange reaction must be mass transfer limited as\opposea'to kinetically .

limited.
Literature references to kinetic studies of the isotope exchange

reaction are virtually non-existent. Palko [6]-exaﬁined the exchange rate

for the anisole-BF, and triethyl amine-BF; systems. The technique used in-

that study was not amenable to measurement of exchange times less than 4

seconds. For the anisole-BF; system, isotopic exchange occurred much
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faster than 4 sec and exchange was determined to be contact limited. 1In
the case of the triethyl amine-BF, system a halfrtimé for exchange of about
50 minutes was reéorted.

Qualitative observations indicate that the rate of °B-1!p exchange
for highly dissociated complexes is e#tremeiy rapid, while exchange rates
for the mbrevstable complexes were considerably slower [6]. Thus, the
kinetics of the isotopic exchange reaction is intimately connected to the
relative stréngth of the BF;-donor bond. This observation is supported by

kinetic studies pertaining to BF; exchange between mixtures of oxygen

containing donors in the liquid phase (28,29,30].
Theory of Isotope Exchange Reactiong

Isotope exchange reactions are not unique to boron and are

documented for the isotopes of many of the lighter elements [31]. The

observed thermodynamic phenomena are a manifestation of small differences

in the energy states of isotopically different molecules. Tﬂus, the
equilibrium constant is adequétely correlated with the energy-éﬁates of
the moleéules as secured from spectral data. Statistiéal thermodynamics
provides the medium through ,which spectral data is related to the
thérmodynémic equilibrium constant. The generalized theory of equilibrium
constants for isotope egchange reactions has been eloquently presented by
Urey [31].

Palko and Drﬁry [{32] have préposed a model of isotope exchange which
adequately accounts for the observed vériatiop in the equilibrium constant
and explains the behavior of the different boron halides in isotope

exchange reactions. This model is supported by theoretical calculations
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based on spectral data. A development of this‘isotope exchange model
follows.

Consider first thg electronic and structural details of BF, énd its
constituent atoms. The free boron atom has three valence shell electrons
in the nominal configuration 2s?p?. The free fluorine atbm has seven
valence shell electrons with the nominal Zézps coﬁfiguration.' When a
molecule of BF; is formed, the boron valence shell electrons are promoted
to sp? hybridized orbitals and three boron to fluorine bonds are formed by
sharing the unpaired fluorine electrons. The resulting BF, molecule is
planar with the nomiﬁal 120° central b;nd angle and én'empty boron p
orbital prot£uding from»the plane of the molecule at 90°. Each-fluorine
atém in BF; has three non-bonding electron péirs, and due to the small size
of fluorine, the electrpa pairs are érowdéd much closer together.than in
any other element. Consequently, the repulsive forces between these lone
pairs are much greater in flﬁorine th%ﬁ in any other element. Due to tﬁe
large repulsive forces, a fiuoring lone pair of electrons occupies the
empty boron p orbi;al in the BF; mélecule.' One fluorine atom is therefore
essentially double bonded to boron while the remaining two fluorines ﬁave
conventional sigma bonds. There are three such‘configufations possib;e
and resonance occurs between them‘[34]; 'The associated resonance energy.
has been estimated to be 48 kcal/mol [351. This resonance energy is much
greater than the energy involved in formation of the BF;-donor bond upon
adduct formation and‘is directly respoﬁsible for the enrichment of the
lighter isotope'in the'liquid phase.

The boron p orbital used fér m—-bondihg to one of the fluorines in BF;

must be available for formation of the coordinate covalent bond between BF,

5
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and a Lewis base. Thus, the m-bond energy associated with BF,; must pe

released and the energy associated with adduct formation must be absorbed
when the BF;-donor molecular addition.compound is formed. It is convenient
to regard these energy changes as occurring in separate, discrete steps.

The isotope exchange reaction discussed previously:
'BF,-Donor ;y + BF;, = °BF;-Donor(, + 'BF;, (4)

may therefore be rewritten as a composite of the two reactions:

10 11 * 11 10 *
BFy(g) + TBF3 (q) ™ "BF3(g * TBF;3 (g (7)

* 10 10 * 1
MBFy" (g + °BF;:Donor(, = *°BF;"(, + ''BFj-Donor (8)

where BF," is a hypothetical intermediate in which no m~bonding occurs,
e.g. a molecule in which all fluorines are attached to boron with a
conventional sigma bond. The respective equilibrium constants for

reactions (7) and (8) are given by:

Q(MBF,) Q(*'BF;")
Keq (7) = / (9)
< Q(*°BF;) Q(*°BF,*) .
‘ Q(*'BF,*Donor) Q(**BF;")
Keq- (8) = - / ‘ - " (10)
Q(*°BF,+Donor) Q(1%°BF,")

where Q represents the vibrational partition function of the indexed
isotopic species. The ratio of these equilibrium constants is the
equilibrium constant for the overall isotope exchange reaction, reaction

(4):

Keg (4) =

Keq (7) Q(llBF;) Q(*'BF,-Donor)
= / (11)

Keg (8)  Q('BFy) Q(*%BF; - Donor)
At a specific temperature, K, (7) is fixed and the value of K, (8) will

depend on the magnitude of the vibrational partition function ratio for
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the isotopic species in the molecular addition compound. The value of the

numerator in equation (10) will depend.on the specific donor and will be’

largest for strongly bound molecular addition compounds. Note that as Kgq

(8) approaches unity as a limit, the observed equilibrium constant K.q (4)

approaches Kgq (7). Thus, K¢q (7) represents the maximum value the
observed equilibrium'constant,,Keq (4), may assume.

If the appropriate spectroscopic data is avcilable} vélues for the
ratios of the partition functions in equations (%), (10), and (11) can.be
calculated using the relationshipc of statistical thermodynamics. In the

case of the hypothetical BE3*intermediates, partition function ratios were

empirically evaluated from BF; and BF4; spectroscopic data. Thus, -

equations (9) through (11) provide the theoretical basis for estimating
the maximum obtainable equilibrium constant, K.q (7), and the expected
equilibrium constant for any BF;-donor system, Ko (4), at a specified

/

temperature.

Palko and Drury ['32] have calculated values for the ratios of the

vibrational partiﬁion functions in equation (9) at temperatures. of 303K
and 250K ffom the appropriate spectroscopic data and determined the
theoretical maximum value the equilibrium constant may assume at these
temperatures. These results are summarized in Table 2.

The linear extrapolation of Kgq(7) as a function of temperature
through the two points listec in Table 2 is of some interest, given by:

12.233 )
In @ = — . +.0.00556 (12)
T(K)

. BEquation (12) represents the theoretical maximum value the equilibrium

constant may assume for a specific temperature.
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Table 2. Ratios of the vibrational partition function for BF,; and BF,"
at 303K and 250K [32].

Temperature
Vibrational Partition Function " 303K 250K
Q(*'BF,) /Q(*°BF,) L o 1.2046 ' ‘ '1.2680
Q(**BF;") /Q(°BF;") 1.1506 1.2006
Q(¥BFy) , Q(*BF;") '
Keq(7) = / - 1.047 1.056
Q(*BF;) | Q(*°BFy’)

Table 3. Calculated and observed values of the isotopic equilibrium
constant for reaction (4) at 303K [32]. '

Q(''BF,-Donor) - Q(*'BF,) Q(1BF,+Donor) Exptl. Obs.
Donor Q(*°BF,*Donor) Q(*°BF,) Q(1°BF,-Donor) Keq(4)
(CH,) ;0 . 1.1706 1.2046/1.1706 = 1.029 1.027
(CH,),0 . 1.1789 1.2046/1.1789 = 1.022 1.026

If the spectroscopic data for the isotopic.forms‘of the BF;*Donor
complexes are avaiiable, the equiliﬁrium constant for reaction (4), Keqk4),
maf also be calculated. Begun and.Paiko [33] have obtained and interéreted
the necessary spectra fqr the BF,; complexes of 'diethyl ether and
tetrahydrofuran and ca}culated theoretical values of. the equilibrium
constants for these‘systems (Table 3). The cglculated and experimental
values are in excellent agreement.

_The effect of temperature on the partitioﬁ function ratios ‘'is

apparent from Tables 2 and 3. As temperature increases, the ratio of the
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partition functions decreases. The corresponding effect is a reductioﬁ of
the equilibrium constént, Keqg (4), as temperatu£e increases. This trend
is expected since the vibrational partition function depends inversély on
‘temperature. Therefore, as temperatqre -increases, the' value of"the
partition function decreases and their ratio approaches unity.

It is appropriate at this point to consider the substitution of one
of the other boron halides for BF; in the isotopic exchange reaction. As
previously expressed, the BF; exchange reacﬁion proceeds aslobserved due
to elecfrostaﬁic relaxation when a fluorine electron pa;r‘ﬁccgpies the
empty boron p orbital. The magnitude of the electrostati; rgpulsions
between nén—bonding electron pgirs progressively decreases moving down the
periodic table frém fluorine to iodine due to iﬁcreasing atomic radius.
Thus, the ratio of area to pairs for non-bonding electrons increases by

factors of 2, 3, and 4, respectively. . Consequently, the m-bond energy and

the B-X stretching force constant decreases as progressively heavier

halogens are substituted for fluorine in BXj. in terms of the two step
mechanism previously described for isotope .exchange, the equilibrium
constant for reaction (7), K (7),_ten&s to unity as the B-X stretching
force congtant decreases. At the same time,.the molecu;ér adduct is
_ becoming more staﬁle due to increased strength of the Lewis acid with the
heavier halogens. Thus, the equilibrium conétant for reaction (8), Kgq
(8), is becoming larger. When Km; (8) is équal to Keg (7)., iéotopic
fractionation will cease to occur in reaction (4) and ﬁhe overall
equilibrium constant, K.q (4), will be uﬁity. It ;s therefore reésonab;e
to expect that the equilibrium constant will decrease as Bci3, BBr3,-or‘BI3

are substituted for BF,; 'in the isotope exchange reaction for a particular




21

donor species. Furthermore, the heavy isotope of boron, 1B, is expected
to concentrate in the liﬁuid phase at some point in this substitution
process. |

There is 1little data in the literature to support the above
predictions, primarily because the heavier boron trihalides are such
strong Lewis acids that they tend to decompose most donors. Two systems
with Bcl{ as the Lewis aci@ have been reported [15]. The exchange

reactions and equilibrium constants are:
(CgHs) ,0°*BCLl; ) + 9BCly(g) = (C5H5)120-1°Bcl3(” + MBCl; (g (12)
Keq = 1.ooé (28°C)
| CH,COCL-*'BCly(y, + 1°BClsy(gy ™ CHaCOCL-*®BCly(y + 113613(9) (13)
Koq = 0.996 (25°C)

It is apparent that the equilibrium constants for reactions (12) and.(13)
are much smaller than for similar ﬁF3 reactions. Furthermore, for the
acetyl chloride system, the reversal in the direction of isotopic
enrichment is ocbserved.

It can be concluded that isotoéic fractionation in the exchange
reaction is a quantum mechanical effect. This effect is amplified with BF;
as the Lewis acid due to the unique elgctronic characteristics of boron
and fluorine. The above described model adequately accounts for the
observed behavior of the iso£opic exchange reaction. It is possible to

theoretically estimate the expected equilibrium constant for BF;-Donor

systems solely from spectroscopic data. The theéry of isotbﬁe exchange .

provides valuable insight regarding the expected trends in the evaluation

of equilibrium constants for previously unstudied BF;-donor systems.
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PURPOSE AND SCOPE OF PRESENT STUDY

The purpose for the current study was twofold. First, véeveral
previously unstudied donors, predominately ketones, were examined to
determine if sﬁch donors would be viable replacements fpr thé dimethyl
ether/BF; system. The separation factor; a, was experimentally measé;.red
for the new donors to accomblish this 'Qoal. Sgcondly, modelling and
analyéis of large scale boron isotope separation facilities were performed
to examine potential methods of increasing the efficiency of such systems.

| "As previously mentioned, the ideal single stage sepa'ration facfor,
a, associated v\;ith prevalent process equipment is expected to be identical

to K

oq for the isotope exchange reaction. Deviations between these two

values may occur due to solubility of the B enriched gas phase in the 1B
.enriched liquid phase, essentially "diluting" the isotopic constitution of
the liéuid complex. Furthermoré, incomplete di.ssociation of the complex
in the vapor phase can cause a dilution .of the *'B enriched gas phase with.
108 enriched complex. Both phenomena result in a lowering of a from the .
"true" value of K., Ai.e. the value- of the equilibrium constant in-tﬁe
Aabsencé of these effects. From the standpoint of the .design .and éperation
of a large scale facility, the single. stage separation factor, «, 3‘.5 the,
more desirable qu.antity to have readily F;Wailable sincé “the phénomenon
responsible for loweriﬁg a from the equilibrium constant would be expected
.to operate in the prevalent process equipment. Consequently, the scope of
the experimental studir focussed on the evaluat.ion of «a ‘and not on the

measurement of the "true" equilibrium constant, K.
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Besides the measurement of separation factors associated with the
isotope exchange reaction, the relative stability of the BFj-donor

complexes studied were qualitatively examined. In the. experimentai

procedure used, the various complexes were in contact with BFy gas for

several days or weeks. Thus, the mass spectroscopic analysis procedure
was used to examine any irreversible decomposition of the molecular

addition compounds over extended periods of time. As previously discussed

in conjunction with the currently used dimethyl ether large scale-

_fractionation system, irreversible:decomposition of BF,; complex results in
a number of processing problems. A goal in.this portion of the study was
to gain at least a qualitative'idea of -the relative stability of the
BFa;donor cqmﬁlexes'examined experimentally.

Various large scale boron>isotope fractionating facilities based on

chemical exchange between BF; and the BF;+-dimethyl ether complex have been

in operation in the U.S. for nearly 50 years. Déspite this fact, detailed

modelling and analysis studies of these systems are nonexistent in the

open literature. The need for such studies'is-mandatory if efficient

commercial plants are to be built and operated. It is possible that the
required studies have been conducted, but this information is pfoprietary
and therefore has not appeared in the open literature. Modélliné and

analysis of plant scale separation cascades based on chemical-exchange was

therefore conducted as the second. aspect of this research program.

Results from this portion of the study are expected to facilitate the
design of future experiments on both the bench and pilot plant scale.
Furthermore, these studies provide insight regarding the size and design

of separation columns in plant scale systems based on chemical exchange.

“
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The scépe of the modelling and analysis po%tion of this. study
.included generating coméuter models for several different counte; current
recycle cascade configurations typically encountered in large scale
isotope separations. These models were bésed on the separation factors
evaluated for the donor*systems'studied experimentally. of neqessity,
these models were based .on the concept of ideal stages where the stréams
exiting each stage wefe in éheﬁical equilibrium. Only ideal stages could
be considered since no experimental data pertaining to stage efficiency
was obtained in this reseérch.

These computer models were used to determine the ideal stage and

total interstage flow requirements associated with each of the different

cascade configurations. The number of ideal stages provides a measure of’

the height of the fractionating column while the tétal interstage flow is
a measure of the amouﬁt ;f material processed by the éascade. A knowledge
of the ideal stage and total interstage flow requirements indicates the
relative size of the separation system associated with a given donor
system. For comparison, models based on the literature value of the
separation factor for the dimethyl ether/BF, system were aiso included in
_ this study.

Within the confines of the experimental data availaﬁle, aﬁ ﬁnalysis
of plant size based on the computer models was possible. The effects thét
the different donor systems had on the size of the separation plant were
evaluated. The analysis was also extended to exémine the pros and cons of
-incorporating a stripping section in the separation‘systemu Ultimately,
such an analysis is beneficial in establishing an efficient cascade design

for large scale boron isotope separation based on chemical exchange.
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EXPERIMENTAL. DETERMINATION OF SEPARATION FACTORS

The number of molecular species capable of forming complexes with

BF;, and thus potentially useful as donors in the isotope exchange

reaction, is virtually limitless. As indicated previously (refer to Table

1), only a select few of the vast number of potentially useful donor

'

compounds have been examined in the isotope exchange reaction. The

systematic examination of each possible donor compound would be a

horrendous undertaking. Rather,.é more prudent approach is the gystematic
examination of a number of species from characteristic classes of
compounds to determine the potential usefulness of these materials in the
exchange reaction. This is_apparéntly the approach taken by previous
researchers in this area, and a number of classes of compounds have been
examined, e.qg. etheis, amines, sulfiées,letc. ‘

Examination of the relevant literature is indicative that carbonyl

compounds have never been studied as donor species in boron isotope.

exchange reactions. ‘Furthermore, studies utilizing ketones as the donor

have never been reported. Molecular addition compounds between BF; and the

carbonyl groéoups of acetone, acetaldehyde, trimethyl écetaldehyde, methyl-

nonyl ketone, and camphor are known [5]. A portign of this study was
therefore directed at éxamining various carbonyi compounds, specifically
ketohes, as the donér species in the isotope exchange reaction._:Emphasis
was placed on determination of the separation factors for these BFj+donor

1

systems.
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Numerous compounds were prescreened as donors to determine if the BF,
complexes with these materials actually existed. Once the existence of
the complex was established, the molar ratio of BF; absorbed per mole of
donor ﬁaterial and the freezing point of Fhé resultant liquid complex Qere
also determined. These prescreening experimenté providea a measure of the
solubility of gaéeous BF; in the liquid complex and were used to determine
the appropriate temperatures at which gas/liguid equilibrium data could be
obtained.

Prescreening experiments with acetone, acetophenone, methyl isobutyl
ketone (MIBK),. diisobutyl ketone (DIBK), nitromethane, and dimethyl
sulfoxide (DMSO) wefe performeq.q Based on these initial experiments, the
systems selected for sfudy in equilibrium experimehts were:.acetone/BF3,
MIBK/BF,, DIBK/BF3,.and nitromethane/BF;. The acetophénone/BF3 and DMSO/BF,

systems were found to be unsuitable for boron isotope fractionation by

chemical exchange methods.

Experimental Reagents, Equipment and Proceduresg

Experimental Reagents
The following compounds were obtained for use. in the experimental
examination of separation factors. Unless otherwise noted, materials were

used as received with no attempt at further purification.

I3
' .

Boron trifluoride, ﬁF3, was obtained from the Matheson Gas Company,
Inc. and was of chemical purity (c.p.) grade with a minimum reported
purity of 99.5% BF;. This gas- was used as the boron feed" in all
experiments. Mass spectral analysis indicated the boron isotopes were

present in approximately the natural abundance (19.7% 108, 80.3% 'B).
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High. purity helium was obtained from the Linde Company with a

minimum reported purity of 99.995% He. The high purity helium (HP He) was

used as a pufge gas to eliminate entrained air, and thus‘atmospheric
moisture, from egperimental equipment prior to use of BFj;.

Phenetole or ethyl phenyl ether, CgH;OC;H;, was ;btained from the
Aldrich Chemical Company. The reéo?ted purity was 99% phenetole.

Reagént grade écetone, (CH;),CO, was ébtained from the J. T. Baker
Company with a minimum reported pﬁf;ty of 99.6% acefone,

Dimethyl sulfoxide, (CH;),S0, was obtained from the Crown Zellerbach.
Company Incorporated.

Acetophéh?ne or methyl phenyl keétone, C¢HsCOCH,;, was obtained froﬁ
the Aldrich Chemical Company with a reported purity of 99.5%. ’

Methyl isobutyl ketone (4—methyl—2ﬁpentaﬁone, (CHa)ZCHCHZCOCH3, or

MIBK) was obtained from the Aldrich Chemical Company.'

Diisobutylketone(2,6—dimethyl—4—heptanone,(CH3)ZCHCHZCOCHZCH(CH3)2,m

or DIBK) was obtained from the Union Carbide Corporation.

Nitromethane, CH3;NO,, was obtained from the Aldrich Chemical Company

with a reported purity of 96%. This material was redistilled by the

organic group in the Chemistry Department of Montana State University to

remove residual water.. This purified or redistilled material was used in

all subsequent equilibrium experiments.

Experimentai Equipmeﬁt and Procedures

The separation factor for the exchange reaction being discussed:

10BF, gy + ‘'BF3eDonor - Y1BF 5y + '°BF;-Donor ) (4)

is given by:
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10 /1ig. 0 )
[ B/ l‘B )] ) [ t B/llB] (gas before equilibxation) (15
- = )
10 11 10 11
_[ B/ B} (9) [ B/ B] {(gas after equilibration)

a =

The approximation in the second relationship can be assumed only in the

case where the amount of BF; in the gas phase is small compared to the’

amount of BF; tied up as complex in the liquid phase. This assumption is
"valid since it has been shown that essentially all the‘isotope exchange

occurs in the vapor or gaseous phase [6]. It is desirable to keep the

ratio of gas to liquid as high'asv;:SO or 1:100 to insure that the-

approximation in equation (15) is valid.

Due to the difficulties associated with the quantitative recovery of

BF, from the.liquid comple#, analysis of the IoB/llB ratios of only the gas
phases gréatly simplifies the determination of the'separation factor, a.
However, caution must be used in sampling the equilibrated gas phase.‘ The
sample removed gfter equilibration must ﬁe small and must be‘rapidly
removed so as not to disturb the equilibrium cﬁmpositions. Otherwise,-BF3
is "boiled off" of the liquid complex, Eoﬁtaminating the B énriched gas
phase. |

Using elaborate vacuum equipment and appropriate experimental
teéhniques, all previous investigators have determined values of a based
on the approximation given in equation (15). Primarily due to equipment
limitations, numerous attempts to reproduce literature values of a for the

phenetole/BF; system in this laboratory by the above method of sampling

only the gaseous phases failed. Although isotopic fractionation occurred

in the "proper" direction, e.g. 108 concentrated in the liquid phase while
iig concentrated in the gaseous phase, the experimentally determined values

of a were consistently low. This problem was attributed to the inability
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to adequately control the amount of BF; added to the cell, thus the BF; gas
to liquid rétid was too high, and the approximation in equation (15) was
invalid. .

The experimenfal equilibrium cell designed to obfain separation
factors associated Qith the isotope exchange reaction is shqwn in Figure
1. The cell consisted of a cylindrical vessel machined from 316 stainless
steel. The internal volume of tﬁe cell was approximately 265 ﬁl. The
cell iid-was seeured by machine screws and incorporated a viton o-ring to
‘ facilitate-a leak free éeal. The cell 1id contained gas inlet and outlet

ports, a thermowell and a pressure transducer port. A liquid circulating

pump withdrew the liquid phase from a port near the bottom of the cell"

body and returned the liquid near the top of the cell throudh a .sparger

placed in the vapor space just under the cell lid. The circulation and

?parging action of the 1liquid phase provided agitation of the cell-
contents. A valved, small diameter tube placed in the circulating‘pump'

reFurn line between the pump and the cell body provided a simple means of °

removing a small amount of the liquid complex for the isotopic abundance
analysis (vide infra). | |

The first step in the experimental procedure w$§4to place a known
volume (=45 ml to 65 ml) of the donor liquid into the‘equiliﬁrium cell;
The cell lid was then sealed in place. The cell was purged with high
purity helium and evacuéted under vacuum to remove any.éntrained air (and
thus atmospheric moistﬁ;e) fr;m the cell. Once the cell wasveVacua£ed,
only the pure donqr material remained sealed in the equilibrium cell.
Donor losses were expectéd during the evacuation process, but the amount

v

of material lost was unknown.
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Figure 1  Schematic of the test cell used to obtain experimental data.
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The cell was then placed in a constant temperature bath preset to
the desired'equilibrium temperature. Once the cell and its contents
ﬂreached the.temperature of the bath, BF, was slowly added to the system.
The internal pressure was monitored with the pressure transducer as BF; was
added to the cell. Thus, the liguid complex was formed in situ and once
;he pressure stabilized at bet&een 8 to l4lpsig, the complex formation
process was #ssumed complete and £he_BF3 feed to the cell was shut off..

The cell and its contents were then allowed to stand at the desired
equilibrium temperature for an Appropriate length of time. Usually 12 to

24 hours were allowed to establish the isotopic equilibriuﬁ between the

two phases. Samples of both the gas and liquid phases were withdrawn from

the cell and the boron isotopic'ratios determined by mass spectroscopy.
The separation factor for the given BF3/donor at the specific equilibrium
température was then‘evaluated from this information. The sampling/
analysis procesé was repeated several times at a given ‘equilibrium
temperature. The temperature was ‘theﬁ chanéedl and the associated
separation factor determined in an analogous manner at the new
equilibration temperature. Thus, a single experiment provided the
separation factor for a particular BEa/dohor system as well as the

temperature dependance of «a.

Mass .Spectroscopic Isotopic
Abundance Analysis

Since no attempt was made in the above outlined experimental

procedure to control the BF,; ratic between. the gas and liquid phases, the

approximation in equation (15) could not necessarily be assumed. Thus, an

analysis of the boron isotope abundance ratio for both the gas and liquid

»
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phases was required. The associated separation factor was evaluated from
P ;

the relationship: -

[ 1°B‘/11_B Ty

a4 = — - (16) -

[ 103/118‘] (@)

which is merely the equality in equation (15). In the abbve outlined

procedure, the value of a was determined directly by equation (16) from

mass spectroscopic analysis of the two phéées. Consequently, the molar

quantities of BF; and pure donor in the equilibrium cell were not required

for the evaluatibn of a. It was only necessary that an excess amount of
gaseous BF; be present in the cell for exchange with the BF; bound in the

liquid complex.

The analysis of the isotopic ratio. in the liquid phase, [*°B/¥B],,

presents a number of problems due to the difficulties associa§ed,with
sampling the'liqﬁid phése and quéntitative recovery of BF; from the liquid
complex. Therefore, previous' researchers have not attempted ;sotopic
analysis of the ligquid molecular addition compound.

These problems were overcome by developing a novel ‘analytical
technique for determining the boron isotopic ratio in the equilibrated
liquid phase. The liquid phase was Sampled by withdrawing a small aﬁount
(= 0.6 ml) from the cell through a needle port. This sample was added té
a small amount of the pure liquid donor compound (= 0.3 ml)lin a.sample
vial. The excess-liquia donof in the sample vial insured that any
dissolved BF, remained bound a$ complex in the sample. This measure
prevented isotopic fractiénation from occurring in the sample vial prior

to completion of the isotopic analysis.
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The isotgpic analysis of the 1liquid phase was accomplished by
injecting an appropriate amount of the liquid sample, taken and prepared
as described. above, directly into the septum inlet pért of the mass

spectrometer. The mass spectrometer gas reservoir was maintained at a

constant temperature of 200°C and pressure of 10°2 torr. These conditions.

proﬁided a convenient'in situ method for thermally and quantitativeiy
decomposing the liquid complex into the BF3.gas and-donor compound. ‘The
analysis appeared to érovide accﬁrate and reproducible results fof the
isotopic abundance of boron ;n the liquid coﬁpléx and was advantageoﬁs in
that the isotopic abﬁhdance'of the liquid phase could be determined
directly. The evaluation of the liquid phase isotopic compositién in the
above manner constituted the first known attempt at such aﬁ analysis.
Consequently, this work was expected to proviée £he actual valge of a for
)

the first time since the approximation in equation (15) was unnecessary.

The masé spectrum of the BF;+donor liquid comple# obtained in the

above manner was the superimposed spectra of the donor compound and BF,.

The liquid analysis procedure required that the donor compounds had no

characteristic mass_ spectral peaks at m/z 48" and 49, since these signals’

are attributed to the '°BF," and ''BF," ions, respectively, and.aré used for
the  isotopic aﬁundance analysis of ‘boron. If the donor épeciQS‘has
contributions to the mass spectrum of fhe liquid complex at these masses,
algernate methods ﬁust be employed for the boron isotopic aﬁundance
analysis. Such alternate.methods might include correcting the signals for
contributions from the‘donor, using high regélution mass spectroscopy to

geparate the donor and BF; peaks of nearly the same mass, or calibrating

the mass spectrometer to use different masses in the isotopic abundance
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determination. Fortunately, the donor materials that were used in this

study exhibited no interferences at the BF," positions in the mass,spect;a;~

Sampling éf the equilibrated BF; gas phaée was. accomplished by
removing 1 to 2 cc of the gas from the ce;l into a clean, dry gas sampling
reservoir. The mass spectral procedure for the determination .of iéotopic
abundance in gaseous BF; was developed duriné the early gtages of this
research proéram. In this précedure, BF, gas was bled into the ionization
chamber of the mass spectrometer from a gas sample reservoir through a
leak valve. The leak valve used was a series 203 variable lgak
manufactured by the GranvillerPhillips Company . The variable leak is
simply a very low conductance valve used for sensitive control of gas
flows across the extreme pressure drop from the éas samp;e tube (= 1 atm)

to the mass spectrometer ionization chamber (= 107 torr).

Results and Discussion

The Phenetole/BF; System

.Siﬁce thé experimental. and analytical techniques used to study
chemical exchange in this resgarch were new and untested, it was necessary
to establish the validity of these procedures. This task was readily
accomplished by examination of a BF,;/donor system -studied by previéus

researchers with results available in the literature. Once the validity

of the experimental and analysis procedures were proven, new systems could’

be confidently examined with these techniques.
The BF,/phenetole system was chosen to further develop and test the
experimental and énalytical techniques. Phenetole was chosen as the donor

material since the BF,:phenetole complex is reported to have a respectable

.
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separation factor of a = 1.051 at 0°C ([§6]. Furthermore, thié liquid
complex is reportedly quite stable with regaras' to -ifreversible
decomposition [7]. N

Several experiments were conducted to establish the validity of the

H
new experimental technique and analytical procedure with the phenetole/BF,

isotope exchange system. The separatioh factor was determined as a

function of temperature by the above described analytical and experimental .

techniques for. this system.  The results of these experiments are
presented in Figqure 2. The best fit straight line through the
experimental data is also indicated. The equation of this line, obtained

. by linear regression analysis, is given by:

23.94 o
ln ¢ = ——— =~ 0.03489 (17)
T (X)

The best fit line through the literature data taken from Table 1 for

the phenetole/BF, systeh is also shown in Figure-2. The equation of this

line is given by:

30.42

in @ = ——— -~ 0.06158 (18)

T (K)

As indicated in Figure 2 and by comparison of the above linear

equations, the experimental and literature data show reasonable agreement.

The slope of the two lines are approximately equal, indicating consistency

between the two data sets. The experimental data is consistently somewhat.

b
higher than the corresponding literature data. This may ‘be attributed to

the fact that the experimental data was obtained directly by analysis of

both gas and liquid isotopic abundance ratios without the need for the

approximation previously discussed in conjunction with equation (15).
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Consequently, the experimental data may provide a more realistic measure
of the actual pehavior of the BF3/§hénetole system.

Thg deviation or spread between the individual aata points at each‘
of the experimental températures'is rather large. This discrepancy is
attributed to problems associated with the sampling of the equilibrated
gas phase. If too small a gas sample was femoved, not enough BF; was
present for. a representative mass sPectial anélysis and the calculated
separation factor was consistently higher than +the corresponding - -
literature value. If too much BF; gas was remerd, Bf3 was "boiled" off
of the liquid complei and this *°B enriched mate?ial diluted the B
enriched'gas phase. This invariably led to values of fhe éxperimenéal
separation factors lower than the qorresponding litera£ure values. This
, problem was addressed by adjusting the size of the gas sampLe,rgservoirs
and -developing a technigque to remove a consistent amount of the
equilibrated gas from the equilibrium cell.'_The amount of equilibrated
gas removed'(= 1l cc) assured that there w%s a# émple amount of gas for the
isotopic analysis without removing enough to affect the isotopic
constitution of the gas phase.

The line labelled "Max™ in Figure 2 is a linear extrapolation of the
two data points representing the theoretical maximum value that the
separation factor may assume as given by equation (lé) previously
presented in the theoretical section. It is slightly disconcerting that'
the experimentai best fit line crosses the theoretical maximum line.
Recall that the theoretical ﬁaximum is based on only two points, and is
prone to some uncertainty. The discrepancy between experimental data and

the theoretical maximum may also be attributed to the uncertainties
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as;ociated with the size of the equilibrated gas sample removed for
analysis in the experimental procedure as previously discussed.

In these experiments, gaseous BF; and the 'BF;*phenetole complex were
contacted in the equilibrium cell for up to 144 hours (6 days) at several
different conditions of temperature and pressure. This length of time and
variety of conditions allowed ample opportunity for Airreversible
decomposition of the liquid complex to occur. Sincé the gas and liquid
samples are analyged on the mass spectrometer, decomposition products
would be expected to show ué in the mass spectra of these samples. It was
anticipated that the signal étrength of peaks associated with any
decomposition products would increase for samples taken at consecutively
later tiﬁes. Comparisoﬁ of the initiai hass speétra of the gas and liguid
phases with those taken at all later times were indicative that no
detectable‘decomposition 6f the complex had occurred. This observation is
in line with literature reports attesting to the excellent stability of
the BFj-phenetole complex [6,7].

The agreement between the experimental separation factors and thﬁse
reported in the literature for the BF3/phenetole system was sufficient to
lend credibility to the newly developed experimental techhique and

analytical procedure. By exercising proper care in sampling the

equilibrated gas phase, these techniques happear suitable for the -

examination of -previously unstudied BF;/donor systems.
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The Acetone/BF; System -

Acetone was selected as the first donor for study in isotope,

exchange since the existence of the acetone+*BF; complex is mentioned in thé
literature [5] and preliminary work in this laboratory indicated acetone
readily absorbs gaseous BF; to form a liquid molecular addition compound.

Prescreening studies indicated that 1 mole of acetone absorbed 1 mole of

BF,; gas. The resulting acetone+:BF; molecular addition compound was a dark

brown liquid with a freezing point of 16 to 18°C. The fact that 1 mole of
acetone absorbed 1 mole of BF; is indicative that the resulting complex is -

a 1:1 molecular addition compound and gaseous BF; is not excessively '’

soluble in the liquid complex. Furthe;more,‘equiliﬁrium expefiments
betweén gaseous BF, and the ligquid acetone+BF,; complex could be performed
only at températures greater than the freezing point of thé complex or
approximately 20°C. Thus, the temperatures selected for‘the determination
of experimental separation faétors were 25°C, 35°C, and 45°C.

The experimentally determined ';eparation factors are presented
graphically in Figure 3. The best fit line thr;ugh'the experimental data,
obtained from linear regression analysis, is also shown in Fig;re 3. The
eéuation of this line is: P ‘

59.58 ,
In ¢ = —— = 0.1597 ° (19)
T (K) . :

Note that the experimental best £it 1line is consistently below the
theoretical maximum. Furthermore, the slope of the experimental line is
positive, indicating that a increases with decreasing temperature. Both

of these observations are consigtent with theoretical congiderations and

“lend credibility to experimental data.
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In the experiment being discussed, the acetone+BF; complex and
gaseous BF; were in contact in the equilibrium cell for 220 hours (= 9
days). -Over this extended period of time, the éppearance of decomposition
prqducts was noted in the mass spectral analysis of the ligquid and gas
phases. Furthermofe, a lowering .in the freezing point of the liquid
complex present at the end of the experiment from that of the initial

complex was noted. A color change of the final liquid complex was

visually detected as well. These observations are indicative that . the-

acetone-BF, complex undergoes slow, irreversible decomposition. No attempt
was made at characterizing the decomposition mechanism or products.

Mass spectral analysis of the equilibraﬁed gas phase consistently

indicated the piesence of acetone in the BF; gas samples. The presence of

acetone in the equilibrated gas phase is indicative that the gaseoué phase
may contain uﬁdissociated acetone-BF; complex. It is therefore possible
that the’;xperimental separation factors may be lower than the "true;
equilibrium constant fof t#e acétone/BF3 system in accordance with prévious
diécussions [1]. No attempt was made to test this hypothesié or quantify
these effects.

The best ‘fit line through the‘equilibrium.constant data for the
dimethyl ether/BF,; system is also indicated in Figure 3. 'In terms of
separation factors, the acetone/BF, system consistently out performs the

dimethyl ether system. Consequently, the experimental results for the

acetone/BF, system are indicative that acetone, or perhaps other ketones,

could provide superior donor properties as compared to the currently used

dimethyl ether system for the large scale fractionation of boron isotopes.
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The Acetop-henone/BF3 System

Based on the positive results obtained in experiments with the
acetone/BF; system; the systemétic examinatidn of other ketones was
warranted. Initially, acetophenone, (C¢Hs5)COCH;, and propiophenone,
(C¢Hs)COC,H;, were to be examined as donors in the isotope éxchange
reaction. These materials were selected based on the excellent properties
of the homologous ethers (anisole-and phenetole) ip_the isotope exchange
reactioq. It was believed that these compounds would exhibit superior

qualities compared to acetone as donor materials, much as the phenyl

ethers showed enhanced properties as compared to dimethyl ether. Prior to

testing these ketones 'in equilibrium experiments, acetophenone was.

prescreened to determine if the - BF; complex even existed and if so,
evaluate some of the physical properties of the resulting complex.
At 25°C, acetophenone readily absorbed BF; gas, forming a dark brown

ligquid. At the completion of the formation reaction, the complex was a

very visqous,,dark'black material. Since the complex had the consistency

of tar even at the elevated temperature of 100°C, the use of acetophenone
as a possible donor in isotope exchange was eliminated. Due to the
chemical similarity of propiophenone, this material was not prescreened.

Based on these studies, testing of phenyl ketones in the‘isotbpe exchange

process was abandoned.
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The MIBK/BF,; System

Because the positive nature of the experimental results with the

acetone/BF,; system indicated that ketones could be viable alternative

donors in boron isotope exchange, 4-methyl-2-pentanone (methyl isobutyl:

ketone or MIBK) was prescreened as a potential donor material. The

purpose for studying other ketone systems was to examine the effect

substituting other functional groups for one or both of the methyl groups
in acetone would have on the separatioh factor. The difference between

acetone and MIBK is the substitution of an iscbutyl group for a methyl

group in acetone to form MIBK. The carbonyl oxygen provides the lone:

electron pair used to form the BF,; addition compound in both ketone
systems., Thus, aﬁy differencés ih the experimentally‘measured separation
factors associated with the two systems coﬁld be attribhted to differenceé
in the functionai groups attaéhed to the carbonyl cérbon.

The prescreening studies were indicative that one mole of MIBK
absorbed 1.1 moles of BF;. A 1:1 ﬁolar complex is therefore indicated with
'slight solubility of BF; gas in the liquid phase. The resultant MIBK/ﬁF3
complex was a dark reddish brown ligquid exhibiting a freezing point of 16
to 18°cC. Based 6n the freezing point of the complex, equilibrium
temperatures of 25°C, 35°C and 45°C were selected for the experimental
détermination of‘separation factors.

The results of two separate equilibrium experiments with the MIBK/BF,
system are presented in Figure 4. " Note that there is significant
variation in the individual dgta points for a specific temperature in the
first MIBK/BF, experiment. This variation at a ;pecified tempe#ature

results in uncertainties regarding the actual value of a and the position-
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of the best fit straight 1line.’ The reasons for these vafiations are
unclear, but inconsistencies in the sampling procedures for the
equilibrated gas and liquid phases are suspect. Due io' these-
uncertainties, the experiment was repeated with these  results also
indicated in Figure 4.

In the second MIBK/BF; equilibrium experiment, data was taken only'
at teﬁperatures of 25°Cland 45°Cc. It is‘apparent,from Figure_4 that the
agreement between a’s for a g;ven temperature was much better~in the
second experiment. ?urthermore, the Agreement between the results from
the independent experiments ié very g;od. These observations reinforce
the reliability of the individual data points and the best fit straight
line through the data, also inclﬁded in Figure 4. .

The equation of the best fit line obtained by linear regression

analysis is given by:

9.504
ln @ = —— + 0.0071 . T (20)
T (K) :

Thig line lies below the theoretical maximum.at all points. Furthermore,
the slope of the best fit line is pos}tive, indicating thét a increases
with decreasing temperature. Both observations are consisteht_ Qith
theoretical considerations and lend credibility\to the experimeptél data.

The liquid complex was in contact with gaseous Bf3 for 192 hours (=8
days) in experiment #1 and for 96 hours (=4 days) in experiment #2.
Decomposition products were not noted ‘in- the. mass spectra of the
equilibrated gas or liquid phase samples in either experiment. -Further
testing of the liéuid phase was facilitated with gas chromatography/mass

spectral (GC/MS) analysis. The GC was used to separate components in the
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liquid phasé, and the separated effluent from the GC was sent directly

into the mass spectrometer such that the mass spectrum of the separated ‘

components could be obtained.’ The GC/MS analysis was performed on pure .

3

MIBK used to form the complex, the MIBK‘/BF3 complex formed initially at the
beginning of experiment #?., and the'fil':lal. complex from the f.:onclusic'?n of
experiment #1.. The gas chromatographs of each of the above lj.quj.‘clsl were:
identical, corresponding to pure MIBK (BF; is so _volatil_‘e that it exits' the
GC column with or before the solvent). Thus, irreversible decomposition
products we\re'not detected in the liquid phase. It is t'hereforei apparerit
that the MIBK/BF; system is quite stable with regards to irreversible
decomposition.

MIBK was not observed in the masé spectral anaiy;is of any of the
equilibrated éas phasé samples. This is indiéativé that undissociated
complex does no*L: exist in the vapor phase for the MIBK/BF; system. This-
observation, coupled with the limited solubility of BF; in the liquid phase
are good indications that the experime,ntﬁlly determined a’s should closely
.approximate the actual values of the equilibrium constant for this system.'

The best fit line based on literature data for the ciimethyl ether/BF,
system is indicated in Figure 4. The MIBK/BF; system provides larger
values of the separation factor than the dimethyl ether system over the
terlnpelrature range studied. Cé:nsequen-tlsg, MIBK appeérs to be a better
" donor .thanA dimethyl ethér in the boron isotope e-xchange reaction.
Furthermore, compari'son of Figures 3 and 4 or.equations (19) aﬁd (20)
indicates that the results of the MIBK/BF, system are slightly highetr than
for the acetone system. The slubs’titution of an isoiautyl group fér a

methyl group in acetone appears to affect the donor to boron bond
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stability in the complex and enhances the separation factor. Thus, MIBK

appears to be a viable alternative to dimethyl ether and is comparable to

acetone as a donor in chemical exchange.
The DIBK/BF; System

The gcetone and MIBK experiments indicated that the BF,;/ketone
molecular addition compound was destabilized by replaciné a methyl group
with an isobutyl group attaéhed at the carbonyl carbon. The manife;tation
of this destabilizing-efféét was slightly larger separation factors at a
specific temperature far the MIBK/BF, system as compared to'ﬁhe acetone/BF,
system. To ‘further examine this effect, 2,6—dimethyl—4-hep£anone_
(diisobutyl ketqgne or DIBK) was selected aé a donor compound for study in
the exchange reaction. For DIBK, both methyl groups of acetone are
replaced by isobutyl groups. It was anticipated that further
destabilization of the BF; complex with DIBK would enhance the Feparation
factor over that obtained with either the acetone/BF,; or MIBK/BF; systems.

Prescreening studies were indicative that 1 mole of DIBK absorbed
approximately 1;1 moles of BF; gas. Slight solubility of gageoﬁs BF, in
the liquid complex was therefore indicated. The resulting li@uid‘compleg‘
was dark_reddish brown in célor and exhibited a freezing point of 16°C to
18°C. Based on the freeéing point of the DIBK/BF; complex, the selected
equilibration temperatures were identicél fo those used with ;he other
ketone systems.

The experimental re;ults from the équilibrium. studies with the

DIBK/BF; system are shown in Figure 5. The best fit linear equation for

this system is given by:
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31.785 . .
Inag= ———— = 0.0624 - (21)
T (K)

Tﬁis best fit line is also shown in Figure 5. BAs expected, this line lies
below that of the theoretical maximum and has a positive sloée. These
observations are consistent with theofetical conside;ations and- lend
credibility to the'experimentai data.

During the course of the DIBK/BF; experiment, mass spectral analysié
of the equilibrated gas indicated negligible amounts of DIBK were present
in the vapor phase. This is indicative thét.the DIBK/EF;.complex is not
presént'in the vapor phase. Coupled with the limited solubility of BF; in

the in the liquid complex, the experimentally measured separation factors

are expected to represent the actual value of the equilibrium constant for

the DIBK/BF; system.
The liquid DIBK/BF, complex was in contact with the gas phase for 216
hours (= 9 days) during the equilibrium experiment. Decomposition

products, expected to show up as increasing, time dependant signals in the

_mass spectra, were not detected in the equilibrated gas or liquid samples.

The GC/MS analysis discussed previously was also used to examine the

. liquid phase for irreversible decomposition products. Samples of pure’

DIBK used to form the complex initially, the DIBK/BF; complex taken at the

beginning of the experiment, and of the liquid phase after 216 hours in

the equilibrium cell were submitted to the GC/MS analysis. The

chromatographs and mass spectra for each sample were similar, and

indicated only the DIBK donor was present in the 1liquid samples.

Consequently, the DIBK/BF; complex is apparently very stable with regard

to irreversible decomposition.
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The best fit iine representing iiterature data for the dimethyl
ether/BF; system is indicated in Figure 5. As with the other ketone
systems studied, the DIBK/BF; system exhibits separation factors larger
than for the dimethyl ether system. ~By comparison of the available data,

DIBK appears to be a significant improvement over dimethyl ether as the

donor in boron isotope exchange.
The Nitromethane/BF; System

An interest'in nitromethane—(CH3N02) as a potential donor species in
boron isotope exchange developed from discussions with the organi;
chemistry group at Montana State University. A graduate student in that
group had been working wifh solutions of nitromethane saturated with BF;
gas in organic synthesis reactions. The reported properties of' the
nitromethane/BF, ?compléx included excellent stability in regards to
irreversible decomposition and a freezing point less than- 0°C. .Oqe mole
of nitromethane was reported to absorb 1.4 to 1.6 moles of BF; gas at 0°C
[38]. These properties were confirmed in this laboratory, and the light
brown ligquid complex exhibited a freezing point of -46°C to'—48°c.

The experimental - results for the nitromethane/BF, systemA are
presented graphically in Figure 6. The linear equation representing the

. a

best fit line through the experiméntal data is also shown. The equation

of this line is:

33.257 . .
lna = —— - .0.0452 " ‘ (22)
T (X) _ /

The slope of this line is positive in accord with theoretical

considerations. The most striking aspect of these results is that they
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are substantially greater than those pred;cted by the theoretical maximum.
The nitromethane/BF,; system is the only known instance.in BF; gas/liquid
adduct isotope exchange-where a’s in excess of the theoretical maximum
have been observed. .These extraordinary results may be justified based on
the unique propgrties of the nitromethane molecule.

The donors which have been examined in this study, and nearly all of
those examined by preévious researchers, have been single site donors.
That is, there is only one basic center containing the required lone pair

of electrons necessary for bonding in formation of the BF;-donor molecular

addition compound. The nitromethane molecule contains two oxygen atoms,

and consequently has two such donor sites available. It is conceivable

that excess BF; dissolved in the liquid phase beyond that mandated by a 1:1

molar complex could be associated or weakly bound to the second oxygen of

the nitromethane/BF; complex. The isotope effect between the complex and
the excess BF, coula potentially result in larger'valﬁes of the qeparation
factor'than for ﬁhe corresﬁonding single site donors.

The only system similar to nitromethane which has been preyiously
examined and is briefly described in the literature [(13] is that of
nitrobenzene, (CzHs)NO,. In that work, a separation factor for the
nitrobenzene/BF; system of 1.03 at 7°C was reported. This well below the
theoretically predicted maximum of a = 1.05 at 7°cC. That study also
reported BF; gas was virtually insolublé in the liquid nitrobenzene/BF;
complex. Comparison of these two systems provides some evidence regarding
the existence of a double site mechanism in isotope exchange for the
nitromethane/BF, system. Furthermore, the dramatic effect of substituent

gfoups attached to the basic donor. center is indicated.
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Any justification for such a mechanism must of course come from

careful experimental observation. Determining the exact nature of the BF;--

nitromethane bonding arrangement in the liquid complex would be the first
step in evaluating the underlying priﬁciples involved. - Such an
undertaking is outsi&e the scope of this project, but is strongly
recommended in future work.

During the nitromethane/Bf‘3 experiment, the liquid complex was in
contact with the gas phase for 435 hours (=18 days). During this extended

period of time, decomposition products were never observed in the mass

spectra of the equilibrated gas or liquid samples. It was concluded that -

this system was extremely stable with regards +to irreversible
decomposition of the complex. Furthermore, nitromethane was never observed
in the gas phase samples, which indicated a relatively low vapor pressure

for this complex.

The experimental evidence outlined above for the nitromethane/BF;

system strongly suggests much potential exists for the use of nitromethane
as a viable alternative donor in the boron isotope fractionation scheme.
Based on the extraordinary magnitude of the separation factor, it is
conceivable that a "super donor" has been discovered in this system.
Further work is certainly required and strongly suggested with the

nitromethane/BF,; system to validate this supposition.

'
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The DMSO/BF; System

The previously cited literature AataAfor the dimethyl sulfoxide
(DMSO) system (refer to Table 1) was obﬁained for gas/solid isotope
exchénge. This is the 6nly known‘instance wbere such a sys£em has been
examined experimentally and those results indicate that the separatién
factor increases with increa;ing tempefature. This trend contradicts the
theoretical predictions and experimental observations for ‘gas/liqﬁid
exchanée regctions. Based on the DMSO éés/soiid data and éhe,demonstraﬁéd
behavior §f similar gas/liquid ‘systems, it was postulated - that the
separation factor, a; goes through a maximum at femperatures near the
phase transition of the complex from the liﬁuid to solid states. .It is

necessary to validate this hypothesis by experimental determindtion of the

temperature dependence of a for the gas/liquid DMSO/BF; system.

The DMSO+:BF; complex freezes to form a white crystalline solid at

53°cC. The experimental apparatus developed in this study proved

inadequate to obtain equilibrium data at these elevated témperatures. The

complex froze in the circulating pump and pump lines external to the .

equilibrium cell. This complication made sampling of the liquid phase

impossible since the complex solidified in the liquid sampling port as-

well. Consequently, experimentation with the DMSO/BF, system. was

discontinued. If experimentation is resumed at a future time, the

experimental apparatus must be modified to’ accommodate the use of higher

experimental temperatures.
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Comparison of Experimentally Studied Systems

The scope of the experimental portion of this study focussed on the
experimental determination of the séparation factor as a function of
temperature forhthe various systems examined.- The temperature dependence
and magnitude of the separation factor for the BF;/donor systems studied
in this research are presentéd in Figure 7. Liﬁeratu;e data for the
dimethyl ether system is also indicated in Figure 7 for comparison.

As pre;iously discussed, the separation factor, a, increases with g
decreasing temperature, aslindicated by the positive slope of the lines
shown .in Figure 7. The positive slope indicates that the exchange process
is exothermic. This trend is expected and predicted from theory and the
results of previodus researchers for similar exchange systems. Based on
the slope of the experimental lines shown in Figure‘7} the temperature

dependence of separation factor varies from donor to donor and increases

in the order:
Acetone > Nitromethane > DIBK > MIBK

Depending on the BF;/donor system, the-variation of & with temperature may
be an important consideration in éhe desién and operation of a large scale
cascade. For a strongly temperature dependent donor, such as acetone or
nitroﬁethané, a substantial increase ‘in " cascade performance may be
fealized by isothermal operation of the exchange column.

Tﬁe magnitude of the'separation factor at a specific temperaturé
varies from donor to'donor. In accofd wi;h previous discussions, the
variation is a result of differences in substituént groupsvattachedxto the

basic center in the donor molecule. The increasing inductive effect of
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larger alkyl groups should strengthen the BF;-donor bond and result in
lower values of the separatiog factor. The opposite trend was observed
with the ketones studied in this work, with separation factor increasing
in the order DIBK- > MIBK > Acetone. This 5;5 attributed to steric
interferences, presumab;y between the B8 or y-carbon in the isob#tyl group

and the normal positioning of fluorine in BF;.

It is apparent in Figure. 7 that the separation factors associated

with the nitromethane system are dramatically larger than those for the
ketones. The céuse of thié anomaly is uncertain, and further experimental
work is ﬁecessary to enhance understanding of this phenomenon.

The benefits of increasing the separation factof in large scale
isotope fractionation is easily brought into perspective with a simple

comparison based on the familiar Fenske-Underwood equation:

) In[yp(1l-%y) / (1-¥re)Xy]
n = (23)

In a

Equation (23) provides the minimum number of ideal stages, n, required for
a specified separation in a exchange column operated at total reflux. For
a cascade producing 95% °B product (yp = 0.95) and a 5%'°B waste stream (xy

= 0.05), equation (23) can be simplified:

5.889 _
n = -————— (24)
ln «a

Minimum stage requirements are presented in Table 4 for the dimethyl
ether, acetone, MIBK, DIBK and nitromethane systems based on reported

values of the separation factor and evaluated from equation (24). It is

apparent from the above comparison that a slight increase in separation'
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Table 4. Minimum ideal stage requirements with different donors for a
boron isotope fractionation cascade operating at total reflux.

Donor a Min M of Ideal Stages
Dimethyl ether 1.014 424
Acetone 1.041 147
MIBK 1.041 : . 147
DIBK 1.045 o : 134

Nitromethane 1.081 - 77

factor results in a concomitant decrease in the minimum ideal stage

requirements. Consequently, a dramatic reduction in the size of the

required process equipment is indicated if a ketone or nitromethane is’

used as the donor r;ther than dimethyl ether.’ An in;depth anélygis of
isotope fractionating cascades is the purpoée of the‘second portion of
this study and will be deferred to the subsequeﬂt section on modelling and
analysis.

Other considgrations besides the magnitude of the'séparation factor
and hence the size of the process equipment requiréd to effect a given

separation are important  in the selection of the an appropriate donor.

Recall that the BF; bound in the liquid molecular addition complex must be

readily liberated to effect prbduct'recove;y and for the recirculation and

reuse of the liquid donor. Consequently, the formation reaction:
BF; + Donor = BF;-Donor (3)

should be quantitatively reversible simply by the addition or removal of
heat. Reversible decomposition of the liquid complex into BF; and donor
- is tantamount to establishing the method recycle will be provided in large

scale isotope fractionation.
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Experimenfs to determine the reversibility of the formation reaction
were undertaken in this study. The equilibrium cell previously described
was fitted with a stainless steel condenser. A heating tape wrgpped

around the body of the cell provided a convenient method of heating the

cell and its contents. The complex under consideration was formed in situ

in the equilibrium cell. Then contents were then heated via the heating
tape and gaé was allowed to escaée from the cell through the condenser
under coﬁstant helium purge. In this manner, the cell was designed to
operate in the fashion of.a distillation flask. The idea was to thermally
liberate gaseous BF, from the complex. | |
Liquid samples were taken at two hour intervals during the
decomposition experiments for analyéis of boron content. An analysis was
attempted on the mass spectrometer previously used in conjunction with the
isotopiq abundance determinations. Boron content was to be determined by
comparing the signal strength of the BF; peak to that of the base peak from
the donor in the mass spectrum of the complex. In this manner, relative
amounts of BF, prgsent in the liquid compared to the donor were to be
determined if the amount of donor in the cell was assumed constant.
Unfértunatel&, the experimental apparatus and the analysis procedure
proved inadequate for the purpose of studying reversible decomposition.
Refluxing the liquid complex in the cell could not be adequately
controlled, primarily since visual inspéction was not possible in the
stainless steel vessel. In general, the complex was irreversibly
decomposed or even scorched to the cell walls due to excessive

temperatures, or in some instances the donor was boiled away with the BF,

gas rendering the analysis useless. Consequently, the data obtained from
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these experiments was very inconclusive but did indicate that the
decomposition may be reversible if performed under the proper conditions.
Egperimental methods and analytical techniques amenable to‘thé study

of irreversible decomposition of the liquid complexes are reported in the

#

literature [1}5,24]. The appropriately modified equipment was outside the

means of this project. The analytical techniques. for determination of
boron content in the liquid sample are extremely ;abor intensive and
require ‘specialized anaiytical equipment. Such experimen£s are best
suited to a well equipped analytical laboratory. Consequently, a détailed
study of reversible decomposition was abandoned but is strongly

recommended as future work.




MODELLING AND ANALYSIS

The purpose of‘the modelling and analysis portion of this study waé
to compare the number of ideal chemical equilibrium stages and total
interstage flow requirements for different recycle cascade configufations
with the various BF,;/donor systems examined experimentally; Total
interstage flow and idegl stage requirements provide an estimate of the
size of the separation plant necéssary to fractionate the isotopes of
boron. The previously discussed dimethyl’ ether system 'currentiy in
commercial use provides a convenient basis for comparison of the plant
size associated with the experimentally examined exchaﬁge systems. Such
a study is beneficial in.estimating thé effect different donors has on the
size, and hence design, of the‘necessary process equipment. Indeed, this
.type of analysis is tantamount to selecting the donor system to be used in
large scale separation schemes, and generally must be conducted prior to
a full scale design and economic evaluation.

The experimental portion of this work focussed primarily on the

determination of the separation factor, «a, associated with the different

BF;/donor systems. With the values 6f a available, only ideal stages can
be considered in this portion of the study since actual (non;ideal) stage
requirements would rely on stage efficiency data obtained from pilot plant
experiments. Furthermore, the physical properties (e.g. %iscosiﬁy and

density) as well as the reversibility and thermodynamics of the formation

reaction for the different liquid BF;/donor complexes must be established .

prior to conducting a full scale design and economic evaluation. The
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appropriate ‘experiments and pilot plant studies necessary to.determine
these important operating parameters w;re outside the‘scope of this work.
Despite these limitatiops, the results from this portion of the study are
useful in planning future bench scale experiments or pilot plant studies
and to evaluaté thé actual’requireménts of plant scale boron isotope
separation systems. |

The salient featureé of recycle cascades are set forth and discussed
in the following sections. Detailed analysis and derivation; of cascade
ﬁheory can be foupd in the open literature (4,39,40]. These established
relationships were used to propagate computef models for the stagewise
behavior of several ‘types of recycle cascades applicable to isotope

fractionation. These models and the results are subsequently discussed.

Terminology

Ideal Stages

The fundamental element of an isotope separation plant which effects
a portion of the overall ‘separation of £he process materials 1is a
seéparating unit or stage. The simplest type of stage is one that receives
a single feed stream and produces one heads stream enriched in the desirea
component and a single tails stream depleted in tﬁe desired cdmponent.

Such a separating stage is depicted in Figure 8. The heads stream exits

the stage with a flow rate denoted L, indicating a liquid stream in accord

with chemical exchange, and is enriched in the desired isotope. The tails

stream flow rate, denoted G to indicate a gas stream, is depleted in the

desired isotope. The feed stream, F, is generally a mixture of two or

more streams containing both gas and liquid fractions. In this study,
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Figure 8. Single separating stage and associated nomenclature.

hourly molar flow rates were used exclusively, consequently L, G, and F
have units of moles/hour.

For binary systems, as is the case of boron isotopes, it Iis
commonplace to express mole fractions in terms of the desired isotope.
The desired isotope was defined as 10B for the purposes of this study.
Accordingly, the mole fraction of 10B was denoted as y in the heads stream,
X In the tails stream and z in the feed stream as indicated in Figure 8.
The mole fraction of 11B is then expressed as (1-y), (1-x), or (1-z) in the
heads, tails and feed streams, respectively.

Certain relationships 1in separation cascades are simpler when
expressed as mole ratios, defined as the ratio of the mole fraction of one
component in a stream to the mole fraction of the second component in the

same stream. The greek letters T], e, or C are used to denote these ratios

in the heads, tails, or feed streams, respectively. The mole ratios
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corresponding to a given stream are indicated in Figure 8 and defined as.

follows:

y
7 = (25)
(1 - v)
X
€ = —— (26)
(I - x)
z
{s —— (27) .
(1 - z)

Emphasis in this portion of the study was placed on the concept of

an equilibrium or ideal stage. In an ideal stage, the two streams exiting

the stage are in equilibrium.
Separation Factors

The degree of separation achieved within a éingle ideal stage is
measured by the separation factor, «. The ;eparation factor is defined as
the ratio of the heads streéﬁ mole fractions divided by the corresponding
ratio in the tails stream. For the binary component mixture ('°B & 'B)

being discussed:

i v/ (1-y) y(1-x)
a = = = (28)

€ x/(1-x) x(1-y)

The separation factor defined in the above manner is useful since in

many isotope separation processes it is independent of composition. 1In
: . \

the models developed for this study, it was assumed that the separation

factor a was a constant and known property of each ideal stage with a

magnitude determined from experiment.
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Other useful measures of the degree of separation obtained in a

single stage are the heads separation factor, f:

- y/ (1-y) y(l-2) '
g = = = . (29)
‘ ¢ - z/(l-z) z(1~y)

and the tails separation factor, +v:

¢ z/(1-2) z(1=x) .
s = = = = (30)
€ x/(1-x) x(1-z)

The composition differences measured by the above defined'separation
factors are indicated by the dashed lines in Figure é.

If one or more of the separation factors are known and assumed to be
constant for a stage, the above definitions can be rearranged ?o provide
equilibrium expressions relating the various mole fractions for an ideal
stage:

ax B8z
Y = = - (31)
ax + 1 - x Bz + 1 - z

. y z
X = = (32)
a(l-y) + y y(1-2) + =z :

Yy ax
z = = ) (33)

B(l-y) +y ax + B(1-x)

Countercurrent Recycle Cascade

When the degree of separation effected by a single stage is smaller

than the required amount of separation between the waste and product

streams, it becomes necessary to connect a number of stages together in -

series to perform the required separation. A group of stages connected in

series is referred to as a cascade. The countercurrent recycle.cascades
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examined in this study are represented schematically in Figure 9. The
process scheme in Figure 9 represents the simplest type of recycle cascade
in which the tails stream from stagé,i-l (G;.; in Figufe 9) is recycled to
form a portion 6f'the feed to stage i. Expe;ience indicates fhat counter
current contacting is reqﬁifed' for thg efficient  separation .0f many
mixtures; continuous distillation with reflux is .a typical‘example of a
cgmmon counter current cascade. Consequently, the recycle flow scheme is
.often encountered in separation.processes.

The counte;current cascade shown in Figure 9 séparatgs a feed stream
- with a 1°ﬁ mole fraction of 2z, flowing at rate F into a product stream
containing a mole fraction NB of yp flowing at'rate P and a tails or waste
stream with a mole fraction !°B of x,; flowing at £Ete W. Thése7six flow
rates and compésitions are termed the external ?ariables for the recycle
cascade.
) The feed to each stage is a combination-of'the tails stream from the
next lowef staée and the heads stream from the next highe; stage. The
flow rates and compositions are defined in exactly the same manner as for
the single stage sﬁown in Figure 8, except a subscript is used to indicate
’ the stage number with which fhe flows and mole fractions are éssociated.

These flow :afes and compositions are referred to as the 'internal

variables of the cascade.

The portion of the cascade from the product stage up to and

including the feed stage is referred to as the enriching section. The
purpose of the enfiching section is to make isotopically enriched material
of the desired product compositioﬁ. The enriching séction is therefore

essential in making product of the required purity. The portion of the
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Figure 9. Flow schematic of the countercurrent recycle cascade.
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cascade above the feed point is termed the stripping section. The purpose
of the stripping section is to recéver or strip the desired isotope from
the feed st;eam. Therefore, the stripping section serves only‘to reduce
the amount of fresh feed required to make a specified amount of product,
and in certain instances it can be economically advantageous to eliminate

this section altogether.
Material Balances
Two material balances may be written for the external process
variables, e.g. the feed, waste and product streams, shown in Figure 9:
F=P+W (34)
and zpF = ypP + xW (35)

Since there are two equations and six unknowns, it is possible to specify
four of the external variables, the remaining two are fixed by the above

material balance relations. If the product rate and composition, P and yp

respectively, the feed composition, 2zp, and waste composition, xy, are-

specified, the feed rate, F, and the waste rate, W, are given by:

P(yp — Xy) :
F = — (36).
.ZF—XW .
P(Yye — 2r)
Zp — Xy ’

It is also possible to write two material balances on the internal
process variable for any stage in the cascade. consider a portion of the
enriching section from the product end up to and including stége‘i. The

material balances for stage i:
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Lisg =Gy + P : (38)
Yi+rlisy = X363 + ypP ’ (39)

may be combined resulting in the enriching section material balance

equation valid for the heads composition exiting  any stage up to and

©

including the feed stage, ng:

x; (Gi/P) + ¥p

Yier = (1 =1, 2, 3,¢0e¢, Dp.q) (40) -

(Gi/P) + 1

Equation (40) is often referred to as the operating ling equation for the

enriching section of a cascade.

Similarly, in the stripping section for any stage above the feed

g;égg, ng, the material balances are:
Li,, + F =Gy + P ) o (41)
Yisalisy + 2pF = X365 + y P , . (42)
The equétions can be combined to give the stripping section material
balance equation Yalid'for the heads composition exiting stages in the
stripping section:

X;(Gy/P) + yp —~ 2Zp(F/P) . .
Yivr = (1 = np, Npyys Nprgree-er Np.y) (43)
(Gy/P) + 1 = (F/P)

Equation (43) is often referred to as the stripping section operating line

}
equation.

Recycle Ratio

The gquantity G,/P in equations (40) and (43) has special significance

and was defined for the modelling purposes @f thig study as the recycle

ratio, Ry:

R; = G;/P ‘ : (44)




70
The number of ideal stages required to separate feed into product
and waste of the specified compositions is a minimum at R; - . This
condition is referred to as total reflux. The condition of total reflux
is of theoretical interest since the absolute minimum number of “ideal
stages, n, required for a specified separation is mathematically easy to
obtain from the familiar Fenske-Underwood equation, which was presented

earlier: '

In{yp(1-xy)./ (1=¥p)Xy] )
n = (23)
ln a

However, at total reflux, none of thg product or waste is withdrawn from

the cascade. Total reflux is therefore impractical in actual cascades.
At total reflux, the composition difference between corresponding

streams on adjacent stages is a maximum and the required number of ideal

stages is minimized. BAs the recycle ratio is decreased, this composition

difference decreases and the required number of ideal stages increases.

At some point thé recycle ratio reaches a minimum value where the cascade
just ceases to'separate. This condition is known as minimum reflux,
(Ri)minr and occurs at the point within the cascade where the composition
difference between correspoﬁding streams on adjacent stages is zero. For
example, in distillation of non-azeotropic mixtures a constant recycle
ratio is £ypically used for all stages in the cascade and the minimum
recycle condition occurs at the feed stage. Minimum recycle results when
the operating lines for the enriching énd stripping sections meef the
equilibrium line. The result ié an invariant zone or pinch point where an
infinite number of stages are required to reach the composition at which

the operating and equilibrium lines intersect.
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For a reflux ratio approaching the minimum value, separation ceases

at some point in the cascade and the desired separation cannot be obtained
irregardless of the number of ideal stages used. A condition of minimum

reflux for any stage i is expressed mathematically as:

Yi+r = ¥i ) (45)

The minimum recycle ratio for a given stage in the enriching section, up

to and including the feed sﬁage is:

yp(axi+1—xi)'- ax;
(Ri)min = (t =1, 2, 3,...., np) (46)
(a=1)x3(1-x4) :

Likewise, in the gtripping section, the minimum reflux ratio for any stage

above the feed stage is:

W(yi—%y)

(Ry)min = (L = Npyys Npizr Npagreee-y Np.z) (47) )

P(a=1yx;(1-y;)

Minimum reflux is impractical since no separation is obtained
irregardless of the number of ideal lstages used in the cascade. A
knowledge of thé miniﬁum reflux for stages in the enriching or stripping
sections as given by equations (46) and (47).is necessary to insure that
actual values.of reflux are greater than the minimum at a given' stage.
This insures that fractionation actually oécurs in the cascade.

A salient feature of the minimum recycle ratio is that it increases
as the composition Aeparts more and more from the product or waste
compositions. Thus, the maximum requirements for reflux oécurs at the
feed stage and these requirements decrease steadily as the ends of the

cascade are approached.
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Providing Recvcle in the Cascade

Two types of process equipment are required to provide recycle or
alter the exiting recycle ratio at various stages in a cascade based on
the isotope exchange reaction. A decomposer is required to convert the

liquid complex to gaseous BF; and liquid donor. Thus, a decomposer

.

provides the gaseous BF, recycle and is required at all points in the-

enriching section of a cascade where recycle is required or the recycle

ratio is altered. A recombiner combines gaseous BF; with the donor

.material to produce the liquid BF;-donor complex. Conseduently, the -

recombiner provides liquid recycle and is associated with the stripping
section of the cascade.
A minimum of one recombiner and one decomposer is required for the

operation of any cascade (this minimum corresponds to the constant recycle

case described subsegquently). Referring to Figure 9, a recombiner is.

nécessary at the waste end of the cascade to prov;de liquid recycle. A
decomposer is required at‘the producf‘end‘of thé cascade to provide
gaseous recycle. |

The design.of decomposer and recombiner systems used in actual
cascades requires thermodynamic data for the'BFa/donOr formatiop reéctioh.
This data was not available. from the experimental work for the various

systems studied, but was recommended for future study as previously

discussed.
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Number of Separation Stages

,iﬁ general, the ﬁumber of 1ideal stages required to effect a
specified separation cannot be determined directly for a practical
;ascade. A stagewise computational scheme or gréphical_ ;ethod must
usually be employed to determine the number of stages needed to effect the
required separation. The computer models utilized in this study were
designéd to determine stage requirements, as well as othef design
parameters, for.the variéus caécadé cdnfiéurations. 'Again, it must be
emphasiéed that the lack of stage efficienpy data'limits this portion of
the study to the evaluation of ideél (equilibrium)’séage requirements.
The number of actual stages in a cascade is a basic design.parémeter
since column cost-is generally based on the unit cost of a single stage.
For examplé, based on £he previously calculated stage réquirements.for a
cascade operating at totai reflux (refer to Table 4), the curfently used
dimethyl e;her system would require .424 ideal stages .while the
nitromethane system would require 77 ideal stagés to perform the sa@e
separation. Assuming the cost of a single stgge to bevindependent of the
"donor used and that stage size‘or volume remained constant, the cost of
the column associated with the diﬁéthyl ether system would be (42%/77) or
" approximately or 5.5 times éreater than for the column associated Qith thé
nitromethané system. Consequently, a knowledge of the stage requirements

for a given donor system provides a rough comparison of capital cost

associated with columns utilizing different donors.
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Total Interstage Flow

The total interstage flow rate through a cascade is the tétal amount
of material,.both heads and tails, processed by ;he collective stages in
the cascadé to produce the degired. quantity and purity of‘ product;
Consequentiy, the total interstage flow rate is a measure of the size of
the separation plaht required to perform a specified separation. For
example, the total volﬁme of column interﬁéls is proportional tolthe total
interplate vapof flow rate through a distillation column.

The stagewise modelling process was used to determine the total
interstagé flow rates associated with the various casca&e configurations
and donor systems studied. The flow rate of each heads and tails stream
exiting each stage in the cascade was calculated. These rates were summed
over all stages to determine the total iﬁté:stage flow rate.

For the constant recycle cascade modelled with the dimethyl ether
system (vide infra) the total | interstage flowfr;te was approximately
3.42*10° mols/hr. This means thét 342,000 moles éf material must be
processed through the cascade per hour.to prodﬁge 2 moles/hour of B
product enriched to 95%. In isotope separation plants, a substantial

amount of the unit production cost is derived from the enormous size of

. the process equipment in terms of ideal stage requirements and the

inventory of process materials available in the cascade as holdup. The

_ volume of column internals will depend on the total interstage flow

through the cascade. . Therefore, the total interstage flow rate, in
conjunction with the ideal stage requirements, provides a useful measure
of the size of various cascade configurations operated with different

donor systems.
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Practical Recycle Ratio

For a practical separation plant, the foregoing discussions clearly
indicate thét the fecycle'ratio in a cascade must lie between the minimum
value and total reflux. At total';eflgx, the required number of ideal
’ stages will be a minimum while the total intefstage flow is infinite. At

the minimum recycle ratio, the cascade just ceases to separate and the

number of ideal stages and total interstage flow are both infinite. This

suggests that' the total interstage flow for a.giéen cascade performing a
specified separation goes through a minimum at some'finite value of the
recycle ratio-between the two extremes of minimum and total reflux. For
" the valué of‘the ;ecycle ratio where total interstage flow is minimizeq,
the numper'of ideal stages will be somewhere between the'minimum required
and an infinite number. It is of infe?est to examine the effect reflux
has on the total interstagé flow and ideal st;ge requirements as an aid in
determining a "practical"Arecycle ratio for isotope separation cascades

based on the chemical exchange systems of interest in this study.

It is common to express the recycle ratio in a cascade as a function

of the minimum reflux for a stage as given by equation (46) for the

enriching section. The functional relationship between the practical and

minimum recycle ratio is simplest when related by a multiplicatioh factor:

. yplax;+l-x;) — ax; )
Ry = A*(Ry)nin = A¥ . : (48)
(a=1)x; (1-%x3)

The recycle multiplication factor, A, in equation (48) may take on any
value from A = 1 to A = ®. Note that for A = 1, Ry = (Ry)pin and as A + @,

R; -+ ® corresponding to total or infinite reflux. Therefore, the actual
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or practical recycle ratio expressed by equation (48), as-well as the

minimum recycle ratio, is dependent upon the separation factor, a, and the

tails stream composition exiting stage i, x;. Furthermore, the practical"

re&ycle ratio is greatest at the feed stage in a countercﬁrrent recycle
cascade. Since the separation factor is‘close £o unit§ (& = i.627 to a =
1;067 @ 30°C) for the boron exchahge systems under consideration, x; at the
feed point is ekpected to approximate the feed composition, zg. As a first
approximation, equation (48) can " be rewritten in terms of the fee§

composition:

yP(azF+l—z§) - azg :
Ry = A*(Ry)pin = A* - ) (49)
(a~1)2g(1~2zp)

It is important to note that the practical recycle ratio as expressed by -

equation (49) is strictly valid oﬁly in the limit as a -+ 1.

| Total interstage flow and the required number of ideal stagésvafe
plotted as a function of l/A f&r a = 1.027 in Figuré 10. Similarly,‘the
same results for a = 1.067 are.shown in Figure 11. The results indicated
in these figures are based on the constant recycle cascade model developed
and discussed iﬁ subgequent sections (Vide infra). The selection of
inverse multiplication factor, 1/A, as the ;ndependent variable provides
a convenient method for normalizing the x-axis. Note'tﬁap l/A -+ 0'as A
@, or total reflux, and the number of ;deal stages for 1/A =0 dorresponds
to the minimum as givén by equation (23), the Fenske equation. $Similarly,
as 1/A -+ 1, the number of stages becomes infinite in aecord with. the

condition of minimum recycle as previously discussed.
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Figures 10 and 11 indicate that total intefstage flow indeed goes
through a minimum in the vicinity of 1/A = 0.75, éorrgsponding £o a
recycle ratio of Ry = 1.33*(Ry)pmin. Comparison of these figures indicates
that the minimum total interstage flow is consistent o?er the range of
separation factors associated with the BF,/donor systems pertinent to this
study. However, the required number of ideal stages begins to increase
rather sharply in the vicinity of minimum total interstage flow. As a
result, a slight idcrease in recycle rétio would substantially reduce the
.number of ideal stages without ahdramatic increase in the total interstage
flow. It is apparent from Figures 10 and 11 that the'pracéical recyclé
ratio should lie somewhere in the range of i/A = 0.6 to 0.8, éqrresponding
to Ry = 1.25 to 1.7 times the minimum, respectively, in order that the
' total interstage flow remain in the vicinity of the miniﬁum. However, the
practical éecycle ratio must be as iarge as'possible, i.e. near 1.7 times
the minimum, in order to keep the ideal stage requirements as ;ow as
possible.

Obviously, a great Aeal of latitude exists in the sélecticn the
practical recycle ratio, and this selection is an important design and
ecoﬁomic factor for a practical separation plant. The determinatian of an
appropriate recycle ratio is tyéically dependant on the specific system,
and hence separatiog factor,  a, used- to efféét the given separation.
Depending on thevsystem,\values of 1.05 fo 5 times the.minimum recycle
ratio are commonly encountéred in literature sources [4,39] ih accord with
the gbove results. In fact, the selection 6f the practical recycle ratio
will ultimétely require an in depth economic ahalysis for a particulér

separation problem and is outside the scope of this project.




80
For isotopic separations, recycle ratios of 1.5 to 1.8 timeé the
minimum are typically reported [4,41). éor the purposes of this study,
recycle ratios, where required to be specified, were set at 1.45 times the
minimum. Although this value may not be the optimum for the systems under
consideration, it approximates the values commonly reported for isotope

separations and is likely to approximate the‘recycle ratio used in the

design of actual boron isotope separation systems.
Cascade Models

Three different types of cascades were modelled in this study: the
ideal cascade, the constant recycle cascade, and different squared off
cascade configufations. With the ideal cascade, inefficiencies are

removed and the total interstage flow rate is minimized. For a specified

practical recycle ratio, the constant recycle cascade (a distillation-

column is a typical example) requires the minimum number of stages of all

recycle cascade configurations. Thée ideal and constant recycie cascades
are limiéing cases for the actual design of isotope separation cascades;
the constant recycle case minimizes stage requirements while the ideal
cascade minimizes total interstage flow. Although a detailed economic
analysis is ultimately required, it is probable that ‘both types of
cascades are impractical fqr,the boron isotope separation problem and a
balance between the two systems must be devised; such is the purpose of
the squared off cascade. A squared off cascade can be designed to
approach minimum interstage flow requirements associated with the ideal
cascade while the number of sepagation stages in the squared off cascade

approaches those of a constant recycle cascade.
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If a viable comparison of total interstage flows and stage

‘requirements for the vérious types of.cascades operating with different
donor systems is to be made, each cascade must be performing the same
separation. Consequently, tge external variablés specified for each type
of cascade in all-models were as follows:

ys = 0.950

mol fraction !°B in the product stream

0.198

Zg mol fraction °B in the feed stream

mol fraction °B in the waste stream

x4y < 0.050

P = 2.00 mol/hr = product stream flow rate

a = the sinéle stage sepération factor for a.particulér donor
With these external.variables specified, the feed rate, F, and the waste
rate, W, are fixed.as specified by equations (36) and (37), respectively.
These variables were selected to approximate production rates and purities
associated with the currently used dimethyl ether plant as.reported iq the
literature [2,3,4,36}.

Notice that a striéping section was required‘to produce a waste

stream composition subgtaﬂﬁially lower than the composifion of the feed

stream. Recall that the stripping section is that portion of the cascade

operating between the composition range 2z and  Xy. The need for a

stripping section in the design of an actual plant would require an in
depth -economic analysis involving the cost of providing fresh BF; feed and

disposal of the !B depleted waste stream.
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Ideal Cascade

An important type of cascade that is'eigy to treat theoretically,
minimizes total interstage flow, and is generally approximated by all

isotope separation plants designed for minimum equipment costs is the

ideal cascade. An ideal cascade is characterized by the following

properties:
1. The compositions of the heads and tails streams forming the feed

to a stage are the same,'expressed mathematically:

Viep = X414 = 24 (i = 2,3,4,... ng~1) .. (50) -

2. The‘heads separation facth B is constant and equal to the
square root of a:
B = a5 = & ' } (51)
The first condition, corresponding to equation (50), is often termed
the no-mix criteria. The mixing of streams of ‘different isotopic
compositions to form the‘feed to a separation stage obviously constitutes
an inefficiency since it is precisély the reverse of this process thaF is
desired and takes pléce.within the stage iéself. The no-mix criteria is
a key property of the ideal cascade which fixes the recycle ratio as a

function of stage number. This results in mihimum equipment size:(sﬁage

volume) to -separate the isotopic mixture.

Heads Separation Factor

The ramifications of the second condition, expressed by equation
(51), are not intuitively obvious. This condition is necessary to insure

minimum total interstage flow, as indicated by the following development.
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First, assume that the stage separation factor a is constant for
each stage iIn the cascade. For an 1ideal cascade, the no-mix criteria,

equation (50), may also be expressed in terms of mole ratios:
ei-i = diH = Ci 52

Figure 12 shows three stages of an ideal cascade for which this condition
holds. First, consider the relationship between the heads separation
factors for every other stage iIn the cascade, e.g. stages i-1 and i+1 1in

Figure 12. From the definition of (1, equation (29), it follows that:

nil

Pi-i 5 G3)
Ci-i
iH

and Pin = nt (€D)
CiH

Figure 12. Mole ratios in a section of an ideal cascade.
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Since the cascade is ideal,

i1 = M1 . (55)

and . . {ie1 = €1 (56)

Substituting these relations into equations .(53) and (54):

Ni-1 )
Bi1 = ) . (57)
/R .
Niva
Biv1 = (58)
€3
Dividing equation (58) by equation (57):-
Bi+1 Ni+x M1 .
= : : (59)
Bi-1 €1 Mi ) \

From equation (52) and the definition of «, equation (28), the right hand

side of (59) is simply a/a or 1, thus:

Bisy = Bii (L = 2,3,4,....n3-1) (60)

Equation (60) indicates that for constant a, the heads separation factor

8 is fixed and constant for at least every gther stage in the cascade.
Next consider the relationship between the heads separation factors

on adjacent stages in a section of the cascade shown in Figure 12, i.e.

stages i and i-1. Equation (57) is still valid:

Mi-1
Bi.1 = (57)
i
: N3 N4 ’
and By = = (61)
. $y €1.1 .

The right hand side of (61) is a result of equation (52) for an ideal
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cascade. Solving equations (57) and (61) for 3;, equating and rearranging:

Ni-1

BBy, = =a ' (62)

€1-1

‘- Bquation (62) provides the key result that for an ideal cascade with

constant a, the product of the heads separation factors on adjacent stages

of the cascade are equal to the stage Separation factor a. Expressed

mathematically:
3131_1—; o« (i = 2,‘3,4;«,...“.n1.) o (63)
Equations (60) and (63) suggest tpat it ﬁay be convenient to relate
a and f through the relatioﬁship: |
B =al where 0<g<1 ' (64)

The exponential factor g must lie in the prescribed range ;ince it is
easily shown that for qgq=1o0r g=0, no‘fractionation occurs and tﬂe
- cascade ceases to‘sepafate. Note that for £heAcase of g = 0.5, equation
(64) is identical to equation (Sl)ﬂ |

It is of practical interest to examine the effect g has on a plot of

recycle ratié versus stage number in the ideal cascade. Such a plot is

)

shown in'Figure 13, derived from the ideal cascade computer model (vide

ihfra) for a = 1.05. It is apparent from Figure 13 that for q = 0.5 the

recycle ratio increases monotonically from either end of the cascade up to

the feed stage. For g = 0.4 the curve is becoming unstable and appears'

more as a band than a smooth curve. As the value of g departs further
from the central value of 0.5, the curve will exhibit wider oscillations.
The behavior of the cascade exhibited in Figure 13 for different

values of q in equation (64) can be envisioned as follows. For q = 0.5,
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the amount of material and hence the volume or size of each stage in the
cascade decreases smoothly from the feed point toward the waste and

product ends of the cascade. Thus the stage volume in an ideal cascade

changes monotonically in one dimension for g = 0.5. For values of g # ’

0.5, the stage volume decreases smoothly for either adjacent or opposite
stages in the cascadé from the feed point to the ends of the cascade as
well as from stage éo stage. Consequently, stage volume varies in tﬁq
dimensions for values of g #0.5. ihis indicates that for q # 0.5, ha;f
of the cascade, consisting of every other stage, is processing more
material than the remaining half and the work of performing the:dgsired
separation 1s not distribuéed equally between the two halves.

Finally, it is advantageous to discern the effect g has on the total
interstage flow rate through an idea;~cascade.: Using the model for the
‘ideal.cascade discussed subsequently, the total interstage flow réte was
dete;mined for a‘variety of q values with a = 1.05. The results are
plotted in Figﬁre 14. The impértant féatureAindicated by Figure 14 is

I8
that the total interstage flow is a minimum at g = 0.5. Furthermore, as
g approaches the limiting values of 0 and 1, the total interstage flow
becomes infinite. This indicates that as g apéroaches 0 or 1 as limits,
infinite interstage flow is required to perform the separation.'

Thus, an ideal cagscade is one in which no mixing of streams yith
different compositions occurs (yi+« = 21 = kid'or Ni41 = §1 = €4.5) and the
heads'separation'factor is constant w;th B8 = a®5. . These two conditions

ingure a cascade with minimum interstage flow, an ideal c¢ascade by

definition.
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The Ideal Cascade Model

The ideal cascade was the simplest to model since the composition of

all streams was fixed and easily determined once the composition of a.

single stream at any point in the cascade was specified. With reference
to Figure 9, the logical'startiﬁg point for the ideal cascade is the feed
stage, denoted np. The fresh feed compos;tion; Zp, was specified as the
natural isotopic abundance of boron (zF.= 0.198). With zg fixed, the no-
mix criteria fixes the composition'of the heads stream from the next
higher stage ygp.; and the tails composition of thé next lower stage Xpp.q-
Since a was known from experiment and assumed constant for a particular
BF,;/donor system and 8 = a%® in an ideél'cascade, the composition of the
heads stream exiting thg feed stage was fixed accdrding to equation (31).
The composition of the tails stream exiting the feed stage, x,;, was then
determined by the equilibfium expression given by equation (32).

With the compositions about the feed point known, the compositiéns
for each stream in the enriching section was determined by successive
applic#tion of the no-mix criteria, equation (50), and the equilibrium

" expression, equation (31). Once the heads composition, y;, of a stage was
greater than or equal to the desired éroduct purity (yy = 0.95), the
product stage was located. I

A similar method was employed to determine the compositions of
streams above the feed stage in the stripping section. Successive use of
the no—ﬁix criteria and equation (32) in a stagewise manner providedvthe
compositions of'all streams in the stripping section. When the tails
stream composition exiting a stage (x;) was léss than or equal to the

specified waste composition (x4 = 0.05), the waste stage was located.
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In the above manner, the composition of each stream and the total

number of stages in the ideal cascade were determined. With compositions

known, the recycle.ratio for each stage required to bring about condition .

(50), the no-mix criteria, in the enriching section of the cascade is
given by:

] 1 Yp B(1-vs)
Ri = - - .

- (65)
(8-1) Xy 1-x;

Similarly, the necessary recycle ratio required in the stripping section

for any stage above the feed point is given by:

(W/P)(Xi.1 = xy)
(66)

(X1.1 — Xi)

The recycle ratio for each stage'in the ideal cascade is calculated
from equationé (65) and (66) in the appropriate section. From the
definition of recycle ratio, equation (44), the flow rate of the tails
stream leaving each stage is simplf the recycle ratio for the stage
multiplied by the flow rate of'the product stream. The heaaé flowlfate
leavipg each stage is easily determined from material balance-equations,
(38) and (41) for xétages in the enriching ané stripping sections,
respectively. The total interstage flow rate is tﬁe summation of all
stream flows exiting the various stages throughout the cascade.

The above model provided values_ﬁor all the important‘variables
throughout the ideal cascade for a given BFa/donor.;ystem. A ﬁumber of
these variables were then.used to compare the different donor systems
studied with the ideal cascade and eventually coﬁpare the performance of

the other types of cascades modelled.
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Results and Discussgion of the
Ideal Cascade Calculations

The important process variables from the ideal cascade models with
the different donor systems studied experimentally are listed in Table 5.
The currently used dimethyl ether system was also modelled based on thé
separation factor repo#ted in the lite;ature (see Table 1). The dimeéhyl
ether system was. used as a reference to compate the consequenqes.of
selecting one of the other donor systems studied experimentally for
fractionation of boron isotopes.

The first column of Table 5 indicates the BF;/donor system along with
the appropriate separation factor, «a. In order- go make a viable
comparison, the separation factors associated with each ;ystpm were for a
témperature of 30°C. Thus, isothermal operation of the separatioﬁ polﬁmn
at this temperature was assumed.

The total number of ideal stages, N., the number of stages in the.
enriching sectiqn, N.,- and the number of stages in the stfiéping section,
Ny, are also indicated in Table 5. There is a dramatic increase.in the
required number of stages as the separation factor is decreased from a =
1.067 for nitromethane to a = 1.027.for dimethyl ether. This trend is
expected in.view of the previous discussion involving the Fenske equation
(refer to equation (23) and Table 4). For the ideal.cascade, stége
requirements decrease by nearly 60% for nitromethane as compared to
dimethyl ether. Stage requirements for acetone are approximately 30% less
than for dimethyl ether. The total number of stéges is an indication of
the size or height of the column required to .perform the desired

separation. Note that N, is the feed stage number as counted from the

product end of the cascade.




Table 5. 1Ideal cascade results for the various BF;/donor systems.
Total
Interstage External
Flow Process
System Ny Ne N; (mols/hr) Variables
Nitromethane 181 134 47 41,900 v = 0.9501
"a.(30°C) = 1.067 Xy = 0.0495
: F =12.128 mols/hr
. ¥ = 10.128 mols/hr
DIBK 280 207 73 99,700 1w = 0.9507
a(30°) = 1.043 Xy = 0.0494
F =12.132 mols/hr
) W= - 10.132 mols/hr
MIBK 308 228 .80 120,500 yp = 0.9509
a(30°) = 1.039 ' xq = 0.0498
T = 12.161 mols/hr
¥ = 10.161 mols/hr
Acetone 315- 233 82 126,400 yr = 0.9501
0.(30°) = 1.038 ' Xy = 0.0499
F = 12.156 mols/hr
W = 10.156 mols/hr
‘ Dimethyl Ether 443 327 116 248,800 y; = 0.9506
a(30°) = 1.027 x¢ = 0.0494 .
F =12.128 mols/hr

10.128 mols/hr

76




93

The total interstage flows through the ideal cascades are also
tabulate;. The reduction of interstage flow with increasing separation
factor is even more dramatic that the stage requiremeﬁts. Interstage flow
requirements for the nitromethane system are about 83% less thah for the
dimethyl ether system, decreasing by a féctor of nearly six. Even for
éeetone{ the interstage flow requirements are substantially reduced by a
factor of two or roughly 50%. The interstage flows indicated are the
minimum amounts required for each donor system in any possible type of
recycle cascade arrangement performing the .specified separation.

The 1last column of Table 5 shows the values of the external

variables yp, Xy, and the feed and waste flow rates determined from the.

models. These are the values necessary to satisfy external material
balances, equations (34) and (35), for the particular BF,/donor systems in
the ideal case. Comparison of the external variables indicates that they

are close enough to insure each cascade ig performing essentially the same

_separation.

The recycle ratio as a- function of stage number is depicted

graphically in Figure 15 for the ideal cascade with each of the different
donors. The conical shape of each curve is typical of the ideal cascade.
The "peak" or largest value of recycle coincides with the feed stage fo;
each case. As the separation factor increases from that of dimethyl ether
to nitromethane, the required number ‘of ideal stages is observed to
decrease. Furthermore, the area under the curve is proportional to the
total interstage flow through the casc;de and this area also decreases
with increasing separation factor. These observa;ions-are consistent with

the previous discussion of the ideal cascade.
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different donors.
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Figure 15 indicates that the recycle ratio is éreatest at the feed
stage and decreases sharply as the ends of the cascade are approached.
The amount of material processed by each stage, and hence the stage volume
or size, increases from the product stage up to the feed point and then -
decreases from the feed point to the waste end of the cascade. Therefore,
each stage is of a different size and the recycle ratio must be changed at
each stage in the ideal cascade. In order to alter fhe recycle ratio,
each stage in the enriching section requires a decomposer to convert the
liquid complex to BF; gas. Similarly, each stage in the stripping section
must include a recomb;ner to convert BF; gas into liquid complex and alter
the recyclé ratio. In the ideal cascade, not only is each stage of a
different size, but each must incéréorate either a decomposer or
recombiner for the system to operate propgrly.

Clearly, the interconnection of stages and the operatioh of the
ideal casqade would be extremely complex. Furthermore, the manufacturing.
and construction costs associated with such a system. would probably be
enormous. In general, the actual use of an iéeal cascade would probably'
not be economically feasible.

The importance of the ideal cascade lies in ﬁhé'fact that it is
theoretically the most efficient design (from the standpoint of.minimum
equipment size) available to pgrform“the désiréd separation. This is a
result of the no-mix criteria énd minimum total interstage flow. Fdr this
reason, the ideal cascade provides a convenient basis for comparing the
efficiency of other appropriate cascade designs and indicates the

direction such designs must take to increase separation efficiency.
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Constant Recfcle Cascade
" The simplest type of'recycle scheme is the constant recycle cascade
(CRC). The recycle ratio, Rj, is specified and constant for every stage
in'the CRC. For the specified recycle ratio, the constant recycle design
provides the.minihum nu@ber of stages to pérform the desired separation
~ for any cascade arrahgement. On the other hand, total intérstage flow and
therefore total eascade size, is greatest in the CRC than for otﬁer

cascade designs. A typical distillation column is the classical example

of a constant recycle cascade. ; :

The Constant RecvclekModel

The general method used for modelling the constant recycle cascade
was a straight forward, double iterative procedure. . The product
composition, yp, product flow rate, P, waste composition, xy, and feed
compositioﬁ, zp, were specified. The recycle ratio was also specified.

In the constant recycle cascade, minimum recycle occurs at the feed point

in accord with the pinch point previously described. 1In accord with the

previous discussian of practical regyble fatio, equation (49) was used
with a value of A = 1.45 to specify the value of R; at the feed poing.
.With the external variables specified, the feed rate, F, and waste rate,
W, were fixed and calculated from equations (36) énd (37), respectively.
The value of the éepération factor, a, was fixed for a séecific donor
;ystem and was assumed constant for every stage'in the cascade.
Referripg to Figure'9,'the palculation process . started at the
product stage, defined as stage number 1 in this study. Thé tails spre@m
‘ compositiéﬁ exiting the first stage, x,, was calculated from-equation (325,

the equilibrium expression. The material balance relation for the
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enriching section, equation (40), was used to determine the composition of

the heads stream exiting stage 2, yz. Eqﬁation (32) was then reapplied to
sfage number 2, and the calculation process répeated. By successive
application ~of the eqadilibrium and material ‘balance relations in a
stepwise iterative process,‘the number of ideal stages in the enriching
section of the cascade were determined.

When the égmpositioﬁ difference between the tails stream leaving a
stage (Xpp., in Figure 9) and tﬁe fresh feéd composition, zp, was minimized,
the feed stage wasvlocatéd. Opce feed‘stage location was determined, fhé

stripping section material balance, equation (43), was required in the

stagewise calculation procedure for all stages above the feed point. The

equilibrium expression remained the same for the stripping section stages.

When the tails composition exiting a stripping section stage was

less than or equal to the specified waste purity,. xy, the waste stage was

located, all internal matefial balancés were sétisfied ;nd the number of
‘ideal stages was determined. However, since each stage is a discrete
equilibrium step, the calculated waste composition waé seldom équal to the
specified value apd thé_conditions of the averall material balances where
not met. A second iterative'looﬁ‘sround the external variables was
therefore required. With the value of x,; determined from the first

iteration, new feed and waste flow rates were calculated from equations

(36) and (37). The other external variables (Yer 2p, P and a) and the

recycle ratio remained fixed at their previous values. The entire
stagewise iterative process was repeated, beginning at the product stage,
until the calculated waste stream composition, x4, satisfied external as

well as internal material balances.
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From the definition of récycle rafio,,equation (44), the tails
stream flow ratg exiting each stage was fixed once the recycle ratio was
specified. The heads stream flow rate exiting each stage was then

determined by rearranging the appropriate material balance, equation (38)

or (41) for the enriching or stripping section, respectiveiy. The flow

rates of .the.heads and tails streams for each stage was fixed and the
total interstage flow rate was the summation of the indiviéual stage. flows
over the entire Eascade.

The CRC model pr&%ided information regarding the required number of
ideal stages,-waste stream flow rate and composition, feed stream flow
rate, and the total interstage flow rate ﬁor the specified separation and
donor system. |

Results and Discussion of the
CRC Calculations

The important design parameters obtained from the constant recycle

cascade models with the various BF,/donor systems studied are listed in

- Table 6. The separation factor associated with each donor was for a

temperature of 30°C and isothermal column ope;ation waé assuméa. The
recycle ratio indicated in Table 6 wés specified for each donor at 1.45
timeé the minimum requirements at the fged stage in accord with the
previous discussion of practicgl recycle ratio.

It is apparent that the total ngmber of required stages, N,
increases as the separation facfdr decreases. This is also true for the
stage requirements of the enriching section, Ny, and the stripping sectign,
Ng;. The ;itrométhane system requires 58% or 195 fewer ideal stages while

the acetone system requires 28% or 95 fewer stages than the dimethyl ether




Table 6. Constant recycle cascadé results for the various BF;/donor systems.

Total )
Interstage External
Recycle : Flow Process gy
System - Ratio Ny Ne N; {mols/hr) Variables Fenske Eq.
Nitromethane 102 142 94 48 57,900 Xy = 0.0483 91
0.(30°C) = 1.067 F = 12.044 mols/hr .
W = 10.044 mols/hr
DIBK 160 215 144 1 136,800 Xy = 0.0429 141
a(30°) = 1.043 ' : F = 12.114 mols/hr
¥ = 10.114 mols/hr
MIBK . 176 236 159 11 165,700 Xg = 0.0494 155
f 0(30°) = 1.039 : o F = 12.120 mols/hr
o o W = 10.120 mols/hr
Acetone 181 242 163 79 174,400 Xy = 0.0496 159
~a(30°) = 1.038 F =12.118 mols/hr
, W = 10.118 mols/hr
- Dimethyl Ether 254 337 |. 227 110 342,000 Xy = 0.0494 ) 222
a(30°) = 1.027 F = 12.119 mols/hr
W = 10.119 mols/hr

66
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system to perform the_specified separation. Note that for each donor
system, the constaﬁt recycle cascade requires far fewer stages than the
corresponding ideél éase (refe£ to Table 5). ' Comparison of Table 6 Qith
Table 5 in&icates that column height is substantially reduced in the
constant recycle case for donor systems'with larger separation factors.
However, the size or volume of each ideal stage in thé CRC must be greater
" to accommodate thé larger overall interstage flow. |

The total interstage flow also decrease; as the separation'factor is
increased. Nitromethane requires approximately 83% less totaI/interstage
flow while .acetone requires neafly 50% less than for the dimethyl ether
systém; ‘The.tptal interstage flow of each system in the constant recycle
case is éonsiderably more than for the co?responding ideal cascade (refer

to Table 5). As a result, the total internal volume and holdup of process

materials, i.e. the size of the cascade, is subétantially greater for the

. C
CRC than for the ideal cascade.

The aﬁsolute migimum number of ideal stages required to perform the
desired separation is given by equatioﬁ ~(23), the Fenske equation,
previously discussed. This minimum stage requirement, Nmﬁu obtained from
equation (23) for the various donor systems is tabulated in the final

column of Table 6. Note that for each donor system with the specified

. recycle ratio of 1.45% (Ry)pins approximately 52% more ideal stages than the

absolute minimum are required. Larger recyqle ratios would result from
_increasing the recycle multiplication factor, A, in equation (49) causing
a decréase in total ideal stage requirements while incregsing the total
interstage floQ. Conversely, lowering the recycle ratio Qould increase

stage requirements with a concomitant decrease in the total interstage
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flow. In a detailed economic evaluation, an optimum recycle ratia would
be determined. This optimum is expected to be in accord with the
specified recycle ratio of 1.45%(R;)pin, as préfiously discussed.

The external variables as determined £from the models for the
different donor systems are also indicated in Table 6. The CRC.process
variables aré in excellent agreement with the external process variables
for the ideal cascade (Table 5). Consequently, each cascadé accomplished
essentially the same degree of separation and the comparison is valid.

A plot of recycle ratio as a function of stage number for the CRC
models with the different donor systems is shown in Figure 16. As
indicated, the plot for each donor ig rectangular as a result of using a
constant recycle ratio; ‘This rectangular shape is characteristic of the
CRC. As the separatian factor increases from that of the dimethyl ether
system to that for nitromethane, both the number of ideal stages and the
practical recycle ratio decreases. This results in a reduction of the
area under gach curve in Figure 16. This area is directly proportional to
the total interstage flow through the CRC. Consgquently, both the total
interstage flow and the number of ideal stages, i.e. the size of the CRC,
decreases as the separation factor increases. These observations are
consistent with the foregoing results and discussion of the constant
recycle cascade. | |

The construction and operation of a constant recycle cascade for the
fractionation of boron isotopes is conceivable. It is the simplest device
that can be used to achieve the desired separation, a}though it may not be
the best from an economic standpoint. Distillation columns containing 100

actual .stages are not uncommon. The CRC would perform the prescribed
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separation with the minimum number of stages for a specified practical
recycle ratio. This property of constant recycle,;ascades provides a
convenient basis for ,stage requirement comparisons between different
cascade designs. The CRC is less efficient, in ter@s of total interstage
flow rate, than the ideal case. A compromise between minimum total
interstage flow.and minimum stage requirements may ultimately result in a

more efficient and - practical fractionation system.
Squared Off Cascade

The total interstage flow is minimized in -the idea{ cascade while
the stage requirements are miﬁimized for the constant recycle cascade
operated at a specified recycle ratio and performing the same degree of
separation. A realistic approach to tﬁe design of an efficient separation
system is to find a compromise between these two minimums. Such is the
function of the squared off cascade (S0C). “"Squaring off" a section ofv
the cascade is a‘result of utilizing a constant recycle ratio-over a’
consecutive group of stages to perfofm a pé?tion of the desired overall
separation. A "square section" is therefore a portien of the cascade
composed of identical staées, that is, a consecutive group of stages with
. the saﬁe separatipn factor, a, operating with the same (constant) recycle
ratio. As such, a square section is typicﬁlly regarded as an indépendent
separation column which can be trea;ed as a constant recycle cascade, but
performs‘onli a fraction of thé desired overall ;eparation.

A great deal of latitude exists for specifying éhe number of square

sections used in the SOC. Squaring off the entire cascade with a single

section results in the constant recycle case. Squaring off each stage in




104

- the cascade essentially results in the ide;l case. Consequently, minimum
/ .

stage requirements ﬁre approached as fewer squared sections are used while

minimum interstage flow- requirements are approached as the number of

square sections increases. The design of an efficient SOC requires a

compromise between these two opposing minimums.

The Squared Off Model

The purpose of the SOC is to approximate the shape of the ideal

cascade without the complexity of having each stage a differeht size. The .

number of possible sguared éff configurations capable of performin ﬁﬁe
desired separation ére virtﬁally limitless. How'Flosely a particular SOC
design approximates ideal behavior will depend “on -aA number of . design
parameters. The important design variables inciudes the number of square
sections énd the number of ideal stages per -square section.

The CRC previously discussed uti%ized a specified and constant.
recycle ratioc (fixed by the feed and product cémpositions) over eacﬂ stage
. in the gascade. As such, the CRC can be considered a squared off cascade
utilizing a single square section. Various SOC,configura£iéns result by
altering the CRC such that two‘ or more constant recycle ratios are
utilized. The recycle ratio in the vicinity of the feed stage of an SOC
must remain fixed in accord with equation (49) to avoid a pinch point.
However, the recycle ratio can be reduced towards the prodﬁct or waste
stages in'accp;d with the ideal cascade concept. Changing the reéyclé
ratio at various points between the feed and the waste or product stages
is equivalent to addiné square sections to the CRC.: Consequently, i? is

convenient to view the SOC models as propagating from tﬁe.addition of one

or more square sections to the CRC model. As a limiting case, the recycle
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ratio can be altered at every stage in a cascade, when specified in accord
with the no-mix criteria and constant B, the result is the ideal case. .

As indicated in previous discussions, the enriching section is that
portion of the cascade f;om the product stage up to and‘including the feed
stage. The stripping section is then defined as the remainder of the
cascade from the waste stage up to but not including the feed stage. The
feed stage is therefore the dividing line between these two.portions of
gny cascade. Furthermore, the lé?gest'minimum recycle ratio necessary to:
avoid a pinch point in a counter-current cascade will‘occur at the feed
stage. As . a matter of practicality in this regard, square sections added
adjacent to the fged stage in either the énriching or stripping section of.
the SOC will require approximately the same constant recycle ratio, which
is fixed at the feed stage by the feed composition. ‘Therefore, it is
possible to add any number of square sections to the enriching portion of
the SOC while utilizing a single square section to span a portion of the
" enricher ' (near the feed stage) and the entire stfipping section.
Conversely, sever;l square sections can be added to the stripping portion
of a SOC while ;ncluding the eﬁtire eﬁriching segment and a portion of the
stripper in a single square section. Finally, square sections could be
incorporated simultaneously into the enriching and stripping ségments.

In accord with previous discussions, a largér recycle ratio‘&s
required’on'either side of the feed stage than in any other portion of the
cascade. Obviously, a great deal of latitude exists in specifying the
récycle ratio in a square section and how the square sections are added to
the SOC. For simélicity, square sections were added only in the enriching

segment of the SOCs for the initial modelling studies. In subsequent
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models and discussions (vide infra), squared sections were added to the
stripping portion of thée SOC while maintaining a conétant number (two) in
the enricher. Consequently, the effeéts.of aﬁding square sections to the
different.segments'of the SOCs were examined independently.
By altering the numbér of squared sectionS‘édded in the enricher of

the SOC models, the impact on cascade size in terms of both ideal stage

requirements and total interstage flow was examined. To this end, square

cascades composed of 2, 3, 4, and 5 squa;e sections were modelled in this
part of the study. The stripping segment in these SOC; were composed of
a single square section that utilized the same constant recycl? ratio as
the adjacent squared.off‘enrichihg seétion and the feed stage. .

Thé method for specifying the number of ideal stages and hence size
of each square section in the Socvmodels is’less apparent. Every square

section can be treated mathematically aé a constant recycle cascade. In

accordance with the CRC models, the recycle‘fatio must be specified for

each squared off section and the number of stages per section depends on
the selected value of the recycle ratio. Thus, ideal stage reéuirements
and recycle ratio-for a séuare section are directly ;elated and were
séecified by the composition range spanned by each squaie section.

The method used in all the SOC models for specifying the raﬁge_over
which 'each square ;ection operated was to divide the énr;ching section
composition range, as specified by the product and feed' stream mole
fractions, by-£he desired number of squared sections. The composition

range covered by any square section was specified by the relation:

Ye — Zp 0.95 - 0.198 0.752
Composition range = = = (67)
# of sections # of sects. # of sects.
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Thus, for the SOC model with two sgquared off sections, each section

spanned the composition range of 0.752/2 = 0.376. The first section

operated between mole fractions of yp, = 0.95 and x; = 0.95 ~ 0.376 = 0.574.'

The second section covered the remaining compositién range of x; = 0.574

to zp = 0.198. The use of equation (67) results in equivalent compositién
ranges over each square section in the enriching segment of the cascade.

The recycle.ratio used in a square section of the SOC was reéuired
to be greater than the minimum, (Ri)mins- for that particular section. 1In
éccord with equation (49), the practical recycle r&tio used in a square

section of the enricher was given by:

_ : ' ) yp(ax;+l-xy) - ax; i '
Ry = A*(Ry)pin = A¥ (68)
(a=1)x;(1-xy1) .

Minimum recycle was determined for each square section as per equation
(68) with a multiplication fagtor of A = 1.45. The composition of the
tails stream exiting a square section, xi,'i.e. the composition numerically
closest to the feed composition, was used in eéuation (68) to dgtermine
the recycle ratio in that barticular section.

Since each square section in the SOC is itself a EOnstant recycle
cascade, the iterative methods previously discussed in accord with the CRC

model were applicable to the individual sections. Using a similar stage-

wise iterative procedure, stream compositions and. flow rates were

determined for each stage in a square section. Hence, the SOC models
required specifying the number of squared sections; the composition range
over which each square section operated, and the recycle ratio used in

each section of the cascade in accord with the above methods.
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Note that the abovg SOC models, based on‘the specification of
equivalenf composition ranges an& recycle ratios of 1.45 times the minimum
for each square section, does not ngcessarily insure the best soc
approximation with regards to the ideal cascade. ©Different combinations
of recycle ratios and/or composition ranges could conceivdbly result in
SoCs which would mafe clésely approximate .ideal cascade behav.idrT
" Ultimately, an optimization proéedure based on detailed systém design for
a specific BF3/d$nor syétem is ﬁecessary. However, the above models are
suitable to establish the appropriate equipment configuration on a
comparative or relative basis as opposed to absolﬁte column design.

For the specified number of squared sections, the‘above model
provided the required number of ideal stages and the total interstaée_fiow
rate through eacﬁ SOC. These results Were‘then‘gompared for the different

donor systems and ultimately, with the other types of cascades modelled.

Results and Discussion of the
SOC Calculations )

Results from the squared off cascade models containing 2, 5, 4, and
5 sections are listed in Table 7 for the different EF3/donor systems
studied. The tabulated results were obtained-based on the experimental
sééaration factors at 30°C. Isothermal column opeération at that
temperature was assuméd.‘ For compgrative purpoées, the results from the
CRC (one square section; and the ideal cascade calculations (maximum
number of square sections) are included in Table 7.

The required number of total stages, Nt; and enriching section

stages, Ny, as well as the totél interstage flow rate increased as the

separation factor decreased for the respective donor systems.  This trend
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Table 7. Summary of the results from the squared off cascade calculations for the various
BF,/donor systems.

Total
¥ of Interstage Feed Haste
Square Flow Rate Rate
System - Sections N, N, N, | (mols/hr) Xy (mols/hr) | (mols/hr)
Nitromethane CRC(1} 142 - 94 48 57,900 0.0483 12.044 10.044
a(30°C) = 1.067 2 166 119 47 48,100 0.0495 12.127 10.127
3 185 138 47 47,200 0.0485 12.058 10.058
4 191 144 47 46,800 0.0485 12.062 10.062
5 198 151 47 46,700 0.0489 12.088 10.088
1IC(181) 181 134 47 41,900 0.0494 "12.183 10.128
DIBK CRC(1) 215 144 71 136,800 0.0429 12.113 10.114
a(30°) = 1.043 2 253 182 71 114,100 0.0490 12.093 10.093
3 274 203 71 111,000 0.0490 12.097 10.097
4 289 218 71 110,300 0.0489 12.087 10.087
5 301 230 71 110,000 0.0495 12.125 10.125
1IC(ZBO) 280 207 73 99,700 - |10.0494 12.132 10.132
MIBK CRC(1) 236 159 77 165,700 0.0494 12.120 10.120
a(30°) = 1.039 2 278 200 78 138,200 0.0489 12.088 10.088
3 301 223 78 134,200 0.0482 12.106 10.106
4 317 239 78 133,100 0.0493 12.117 10.117
5 329 252 77 132,900 0.0495 12.128 10.128 -
iIC(308) 308 228 80 120,500 0.0498 12.161 10.161
Acetone CRC(1) 242 163 79 174,400 0.0496 12.119 ©10.119
a(30°) = 1.038 2 285 205 80 145,400 0.0489 12.087 10.087
3 309 229 80 141,500 0.0488 12.083 10.083
4 325 246 79 140,100 0.0493 12.114 10.114
5 338 258 80 140,200 0.0492 12.107 10,107
tIC(3I5) 315 233 82 126,400 0.0499 | 12.156 10.156
Dimethyl Ether CRC(1) 337 227 110 342,000 0.0494 12.119 10.119
a(30°) = 1.027 2 396 286 110 283,900 0.0494 12.121 10.121
3 429 3i9 110 276,200 0.0492 12.109 10.109
4 452 342 110 273,900 0.0495 12.125 10.125
5 469 359 110 273,400 0.0496 12.133 10.133
tIC(443) 443 327 116 248,800 0.0494 12.128 10.128

t+ IC(n) = Ideal Cascade with n square sections where n = N, the number of ideal stages.

601
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is expected based on résulfs from the previously discussed models, and is
due to the prescribed separation becoming more difficult as the separation
factor decreases.

For a given donor (constant a), the tptal and enriching section
stage requirements increased with the numbgr'of squafed sections. As the
number of squared sections increased, the composition range over which
each‘section.operates is reduced. This results in a reduction of minimum
recycle requirements in accord with equation (68) (recall actual recycle
was set at 1'45*(Rihun for éach section). A reductiop in recycle ratio
results in a concomitant increase in £he number gf idéal'stages. ‘The fact
that the total numbér of'lstages increases as the number of squared 
;ections increases is a salient feature of the squared off eascade.

A comparison of the ideal stage requirements between Fhe SQC and
ideal cascade models in Table 7 indicates an interesting phenomenon. The
three section SOC requires approximately the same number of stages as the -
ideal cascade for a particular donor system, while the four and five
section SOCs require more ideal stages than the corresponding ideal
éascade. This anomaly is a result of the method by which the practiqal
recycle ratio was specified in the SOC cascades as given by equation (68).
By specifying a larger recycle, i.e. a larger value of A in equation (68),‘
fewer ideal stages would be required in the various SOC models. At some
-point, the increased recyclé ratio would result in all SQQs requiring
fewer ideal stages than. the ideal cascades. Note, however, that in all
cases, the S0Cs require substantially more total interstage flow than‘the‘

corresponding ideal case. Any further increase in recycle ratio would

increase the total interstage flow in each SOC model.
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The waste stream composition, xw,'and the fresh feed and waste stream
flow rates required to satisfy the external material balances are listéd
in the 1last three column; of Table 7. The slight variations in the
external variables are unavoidablé in the stagewise models since each
stage is a discrete equilibrium step. ihe agreement is sufficient to
insure each cascade performs essentially the same degree of overall
;eparation;. |

The number of stripping section stages, Ng, ;eméined constant for a
given donor system as the number of squared sections changed. This is a
result of addinglsquare sections only to the enricher. Note that tﬁe
total intgrstage flow would decrease ana'the idéal stage ?equirements
would increase in the same manner indicated by Table 7 if one or more
square sections had been incorporated‘.into tﬁe stripping segment
concomitantly with the enriching section. By ad@ing square sections not
only to the enriching segment, but also the stripping section, the SOCs
woula more closely approach the performance of the ideal cascade. The
effect of édding squgred off sections to the stripping portion in the SOC
model is examined in detail in a subsequent section.

The recycle ratio is plotted as a function of stage number for the
S0Cs With 2, 3, 4 and'5 sections for each of the five different donors in
Figures 17 through 21. Regardless of the particular donor, the shapé of
each curve is.al“staircase"“with the number of ."steps" corresponding
directly to the number of squared sections. Consequently, the five
section SOC has five ";teps" between the prpducg and wastg ends of the
cascade, thé four section model has four stéps, etc. The staircase shape

of the recycle ratio versus stage number curve is typical of the S0C where
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the horizantal regions correspond to the constant recycle over a number of
stages, 1i.e. a. square section. ?hese figures provide a graphical
representation of where the square sections are located, the recycle ratio
used in each square section and the number of ;deal stages per section for

the SOC models with the donor systems.
fable 7 and the area undef thé curves in Figufes 17 through 21
indicate that for a given donor, the total interstage flow decreased as
the number of squared sections increased. As the numﬁer of sections
increases, thé amount of material processed by a.particular enriching
section stage decreases due to a reduction in reeycle ratio. This results
in reduced volume for each stage in the enriching section and a
copcomitant decrease in the total interstage flow requirements. The
reduction of total interstage flow with an increased number of squared
‘sections is a key property of”the squared off cascade. An efficient
system must compromise the opposing conditions of minimum vstage
requirements vérsus minimum interstage flow. The above results indicate

the squared off cascade is adaptéble and well suited to this purpose..

Comparison of Cascade Models

«

The total interstage flow rate and the number of-ideal stages
required for a particular cascade configuration are a ﬁeasure of the size
Qf'the necessary process equipment. ‘The results for the three different
cascade cqnfigﬁrations modelled are reiterated for eonvenience in Table 8.
The total interstage flow rates are betﬁeen those of fhe CRC and ideal
cascades for each donor. The ideal stage requirements. are a minimum for

“the constant recycle cascade.




Table 8. Comparision of the various BF;/donor systems in different models.

_ . Constant
Cascade Model - Ideal Recycle Squared Off
Total Total ‘Total
Interstage Interstage Interstage
Flow Flow i of Flow
'S . (mols/hr)
Nitromethane 2 166 48,100
o(30°C) = 1.067 181 41,900 142 57,900 3 185 47,200 -

4 191 46,800
. 5 198 . 46,700
DIBK . 2 253 114,100
a(30°) = 1.043 280 99,700 215 136,800 3 274 111,000
: 4 289 110,300
5 301 110,000
MIBK : 2 278 138,200
0,(30°) = 1.039 308 120,500 236 165,700 3 301 134,200
: : . 4 317 133,100
5 329 132,900
Acetone 2 285 145,400
a(30°) = 1.038 315 126,400 242 174,400 3 309 141,500
, ‘ : < 4 325 140,100
5 338 140,200
Dimethyl Ether 2 396 283,900
0(30°) = 1.027 443 248,800 3317 342,000 3 429 276,200
: 4 452 273,900
5 469 273,400

81T
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Consider the nitromethane/BF, donor system. With two squared
sections, the SOC rgquires oniy 24 or 17% more.stages than the minimum
requirement of 142 stages for the CRC model. ©On the other hand, the totél‘
interstage flow for the two section SOC is 48,100 mols)hr or about 15%
.greater than the minimum requirement of 41,900 mols/hr for the ideal
cascade‘model. With three section;, 30% more stages are requ;red than for
the CRC model and 13% more interstage flow than the ideal case is
required. The four éectipn SOC requires 35% more stages and 12% more
inter;tage flow than the respective minimumé."Finally, with five square
sections, 39% more stages and 11% more intersfage flow is réquired. It is
apparent that the greatest change in the idea} stage ané‘total interstage
flow requirements in the‘Soé, as compared to the constant recycle and
ideal cascade minimums, respectively: occurs when two squared sections.are
usedT Addition of the third, fourth, or ﬁiftﬁ sections reduces the total
interstage flow requirements only slightly while dramatically increasing
the ideal stage requirements for the nitromeﬁhane gsystem. For the design
of a SOC operating at 10% to 15% more inﬁerstage flowAthan.the ideal
cascade, the use of two squaréd:off sections is ?he logical choice.

A similar comparison for each of the other donor sysfems listed in
Table 8 indicates aﬁalogous behavior. In each caée,'two squaré sectibns
results in a 12%‘to 13% increase in the ﬁinimum fotal interstage flow.as
compared to the ideal cascade‘or a 16% to 17%.decrease as compared to the
CRC. The totél number of stages is 17% to 18% greater than the minimum
ideal stage requirements fixed by the cohs£qnt recyclevmodel.

It is instructive to compare the recycle ratio versus stage number

curves for the ideal, CRC and SOC models for a given donor system. Eigure
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22 shows such a plot for the nitr_;omet'hane/BF3 system with squared off .
cascades’ incorporating 3 & 4 square sections. Figure 23 presen£s this
information for the dimethyl ether/Bf‘3 system with the 2 and 5 square
gsection SOC. These plots are representative of any of the donor systems
with the different cascade configurations and a varying numbér of squared
sections in the SOC model.

The x-axis, indicating stage number, is altered in Figures 22 and 23
from the'coﬁvention adopted in previous figures representing recycle
Yersus stage .numbef curves. | Previously, stages have been numbered
consecutively from stage 1 at the pfoduct end of the cascade up through
the waste stage. In Figures 22 and 23, the feed stage ig‘counted as stage
number zero; enriching section stages are numbered consecutively beginning
at the féed point (étage ng is counted as stage 0) up to the product stage.
The‘stripping gection stages are numberéd consecutively with negative
numbers beginning with the first stage in the stripping section (stage ng.;
is counted as stagé number -1) to the waste end of the cascade. With this
convention, the number of ideal s?éges required in either the enriching or.
stripping sections Sf the different cascade configurations are indicated
relative to the feed stage in the recycle ratio versus stage number plots.
Thus, the feed stage for each'cascade coincides with the‘vertical line
indicateq in these figures; enriching section stages lie to the right of
the vertical "feed stage" line, all sﬁripping section stages are in the
region‘to the left.

Figurés 22 and 23 indicate ;n importanf aspect‘of the SOC models
developed in this study. As previously discussed,. the specification of

recycle ratio at 1.45 times the minimum for each square section and the
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Comparison of recycle ratio versus stage number for the nitromethane/BF]
donor system with the ideal, CRC, and 3 & 4 section SOC models.
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Figure 23. Comparison of recycle ratio versus stage number for the dimethyl ether/BFj
donor system with the ideal, CRC, and 2 & 5 section SOC models.
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use of equal composition ranges across which_eagh square section operates,
results in SOCs which adequately approximate the taéer‘of tﬁe ideal
cascade. This is not to imply these models are the "best" approximation
of ideal behavio;; rather, that they are reasonably approximations of
ideal behavior. ,

It 1is aéparent from Figures 22 and 23 that the ideal stage
requirements for the CRC are at a minimum while the area under the curve
(total inﬁerstége fl&w) is at- a-xnaximun{ as compared with  the other
configurations. As the number of square sections used inlthe SOC model
increases, the stagé requireménts increase and the total interstage‘flow
(area) decreases. 'Finally, in the case of the iééal cgscade,‘the total
interstagé flow is minimized. These graphical presentations visually
indicate the effect of using an increased number of square sections to
approximate ideal cascade behavior in accord with‘the ideas propagated in
previous discussions.

The above comparison provides general guidelines fof the Aesign of
fractionating-columns based on the isotope exchange reaction associated
with boron isotope sep;ration. In genéral,.for the specified recyclg
ratio of 1.45 times the miﬁimum, two squared sections in the SOC
arrangement will result i; a cascade operating with 14% to 15% more total
interstage flow than the corresponding ideal cascade. The same SOC
requires 17% to 18% more ideal stages than the,constaﬁt recycle cascade;
This appears to be the most logibal design based on the specified
parameters since the addition of a third column would reduce the total
interstage flow by only an additional 2% to 3%, while ideal stage

requirements would increase by approximately 12% to 13%.
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Effect of the Stripping Section

-

The discussion.to fhis point has focussed on the impact adding
square'éect;ons to the enriching segment has on SOC design. As was
iﬂdicated, the function of the SOC is to approximate the shape of the
ideal cascade without the complexity of having each stage a different
size. It is intuitively Ebvious from Figufes 22 and 23 that incorporating:
two (pr‘more) sqﬁared off sections in the st?ipping segment would result
in an SOC design more closely appréximating the ideal Jtaper". on the
" other hand, the optimum tails compositicn, which bouid in fact differ from
the specified value of xy = 0.05, must glfimately céme from detailed design
work outside the scope.of this.study. Fo? this reason, the Qaste
composition, and therefore the requirements of the stripping section, are
uncertain. In some instances it could be economically advantageous to
comp}etely eliminate the stripping section. In 1light of tﬁése
uncertaiﬁties, the purbose of this séctipn is twofold. First, it is of
interest to examine ;he impact additional squared off sections in the
stripping segment has on SOC deéign. Secondly, it 1is appropriate té
consider the impact complete elimination of the stripping section would

have on the deéign, and specifically the size, of a squared off cascade.

Addition of Square Sections to the Stripper

’

It was indicated in conjunction with figufes 22 and 23 that the
shape and size of the ideal cascade would be more closeiy approximated if
additional square sections were utilized in the stripping segment of the
socC. In the previous 'models, the stripping secﬁion' was completely

~

incorporated into a single, large square section which included the feed
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stage and a portion of the enricher. Baséd on the results previously
presented, adding several - squaréd off sec#ions to the stribper was
expected to reduce total interstage flow and increaée ideal stage
requifements as more squére sections were incorporateq into the stripping
‘gection. If the purpose of the SOC is to approximate ideal sehavibr,
these effects must, at least briefly, be‘exéﬁined.

The twé section SOC model deveioped.and discﬂssed previously was
taken as the base case or starting point for the squafed off stripping
section S0OC calculations. The external vari%bles, i.e. fhe external

compositions and flow rates, were specified at their previous values.

The composition range over which each square enriching section.

operated was determined as per equétion (67). A similar relationship was

applied to the composition ranges for each square section in the stripper:

Zp = Xy © 0.198 ~ 0.05 0.148
Composition range = = - =
# of sections # of sects. # of sects.

(69)

Equation (69) implies equivalent composition ranges over each square
stripping section, just as equation (67) resulted in equivalent
composition ranges in each (squared off) enriching éegtion. Thus, by

using two square sections in .the stripping portion of the cascade, each

section spanned the composition range of 0.148/2 = 0.074. The first
'square section operated between the feed composition, 2z = 0.198, and - a
waste composition of x; = 0.198 - 0.074 = 0.124. This square section

actually included the feed stage and a portion of the enriching segment.
The second sﬁuare section covered the remaining composition range between

x; = 0.124 and the mole fraction of the waste stream, xy = 0.05.




126
The recycle ratio in a square section of the stripper was‘specifiea
by reasoning similar to the arguments which led to equation (68)ifor the
enriching section. Thus, the recycle ratio was specified by a linear
combination of (Ry)piy for a square stripping section, equation (47), and

the recycle multiplication factor, A, whence:

W(xi—xy)

(Ri)sczipping = A * : (70)
P(a-l)xi(l—xi)

The recycle multiplication‘factor in equatioﬂ (70) was specified at the
éreviously defined value of A = 1.45.‘ The value of the tails streaﬁ, Xy,
ig defined as that value numerically closest to the waste cqmposition in
a square sect;on. Using‘the modifications introduced. in accord with the
above relationships, the calculational procedures Qere the saﬁe as those
discussed in conjunction with the earlier SOC models.

The results from the SOC containing additional squﬁre sections in
the stripper are presented in Table 9. The CRC and ideal.cascade‘results
previously tabulated‘.aﬁd discussed are reiterated in Tabie 9 for
comparison. l

The nomenclatu;e of Table 9, a&opted for SOCs cbntaining additional
square sections in the étripper, is rather confﬁsing and'&arrants further
expianation. The two section SOC resuits are precisely the same as those
presented earlier and are included in Table 9 for comparative purposes.
Thus, the £wo square section SOC is equivalent to using a éingle square
gsection in the stripping porfion,of the cascade. The fhree and four
‘square section SOC results presented in Tabie 9 are not to be confused
with those of the earlier models‘based on increasing the number of square

sections in the enricher. The three section SOC includes the first square




Table 9. Comparision of the results from the SOC models with the stripping section squared off
for the various BF;/donor systems.

422 286 | 136 280,200

1 0494 | 12.123 10.123
t1c(aa3) | 443 | 327 [116 | 248,800

.0494 12.128 10.128

Total

} of . Interstage Feed - Waste
Square Flow Rate Rate

System Sections Ne Ne N, (mols/hr) Xy (mols/hr) (mols/hr)
CRC(1) 142 94 48 57,900 ]0.0483 12.044 10.044
Nitromethane 2 166 119 47 48,100 0.0495 12.127 10.127
0.(30°C) = 1.067 3 174 119 -55 47,900 0.0487 12.077 - 10.027
4 179 119 60 47,800 0.0490 12.096 10.096
tIC(181) 181 134 | 47 41,900 0.0494 12.183 10.128
) CRC(1) 215 144 71 136,800 0.0429 12.113 10.114
DIBK 2 253 182 71 114,100 0.0490 12.093 10.093
a(30°) = 1.043 3 264 182 82 113,200 0.0487 12.075 10.075
. 4 269 182 87 112,400 0.0497 12.096 10.141
tIC(280) 280 207 73 99,700 0.0494 12.132 10.132
CRC(1) 236 159 11 165,700 0.0494 12.120 10.120
MIBK 2 278 200 78 138,200 0.0489 12.088 10.088
a(30°) = 1.039 3 289 200 89 136,500 0.0487 12.094. 10.094
4 296 200 96 136,200 0.0495 12.129 10.141
tIC(308) 308 228 80 120,500 }0.0498 12.161 . 10.161
CRC(1) 242 163 79 | 174,400 0.0496 12,119 10.119
Acetone 2 285 205 80 145,400 0.0489 12.087 10.087
a(30°) = 1.038 3 296 205 91 143,500 0.0492 12,105 10.105
4 303 205 98 143,200 0.0496 12.136 10.136
tIC(315) 315 233 82 126,400 0.0499 12.156 .} 10.156
) . CRC(1) 337 227 | 110 342,000 0.0494 12.119 10.119
Dimethyl Ether 2 - 396 286 | 110 283,900 0.0494 12.121 10.121
a(30°) = 1.027 3 412 286 126 280,600 0.0493 12.112 10.112

0
0

tIC(n) = Ideal Cascade with n square sections where n = N;, the number of ideal stages.

LT1
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section covering a portion of the enricher; a second section which
includes the remainder of the enricher, the feed stage, and a portion of
the stripping section; and a final or thifd square section which includes
the remainder of the stripper. The four section soé is defined in the
same manner as the three section S0OC, but .includes an additional or fourth
square section as pa?t of the stri@per..

As expected from pfevious results and indicated in Table 9, the
total number of ideal stages, N., and the total number of ideal stripping
stages, Ny, increases as‘mgre squaré_sections,aré added ‘to the SOC. Note
that the number of ideal enriching ;tages, N., remains constant for the
two, three, and four section SOC modeis. This is a consequence of using
identically sguared enricbing seétions in each of the models and varying
only the‘nﬁmber of squared sections utilized in the stripper.

Table 9 indicates that the addition of.a Fhird or fourth section in
the stripping portion of the cascade decreases the total interstage flow
rate. Consequently, these SOC. models more closely 'apéroximate the
behavior of their ideal cascade counterparts. The greatest decrease in
total interstage flow, as compared to the two Sectioﬁ 80C, occurs when an
additional square section is added to the stripping portion of the
cascade. As a result, the three section SOC typically requires onl§ 12%
to 13% more total interstage flow than the ideal cascade. For the two
section SOC, the total interstage flow is approx;mately 37% to 38% greater
than for the ideal cascade, dependiﬁg on the particulér donor. At the
same time, ideal stage requirements increase by approximately 3% to 4% for
the +three section S8SOC as compared with the two section SOC. The

additional square stripping section in the four section SOC decreases
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total interstage flow by less than 1% while increasing ideal stage

requirements by nearly 4% as compared with the three section SOC.

A comparison of the results in Table 9 with those in Table 8 for |

SOCs where square sections were added to ‘the enricher, indicates tha£
virtually tﬁe same résults could have‘been obtained by uéing three square
sections in the enricher;: Consequently, for the design basis of thié
. study, the additional complication of using additional square sections in
the stripping portion of the SOC is not easily justified. »Furthermére,
the specified wésté composition of ‘xy = 0.0s‘may not be fhe best choice
from an economic sténdpoinp. Again, it is important  to nqte that the
selected design criteria (recycle ratios‘aﬁd composition ranges) may not
be the optimum conditioﬁs-for reduciné equipment size. ‘

It is instructive to compare the recycle ratio versus sﬁage number
curves for several’different soc cénf;gurations wiﬁh the-idéal cascade.
Figure 24 is such a plot for the nitromethane/BF; system. Figure 25

presents the corresponding results for dimethyl ether/BF; system. These

plots are typical for each of the different donors examined. Aaopting the

convention discussed earlier, the x—axis in these figures is scaled such

that the feed stages for the different cascade. configurations coincide

with the vertical "feed .stage" line. As with the previous SOC models;,

‘each vertical region of constant recycle, or "step" represents a square
section in the cascade. In accord with the above discussion, these
figures indicate theé enriching section was unaltered in the different
models. Furthermore; the difference between the two and thfee sectién
SOCs with squared st%ipping sections and t#ose without squared sfripping

sections (refer to Figures 22 and 23) can be visually -emphasized.
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Figure 24. Effect of adding square sections to the stripping portion of the nitromethane/BF,
SOC.
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Figure 25. Effect of adding square sections to the stripping portion of the dimethyl
ether/BFj SOC.
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Figures 24 and 25 indicate the 'SOC model more clésely approximates
the shape of the ideal cascade as the number of square sections used’in
the stripper of the cascade is increased. The area under the curve
decreases as more square sections are incorporated, resulting in decreéged
total interstage flow through the SOC. yHowever, the number of ideal
stripping section stages is larger for both SOC designs than for the ideal
cascade. This feature resultéifrom the method‘the'recyclé ratio was

specified in the squared sections. If larger recycle ratios were used,

i.e. larger values of A in equation (70), fewer ideal stages-would be

required both for a given squared.off section, and for the entire SOC.
In conjunction -with Figures 24 and 25, the results in Table .9

clearly indicate the effecF using additional .square sections in the

stripper has on the SOC design. As with the previous results, the totai

interstage flow is reduced while the ideal stage requirements are

increased as more square sections are added to the stripper in the SOC..

For the comparative purposes of this study, i.e. in terms of equipment
size, the same effect could be realized.by adding more square sections to
the enfichér a;'opposed to the stripéeri To be ﬁruly meaningful; the
number and location of squared sgctions in a realistic SOC design would
require a detailed economic evaluation and optimization procedure which is

outside the scope of this study.
Elimination of the Stripping Section

It is of interest to examine the impact that complete elimination of
the stripping section would have on the ideal stage and total interstage

flow requirements (plant size) in the different cascaae configurations.
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Recall that the stripping section. is not required to produce isotopically

enriched material of the desired purity. However, stripping is necessary -

to rgduqe the amount.of fresh feed required by the cascade and results in
- a concomitant decrease in the amount of waste, or isotopically depleted
material, which is produced. Intuitively, the economic optimum is
expected to be somewhere between stripping to a waste composition éf 5%
and no stripping at all.

The decision to incorporate or eliminate the étripping section in
the actual design of an isétopé separation fécility-must ultimately rely
on a detailed economic.evaluat;on of a particular system and is outside

ﬁhe.scope of this study. Rather, the purpose here is to explore the

reduction in élant size in terms of the total interstage flow and number -

of ideal stages in the absence of the étripping gsection in the .different
cascade configurations. The additional fresh feed reqﬁiréments and waste
production rates.are also emphasized for cascades operated without a
stripping section.

In the'absence of the stripping section, the feed stage of the
cascade is also the waste stage. Thus, the isotopically depleted gas
stream exiting the feed stage (X, ip Figufe 9) ié the gaseous waste stream
of composition xy. Consequently, the modelling procedﬁres‘and‘enriching
section equations for the different cascades discussed previously are
applicable with the exception that once the feed stage is located, the
wasté ‘composition is then known and the stripping section material
balénces are not required. Except for thé waste composition, which was
-obviously specified as_approximately the fegd composition, the other

external variables were specified at their previous values for each of the
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different cascade models. Specifying the same feed and !°B enriched
product compositions with the same °B enriched product rate in each case,
both with and without stripping, insured a valid comparison since each
cascade woul& produce approximately the same final purity of enriched
material (yp = 0.95) for a given feed composition (zp; = 0.198). As before,

only ideal stages-were considered in the comparison.

The Ideal Cascade Without Stripping

The results from the ideal cascade models without stfipping sections
are listed in Table 10 for the different BF,/donor systems. Aas before, the
results are based on values of a at a temperature of 30°C for -each of the
donor systems. In accord with previous results, the total ideal.stage
requiremeﬁts'and total interstage flow are observed to decrease for each
donor as the separation factor is increased. A comparison of the product
composition; yp, and the waste composition, xy, for each of the donor
systems in the ideal cascade indicates that approximately the same degree
of separation was obtained in each case.

A comparison of Table 5 and Table 10 for the ideal cascades with and
without stripping sections, respectively, indicates that approximately 26%
or over one qdarter of the total ideal stage requirements are associated
with the stripping section irregardiess of the donor system. Furthermore,
the stripping section consistently acéounts for about 38% of the total
interstage flow through the ideal cascade. It is apparent from this
comparison that elimination of the stripping section results in an ideal
cascade requiring:substantially fewer ideal stages with a concomitant
decrease in total interstage flow. Consequently, the total size of the

separation plant can be greatly reduced if a stripping section is not




Table 10. Tdeal cascade results for the various BF;/donor systems without a _

stripping section.

Total Feed Waste
Interstage Flow Flow
Flow Rate Rate
System N (mols/hr) Ve Xy (mols/hr) | (mols/hr)
Nitromethane 134 26,100 0.950 0.193 297 295
a{30°C) = 1.067
DIBK . 207 61,700 0.951 0.195 455 453
a(30°) = 1.043 .
MIBK . 228 |, 74,800 0.951 0.195 501 499
a(30°) = 1.039 '
Acetdne o 233 78,400 0.950 0.195 513 511
a(30°) = 1.038 ‘ ] ] '
Diméthyl Ether 321 153,700 0.951 0.196 716 714
a(30°) = 1.027 .

GET
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incorporatéd. "An important consideration in the design of an actual
separation system would include the equipment cost associated with
-p;oviding a stripping section.

COmparisgn of Table 5 with Table 10 for the ideal cascades with and
without étripping sections, respect;vely, indicates that the feed and
waste flow rates are approximately 25 to 60 times greater, depénding on
the donor, for the ideal cascade without stripping. Thié is:a result of
eliminating that portion of the cascade above the feed point (the
strippiﬁg gsection) which recovers or strips the desired isotope from the
waste stream. Consequently, a Aramatic incrgase in fresh feed is required
to supply the necéssary amount of the desired isotope to meet product
purity and flow specifications in accord with previous discussions. An
important conéideraﬁibn in eliminating tﬁe stripping section‘would be the
increaged operating costs associated with supplying much larger quantities
of fresh BF; feed énd disposing of larger amounts of slightly isotopically

depleted BF; gas from the waste end of the plant. This of course, assumes

that the waste stream has no value, or the same value as the .feed.

The CRC Without Stripping

Thé modelling results from the constant recycle cascade without a
stripping section are shown in Table 11. As previously described, #he
recycle ratio used in these models was 1.45 times the miniﬁum required at
the feed point. As expected, the ideal stage requirements and total
interstage .flow rates decrease upon substitutioh of donors .with
successively larger separation factors. The waste stream compositions of
x; = 0.194 to xy = 0.196 are close enough to insure that'each CRC is

performing approximately the same amount of isotopic fractionation.-




Table 11. Constant recycle cascade results for the various BF;/donor systems
: without a stripping section..

LET

Total ‘ Feed Waste
Interstage Flow Flow
Recycle Flow Rate Rate
System . Ratio 1 (mols/hr) Xy (mols/hr) | (mols/hr)
R e R S S Y s e T —— = T e e~ — = e D
Nitromethane 102 94 38,100 0.194 369 367
a(30°C) = 1.067 -l : _ .
DIBK 160 - 144 191,300 0.195 538 536
a(30°) = 1.043 ) ) ]
MIBK 176 159 111,200 0.194 397 395
a(30°) = 1.039 ‘ : :
Acetone 181" 163 117,000 0.194 415 413
0(30°) = 1.038 | o :
Dimethyl Ether 254 221 231,300 0.196 661 659
a(30°) = 1.027 . ' :
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Comparison of Table 6 for the CRC with stripping and:TabIe 11 for
the CRC without stripping indicétes that approximately 33% to 34% oflfhe
ideal stage requireménts are a result of the stripping 'section. This
figure éppears éo be independent of the donor. Furthermore, about' 33% of
the total interstage flow through the CRC occurs in the stripping séction.
As with the ideal case, the feed and waste flow rates vary from donor to
donor and are‘roughly 30 to 55 times greater than for the constant recycle
cascade that includes a‘stripping ;ectibn. Again, coﬁparison of the CRC’'s
with and without stripping indicates that the size of the fraétionation
plant is greatly reduced if the stripping section is eliminated, but more

fresh. feed is required and a greater volume of waste is produced.

The SOC Without Stripping

The modelling results for the sqﬁared"off cascade with 2, 3, 4, and
5 square sections without stripping sections are tabulated in Table 12 for
the different BF,/donor systems. The recycle ratio in each section of the
different square cascades was 1.45 times the minimum required for that
section as was discussed in conjunction with the earlier soé models. As
with all previous cases, the ideal stage requirements and total interstage
flow through the square cascades with a-given number of square sections
increases as the separation factor decreases for. the different donor
gsystems. . Thus, for the two square section SO0C, nitromethane requires
fewef ideal stages and less'tota; interstage flow than fo; any of the
other donor systems utilizing two square sections.

As wifh the earlier SOC models, the ideal stage reqﬁirements are
observed to increase as the n;mber of square sections increased.

Likewise, the total interstage flow decreases. as more sections are




Table 12. Squared off cascade results for the various BF;/donor systems without a
stripping section.

6€T

Total

# of Interstage Feed Haste

Square Flow Rate Rate

System Sections N, (mols/hr) Xy (mols/hr) (mols/hr)

CRC(1) 94 38,100 0.194 369 367

2 119 . 29,300 0.193 336 334

Nitromethane 3 134 28,300 0.191 230 228
a(30°C) = 1.067 ‘ 4 144 28,000 0.192 248 238
5 151 27,900 0.192 272 270

frc(134) | 134 26,100 0.193 297 . 295

CRC(1) 144 91,300 0.195 540 538

. 2 182 69,500 0.195 445 443

DIBK 3 203 66,300 0.195 460 458
a(30°) = 1.043 4 218 65,700 0.194 424 422
5 230 65,900 0.194 350 348

1IC(207) 207 61,700 0.195 455 453

CRC(1) 159 111,200 0.194 397 395

2 200 84,100 0.195 503 501

MIBK : 3 223 - 80,100 0.196 . 604 602
a{30°) = 1.039 4 239 79,000 0.196 i 699 697
5 252 79,500 0.194 422 ‘ 420

tIC(ZZB) 228 74,800 0.195 501 7 499

CRC(1) 163 117,000 0.194 © 415 413

) 2 - 205 88,400 0.195 527 525
Acetone 3 229 84,500 0.195 507 505
a{30°) = 1.038 4 246 83,800 0.194 400 398
5 258 83,200 0.196 655 653

fIC(223) 223 78,400 0.195 513 511

CRC(1) 227 231,300 0.196 661 659

' . 2 286 173,200 0.196 672 670
Dimethyl Ether . 3 319 165,500 0.195 585 583
a{30°) = 1.027 4 342 163,100 0.196 696 . 694
5 359 162,700 0.196 803 801

'IC(327) 327 153,700 0.196 716 714

tIC{n) = Ideal Cascade with n square sections where n= N, the number of ideal stages.

tl
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utilized in the cascade. These.observations are expected based on the
earlier results and discussion of the previous models incorporating
stripping sections.
Comparing the resuits of the SOC models with stripping- sections
listed in Table 7 to those without stripping sections in Table 12

indicates the relative effect the stripping section has on the squared off

cascade. With the nitromethane system and the two section SOC, the

stripping section requires épproximately 28% more idéal stages than the
same cascade without stripping. For the same doﬁor but‘with three squﬁre
sections, aboﬁt 26% more ideal stages are required with the use of a
strippiné section. The four square section cascade with stripping
requires about 25% more stages and_the five section cascade redquires
approximately 24% more ideal stages than if stripping where eiiminated.
Thig trend is consistent when ddnors other than nitromethane are compared
between the different SOC ﬁodels;' 'For the donoré considered, it is
apparent that the stfipping section accounts for just Qnder 30% of the
total ideal stage requirements.

The same type of comparison with total flow ?equir?ments indicaﬁes
that roughly 40% of fheftotal iﬁterstége flow occurs i; fhe stripping
section of the square cascade. Consequently, the elimination of the
stripping section in the SOC reduces £he total interstage flow through the
cagcade by approximately 4Q%>while ideal stage reqﬁirements are reduced by
nearly 30%. It is obvious'that the strippiﬂg sectioﬁ can contribute
substantially to the overall cost of a separation facility.

While the size of the SOC is greatly reduced by eliminating the

" gtripping section, Table 12 indicates that the fresh feed and waste flow
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rates are dramatically increased. Depending upon the donor, the SoOC
wifhout str;pping requires anywhere froﬁ about 20 to 70 times more fresh
feed and produces that much more waste matérial.than the same SOC which
incorporates a stripping section. Again, it is iﬁtuitively obvious that
the economic opﬁimum would occur somewhere betweeﬁ stripping to a waste
composition of 5% and no stripping at all. For example, in the case of
the nitromethane/BF, tgo section SOC,.it makes little sense to feed 336
moles/hr of feed with a composition of x; = 0.198 and produce 334 moles/hr
of waste with a composition.of x4y = 0.193.

The ;ost assogiated’with purchasing the additional BF; feed and
disposing of the increased amoun£ of .waste must be balanced by thg
additional equipment and operation costs associated with préviding and
supporting a stripping section. It is of course possible to specify the
waste composition, xy, at any value less than fhe feed composition, zg.
In this manner, the size of the stripping section can be adjusted to any
number 6f ideal stages and total interstage flow. For the purposes of
this spudy only two possibilities were 'considéred: no stripping and
striéping to a waste composition of xy = 0.05. Finally, once an optimum
X4y 1s determined, squaring off" the- stripping section may become’ an
alternative. In the fiqal analysis, a detaileqleconomiC‘study is required
to determine the optimum .between the ekpenses associated. with
incorporating and operating-a stripping section and the opposing qosts.of
providing increased amounts of fresh feed and the production of increased
amounts of isotopi;ally dépleted waste. Such an analysis is éutside the

scope of this project, but is necessary in the design of practical full

scale isotope separation facilities.
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Energy Requirements

It is appropriate at this poin£ to inquire about the energy input
necessary to perform the desired separation of boron isotopes in the
chemical e#change cascadeg under discgssian.. All separation processes
require an inbut of energy in order to perform the desired fractionation,
and the boron isotope separation systems'ére no exceétion. Energy is
utilized in the system to maintain the required flow rates of process
streams through the entire casdade, to over;ome frictional lésses in the
column and associated piping, and to balance enthalpy changes associated
. wigh mixing; chemical'feactions, étc. Fih;%ly, the overall effect of the
isotope exchange system is to unmix the isotopic components in the feed

hd

stream to form relatively pure isotopic product streams, hence the entropy

of the feed stream must decrease. Since the separation or unmixing
process is not spontaneous and the work expended within. a gascade to
effect a prescribea separation typically increases with the difficulty'of
separation, isotopic seéarationé are inherently eneréy 'inténsive
processes. The enérgy requi?ements for providing and maintaiﬁing the
necessary reflux through a cascade ig readily performed by an analysis
developed in accord with the first law of thermodynamics. Similarly, the
energy réquirements éssociated with the stagewise separétion process aré
amenable to analysis in accord with the seéond law. In thé absence of all
effects which reduce system efficiency, e.g., for a thermodynamically
reversible or "ideal" system, the energy necessary to support the
separation is the sum of these two contributions. It is from this
standpoint that energy requirements for the .three .different' cascade

configurations where developed in this portion of the study.
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Enerqgy Requirements for Providing
Recvcle in the Cascade

Reflux in the cascades under consideration 1is supplied by the

formation reaction previously discussed:

AHassloc h ;
BF3(g) + Donor“) Em=m=g BF3°anor(” ) (71)
' diss

-

The formation reéction is assumed completely reversible simply by the
addition or ?emoval of heat. The energy removed from the-syétem for
equation (71) to procéed in the forward direction as written is given by
the molar enthalpy of association, AH_ggoc- The energy required to
decompose the complex into BF, gaé and‘fhe liquid donor, the reverse of
reaction (71), is the molar enthalpy of dissociation, AH4 ... Complete
reversibility of equation (71) is iﬁplied by assuming:
AHpyn = AHyygq = —AHugg0c ! | (72)
For the systems studied experimgntally; AH_ . is unknown (reaction enthalpy
data does not egist) but is constant for a particular Bfg/donor system. For
the dimethyl ether/BF; system, the aséociation enthalpy is fepérted [6] to.
be Aﬁggoc = -13.8 kcal/mol, indicating that the fbfﬁation reaction is
in@eed exothermic. ‘
In the enriching section, recycle in the cascade is provided by

dissociation of the complex in one or more decomposers. The energy input,

&Qgecompsr tO a single decomposer is simply:
‘SQdecomp. =D * AHdil..ss: ) (73)

where D is the molar flow rate of mgterialvbeing‘decomposed and has the

same units as the process streams in the cascade or moles/hour. , The total
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energy input in the enriching section, M. ,richs is, the sum of the energy

required by the individual decomposers:

Menrich = Z(8Qqgecomp.) (74)

Similarly, for the stripping section, where recycie is provide& by

formation of the liquid complex in recombiners:
8Qrecomp = C * AHgggoc . (75)
mstrip = 3(5Qrecomb. ) . (76)

Thus, the energy input requirements for providing recycle in the different
sections of the cascade are directly proportional to the total amounts of
material that must be decomposed or recombined in the appropriate process
equipment.

In conjunction with the appropriate cascade models, it can 5elshown
mathematically that the ;otal amount of material, AD, which must be
decomposed in the enriching section of any counter current recycle cascade

based on chemical exchange (refer to Figure 9) is given by:
AD = Z(D) = (Rpe + 1)*P A ' (77)

where R,y is the recycle ratio at the feed stage in the cascade and P is
the product flow rate. Furthermore, the total amount of material which
must be decomposed in the stripping section of any counter current recycle

cascade based on chemical exchange is:
AC = E(C) = (Rnyp)*P ~ W - (78)

where W is the waste stream flow rate in mols/hr.
Combining equations (77), (73) and (74), the total energy input to

all decomposers in the enriching section is given by:




145

Menricn = AHgigg® (Rpp +1)P (79)

Similarly, in the stripping section, the total energy requirements are

given by:

AQstzip = AMogg0c *(Rpp*P — W) (80)

Equations (79) and (80) are valid measures of the total eneréy required to
provide recycle, independent of the number of decomposers-or recombiners
incorporated into the enriching or stripping sections of a’éountercurrent
recycle cascade. Furthermore, fhe recycle.ratio can be altered between
any two consecutive stages, but a minimum of one decomposer and one
recombiner is required at the waste and product ends of the cascade.

The total work expended by the cascade Eo'produce and maintain the
necegsary reflux are fixed once the recycle ratio at the feed stage, Rng,
and the waste and product compositions are specified. As a consequence of
this rather extraordinary result, the energy reguirementé for providing

reflux in any countercurrent chemical exchange isotope separation recycle
cascade are fixed and remain constant'once the recycle ratio at the feed
point is specified, regardless of the number of points where the recycle

ratio 1is altered. Expressed alternatively: the amount of material
decomposéd and recombined to provide the specified reflux at the feed
point is constant, whether produced entirely at the ends.of the cascade,
or at numerous points between the feed stage and the two ends.

The above énalysis leads to an interesting conclusion. The enefgy
supplied to the CRC and different SOC configurations is the same for the
specified recycle ratio of 1.45*(RiLMm at‘thg feed point for a particular
BF;/donor sys£em; Recall'however; that the recycle ratio at each stage in

the ideal cascade is fixed by the no-mix criteria. Mathematically it has
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been shown [4] that the recycle ratio at the féed point in an ideal
cascade is approximately twice the minimum, or 2*(Rixﬁn. As a
consequence, the energy associatéed with providing recycle in thé ideal
cascade cannot'be altered, but r#ther is fixed by the no-mix criteria.
Therefore, by specify;ng smaller recycle ratios than %*(Rihnn at the feed
‘point for the CRC and SOCs, these cascade; are more ecopomicél than‘the

ideal cascade in terms of the energy required by the decomposers and

recombiners to .provide recycle. This result is contrary to . the
fundamental concept that the ideai cascade is the most efficient design
for performing a given separation. In this. regard, it is apparent that
the a?ove analysis does not>accoun§ for everything that is occurring
within the cascade and further consideration must be given to energy
;equiremen;s of the various cascade configurations.

For the models developed in this study, the size and h&ldup of the
process equipment was substantially‘reQuced by successively increasiﬁg the
number of points where £he recycle ratio was altered in the cascade.
While this "taperi?g" action reduéed overall equipmenf size, the>energy
requirements associated yith providing recycle where unaltered pro&ided
the specified recycle ratio at fhe feed point remains constant. BAs a

result, the energy requirements for each of the different models with a

particular BF;/donor system and -.constant recycle ratio at the feed stage

where essentially constant. This result is consistent with literature

discussions of the energy requirements for hydrogen and nitrogen isotope

.sepération {43,44] based on chemical exchange recycle cascades.
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Energy Requirements for Stagewise
Separation of Components

While the foregoing analysis examined the. energy requ;;ements
associated with providing fecycle in the decomposers and rec;mbiners, it
also indicated that a CRC or SOC could be operated more economically than
the corresponding ideal cascade. This result is a contradiction of the
basic premise behind the ideal cascade and does not completely account for
the separation process that is occurring Within the system. Therefore, it
is of interest to examine the stagewise sepafation process that 1is
occurring as a result of "unmixing”", or separating, the isotopic mixture.

Considerha typical separation stage in a countercurrent recycle
cascade, such as stage i shown in Figure 26. For the Sbc or CRC, streams
of differen£ compositions from the stages immediately above and below'afe
mixed to form the feed for stage i. This process is associated with the
Imixiﬁg point indicated Iin Figure 26. For the ideal cascade, the
composition of the streams entering and exiting.the mixing point are
equivalent due to the no-mix criteria. It is precisely the o?posite of
this process which is occurring within the stage. Consequently, for the
SOoC and CRC, the stage must overcome the effect of re-mixing streams of
diffe;ent compositions at the mixing boint and provide a fraction of the
desired overall separation.- In the ideal .cascaQe however, the
inefficiency associated with the mixing point.is reﬁoved and the energy
required for the unmixing or separation process will be a minimum. This
condition of minimum energy input is a primary basis upon which the ideal

cascade concept is based.
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Mixing Point Stage i

Figure 26. Typical stage from a countercurrent recycle cascade.

It is advantageous to consider the mixing point and stage as shown
in Figure 26 1independently for an energy analysis of the stagewise
separation process. The logical starting point for such an evaluation is

the Gibbs Function for the mixing process:
dGmix = AHmix - TASMmix (81)

The subscripts in the above equation indicate the respective thermodynamic
quantities are considered only for mixing of streams with different
isotopic compositions. The enthalpy of mixing, AHmix, is unknown for the
BF3/donor systems under consideration. However, isotopic species are often
considered to form the proverbial "ideal™ gas or liquid mixtures, e.g.,
the enthalpy of mixing for gaseous 10BF3 and 11BF3 is approximately zero.
Therefore, AHmix is anticipated to be relatively small and is assumed to

be identically zero for the systems being studied.
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The entropy of mixing in equation (81)'can'be.expressed as:

ASpix = ~R By [(xy In X%i)feea ~ A(xi In X;)products] (82)

The mole fractiéns are those entering or leaving iﬁ the feed and product
streams for either the mixing point or stage; Using the nomenclature of
Figure 26, éxpanding equation (82), and combiningfwithNequation (81)
- provides the key relation for energy requirements about £he mixing point:
Mopyy pr = RT{Gi.1[%y.41n x50 + {l1-x3.4)1n (1 = x%3.,)] »

Ly [Yierln Yiag + (1=¥iepln (1 = ¥isg)] ‘ (3?")'-

=Fi[241n z; + (l-2z3)ln (1-24)1]1}
The respective flow rates (L,'G, and Z) are incorporated in equation (83j
to convert AG from a molar basis to that of energy consumption, or kJ/hf.
With the understanding that the above reiation waS‘derivea only for mixing:
of ideal,gases or liquidé, the "mixf subscriét has also been dropped. In
a similar fashion, the energy reéuirements for the separation process
occurring within the stage can be derived: |

. MBgrage = RT{Fi[Z;ln z; + (1-23)] = Li{yiln y3 + (1-y1)ln (1-y3)]

-Gi[xyln x; + (1-x3)In (1-x3)]} (8
Note that the above equations derived for both the mixing point and stage
are valid only for a general stage as shown in Figure 26. These equations
are not valid for the feed stage nor for the‘ﬁaste or. product stages, and
must be appropriately altered when applied at‘these points in the cascade.
Furthermoré, for the ideal cascade, mole fractions of the feed streams
entering at the mi#ing point, x;., and Y., afé equal to the composition-
exiting the mixing point, z;. Consequently, edﬁation (83) is identically

zero at every stage in the ideal cascade.
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Equations (83) and (84) were derived and used to evaluate the work
expended in the isotope separation process at a given stage in the cascade
based on the second law of thermodynamics. In conjuncfion with the
cascade models, the'tatallwork required by a cascade to perform the
prescribed separation was determined by summing the individual energy
terms about the mixing points or individual 'stages across the entire

cascade:
Enix = 33 AGpix pt, 1 : (85)
Bstage = 'zi mscage, i (86)

It is.important to understand the sgignificance of each work term as
established by equations (85; and (86). The total work of mixing, Brixr
aslgiven by equation (éS) can be interpretea as lést work due to the
generation of entropy aésociated with the mixing process. Consequently,
the nﬁmefical value of By, is ﬁegatiﬁe, which implies AS,;, is positive
about the individual mixing points. This concurs with-the‘acéepted sign
conventi;n that a (spontaneous) mixiné process results in an increase in
entfopy. In the same manner, the sum of the work terms associated with
ﬁhe separation process within the individual stages,AEsume; is a measure
of the actual separative work performed in the cascade and is thereforé
positive. Consequently, AS;;, as given bY‘equationl(BZ) is negati&e for
the individual stages in,'accord. Qith' theA_concept that separation or
unmixing décreases the entropy of the igotopic mixture. It is therefore

possible to define and evaluate the ideal or thermodynamic minimum work,

E,.r, required by the cascade to accomplish the desired separation:

Eideal = Escage + Emix (‘87)
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Table 13. Comparison of different types of energy input and total
interstage flow for the various cascade configurations with the
nitromethane/BF; donor system.

Total
Recycle Interstage

# of Egtage Epix Eigeal Energy Flow
Sections ‘| (kJ/hr) (kJ/hr) (kJ/hr) (kJ/hr) ’ (kJ/hr)
1 (CRC) 11.939 -2.729 9.210 |  258%AHg,, 57,900
2 10.709 | -1.521 9.188 | = 258%AHy., 48,100

3 10.081 -0.888 9.193 258* AH,j 4 47,200

4 9.856 | -0.642 9.215 258% AHyy e 46,800

5 9.721 | -0.530 9.192 258% AHyy g 46,700
Ideal 9.183 ——— 9.183 297% AHyyqq 41,900

Results of calculations involving the different cascade models
incorporating the above energy considerations are shown in Table 13. The
calculations were performed only for the BFj/nitromethane system. Each of
the other donor systems are expected to parallel these trends by analogy
with previous modelling results. The total separative work, Eggages lOSt
work, Bp., and the thermodynamic minimum ox ideal work/ Ejgear are indicated
in Table 13. These quantities were determined on a stage wise basis from
the appropriate model and summed across_the entire casqade in accord with
the previous discussion. Tablé 13 indicates that the total separative
energy, Egpager 1S @ maximum for the constant recycle cascade and decreases
as progressively ﬁore square sections are to the SOC.. For the ideal

wge COrresponds to the thermodynamic minimum since the- lost

cascade, E
energy term, resulting from mixing streams of different compositions, 1is

identically zero.
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The lost work, Ey,, is greatest (more negetive)‘ for the CRC,
decreases as more square sections are incorporated into the soc, end is
identically zero for the ideal cascade. This is a'direct consequence 'of
removing inefficiepcies associated with the mixing point as more square
sections are incorporated‘into the SOC design. The use of’additicnal
square sections in the soC reduces inefficiencies associated with the
mixing points. Consequently, the thermodynamic minimcm energy defined by

the ideal cascade is approached as more sections are utilized in the SOC.

The thermodynamic minimum work, Ejgea1r i8S appfoximately the same for °

all cascade configurations when effects of the mixing process are removed.
Slight differences in Bjgea; for the-different designs‘are due tc small
differences in waste stream compositions and flow races in the various
cascades. (Recall that the waste composition ‘aﬂd‘ flowr rate varies
slightly for the different cascede configurationsl due to the use of
discrete equilibrium‘stages in the hodelling process.)

The ramifications of .the above results are apparent when the ideal
cascade is considered. Due to the no-mix criteria, Epjx is identically
‘zefc for the ideal cascade and equatioﬁ (87)'incicates that Bigeal = Estage-
In conjunction with the above discussions, it is intuitively obvious that
the ideal cascade has the potential to peiform the desired separation with

the minimum thermodynamic energy input for all possible countercurrent
recycle cascade designs as a result of eliminating-the inefficiencies of

mixing. Alternatively, the CRC consumes the greatest amount of energy,
and any degree of compromise between these limiting cases defined by the
CRC and ideal cascade can be achieved with SsoC configurations. These

results were derived and are consistent with the second law of thermodynamics.
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Another interesting aspect in the energy analysis of recycle
cascades evolves from an examination of energy requirements as a function
of recycle ratio for a given ;ascade configuration. For the CRC aﬁd
BF,;/nitromethane systen, énergy requirements (Egraqe and Ejgea1) were
de;ermined as a function of inverse recycle factor, 1/A. A similar type
of analysis was previously used by defining the recycle factor, A, to
establish minimum total interstage flow. Separative and ideél work are
plotted as a function of 1/A in Figure 27 for the CRC with nitromethane as
the donor. As-expected the minimum or ideal energy of separation, Ejgea1rs
indicated by tﬁe dotted line in Figure 27, is essentially constant and
independent of recycle'factor. However, as the recycle ratio decreases
from total reflux (1/A - 0), the total energy requirements of the cascade
decreases. The total separative work, Egiagesr goes through a minimum in the
vicinity of 1/A = 0.75, corresponding to a recycle ratio of Ry =
1.34§(Rihun, ané then increases as minimum feflux'(l/A = 1) is approached.
For comparison, total.interstage flow is also indicated'in Figﬁre 27.as a
function of 1/A. Tﬂe interesting point is that the energy requirements of
the CRC parallel the total interstage flow requirements as the recycle
ratio varies. In fact, the two quantities go through a minimum at the
same "optimum" recycle ratio of approximately 1.35% (Ry)pin- This result
lends further credibility to the selection of recycle ratio in the CRC and
SOC models at 1.45*(Rj)pin-

Up to this point, two contributions to the energy requirements of
the separafion cascades under consideration.have been examined: that
associated with providing reflux in the decomposer/recombiner systeﬁs and

that of providing the separative work within the individual stages.' In
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reality, béth types of energy must be provided for the cascade to function
in the designed mahnér. Furthermore, the utilization ;f energy w;thin the
systems is not as efficient as the above discussion inaicates and
additional energy to support non-idealities in the actuﬁl process are’
required. As a minimum, the combination of recycle and separative energy
must be provided for each of the cascade configurations to support the
desired fractionation. Figure 28 shows each type of energy requiremeﬁt as
a function of recycle ratio for the CRC with the nitromethane/BF; donor
system.

The recycle energy indicated in Figure 28 is based on equation (79)
which was derived only for the.decomposef. The derivation of this
equation was based on the fact that AHy;4, was ﬁnknown‘but~constant for the
nitromethane/BF, system. Note that the recycle energy is a linear function
of recycle ratio, as expected from equation (79). It is apparent that the
minimum work for recyéle is associated with minimuﬁ reflux, while maximum
recycle energy 1is required at total reflux. "ConsequentlQ, if, is
economical to operaﬁe the cascade with the lowest possible recyclé ratio
at the feed ‘stage.

The work required to support the stagewise separation proceés in the
casca&e, Egtager pfeviously discussed is also in&icated in Figure 28. Tﬁe
important point to be emphasized in Figure 28 is the required amount of
energy supplied to the CRC operating at a specifigd recycle ratio and
given donor is the sum of the two'discuséed contributions. for the
optimum recycle ratio of 1.34*%(Rj)pin with the nitromethane/BF; donor
system, 11.8 kJ/hr must be provided to overcome the ﬁixing pfocess and_-

separate the isotopic mixture. ' At the same time, roughly 190*AHy; ., kJ/hr
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must be provided. in the decomposer to maintain the necessary recycle ratio
in the enriching section of the cascade. If AHy ., is assumed to be 10
kJ/mol (similar to the dimethyl ether/BF, gystem), the total energy input

requirements for the system would be:
" ABioea; = 11.8 + 190*10 = 1912 kJ/hr , . (88)

It is apparent from equati&n (88) that the greatest contribution to the
energy requirements of the CRC resul£ from providing the necessary
recyclé. As noted earlier, this energy is constant fo? the different
cascade configurations for a constant recycle ratio at the feed stage.
The‘ above Analysis and results cénnot‘ incorporate' quantitative

measures for estimaﬁing-alliéossible enérgy contributiéns in the recycle
cascades under consideration. The necessary directions cascade design
must take to mipimize the energy requirements are apparent from the above
énalysis. First, the recycle ratio at the feed stage must be maintained
as close as possible to the "optimum4 value. Recall that consideration
must be given to the required number of ideal sfages to insure an
inordinate number is not necessary. Thig criteria insures that the energy
requirements of providing recycle is as low. as possible. Secondly, by
incorporating a number of squared off sections, the energy requirements.
necessarf'to/provide separative work to the’ cascade w;ll more closely
approximate the thermodynamic minimum associated with the ideal case.
Finally, the above analysis provideé a thermodynamic basis .establishing
how and why the ideal cascéde is poteﬁtially the most energy efficient
type of cascade for a specified separation. Such an aﬁalysis has not been
¥eported-in the literature for separatipns based on chemical exchange .

reactions.




158

CONCEPTUAL BORON ISOTOPE ENRICHMENT PLANT

The ultimate goal of research in the area of borpn: isotope
separation would .be to devise a large 'scale method”’ e;onomically
~ competitive or superior to the curreﬁtly-uséd dimethyl ether/§F3'system.
The experimeﬁtal portion of this study was directea at examining several
different donors with the concept'that any one could prove potentially
uséful in a large scale fractionation scheme. Based on the magnitude of
tﬁe separation factor, «a, the nitromethane/BF; isotope exchange system
indicates the greatest potential for achieving the desired goai; The
modelling and analysis stpdies were conceived to examine the bénefits of
utilizing the various donor systems in terms of large scale plant design
and to indicatei the configuration of a suitable separatién process.
Within the confines of the specific designs considgred in this study, thé '
two section SOC, used in conjunction with nitromethane as the donor, is ;n
appropriate system for the large scale fractionation of the isotopes of.
boron.

A conceptual process flow schematic .for the two square section

/
e

cascade utilizing the nitromethane/BF, doqor system is shown in.Figure 29.
-This process is based entirely on the modelling and ahalysis results.
Each column corresponds to a square section of  the cascade énd contains
the appropriate number of ideﬁtical ideal stages to perform the specified
amount of sgpération for that section.

The first section, dénoted as column #1, contains the feed ;tagey a

portion of the enriching section, and the entire stripping gsection. This
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is the largest of the two sections. A fraction of the isotopically
depleted BF, gas is cut from the stream exiting the top of this column

(corresponding to the stripping section) as the gaseous waste. The

remainder of this gas stream is passed to a recombiner where it is reacted

with an equimolar amount of the pure nitromethane donor to form the liquid
éomplex. The nitromethane/BF, complex formed in the recombiner is returned

to the top of the column as liguid recycle.

A fraction of the liquid complex exiting the bottom of the first

sectioﬁ flows to a decomposer where it is completely dissociated ‘thermal
reversal of the formation reaction) into eqﬁimolar‘amounts‘gaseous BF; and
the liquid donor. The remainder of this stream fofms the liquia feed to
the top of column #2, the second square seétion. The BF, gas'genérated
from the complex in decomposer #1 is combined with the gas stream.exiting
the top of the second column and reéu;ned to the bottom of the first
column as gaseous recycle. The donor reco?ered from the decompoéer would,
if necessary, be purified in a separate system and stored for reuse in the
recombiners. | |

The second sguare section, corfesponding‘ to column #2, is the
smallér of the two columns and produces the.final product Sf the sﬁecified
composition. The entire liquid stream exiting the base of this section
‘flows to decomposer #2 where it is thermall§ decomposed to gaseous BF; and
nitromethane. The donor is reclaimed for feusé and a fréctioﬂ of the gas
stream exiting the deéomposer is taken as the isotopically enriched §F3

product. The remainder is returned to the bottom of column #2 as gaseous

recycle.




161
Note that the total amount of donor exiting the decomposers is
equivalent to the amount of nitromethane required in the recombiners.

This is a result of assuming that the formation reaction is completely

reversible; the donor is neither consumed nor replaced in the exchange

.

system. Consequently, the donor is continuously recycled and reused in
the separation system. In the evént of irreversible decomposition of the
nitromethane/BF; complex, the appropriate dopor'purification system would
be incorporated into ﬁhe-actual plant design.

The first and largest column in the cascade includes the entire
stripping sedﬁion. Oof the 95 ideal’stages included in this column, 47 of
these staggs located above thé feed stage in the upper portion of the
column, form the stripping section. The balance, or 4é ideal stages,
located from the bottom of the column up to and including the‘feed gtage,
are a portion of the enriching section. In accord with previous
discussions, the size of the stripping section could be reduced or even
eliminated entirely, depending on the desired wastg composition. If
stripping were completely eliminated, the first section would qontain‘only
48 ideal stages with a total interstage fléw rate of 19,900 molg/hr
through the column. Therefore, even in the absence of stripping, column
#1 would still be the largest in terms of total interstage flow. Note
that.the recycle ratio for this section of the cascade would be‘the same
if the size of the stripping section were reduced or even eliminated.
This is a consequence of the fact that the specified recycle ratio (1.45
times the minimum) is fixed by the feed and product compositions in accord
with eqﬁation (49). This specified recycle'ratio througﬂ the column also

fixes the energy requiremépts to the cascade.
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The total interstage flow through thé individual columns is greatest
in the first section or column, which includes thevfeed stage, a portion
of the enriching section, and the entire stripping section, and smallest
in the final, or product, column. Recali that the total interstage flow
through the two éection s0OC, as détermined from. the model, was 48,100
mols/hr (Table 7). Of this, 38,500 mols/hr-or 80% of the total inéerstage
flow occurs in the first section. The balance, 9,600 mols/hr or roughly
20% of the total interstage flow through the system, occurs in the final
(and smallest) section. This is a consequence of decreasing the iecycle
ratio in the different sections as the'product end of the cascade is’
approached. These , trends are expected and consistent with previous
discussions. In fact, the desired objective of the 8OC design is a
reduction in total interstage flow with a concomitant decrease in column
size as the product end of the cascade is approached.

It is of interest to compare the above conceptual design of the
proposed nitromethane/BF; two sectioﬁ-séc with the actual large scale
facility using the dimethyl ether/BF; system. The appropriate literature
sources [2,3,36] are somewhat vague regarding the necessary operating
variables (i.e. recycle ratios, actual stages, etc.) of the commercial
plant to develop a detailed model. Howéver, the actual plant is reported
to perform the same separation in_terms of the external compositions and
flow rates as the conceptual system. The commercial faciiity reportedly
operates with two columns [36].' Congseguently, the two sectioﬁ SOC model
for the dimethyl ether/BF; system developed in this study was used to
approximate actual plant behavior. A process flow schematic for‘the two

section SOC based on the dimethyl ether/BF; system is shown in Figure 30.
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Figure 30. Process flow schematic for the two section SOC with the dimethyl ether/BFj

donor system.
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The operation of the two separation schemes is essentially the same.
The waste; product, and feed compositions and flow rates, or the external
variables, are approximately equal for both systems. The first sectién,
column #1 in Figure 30, contains a portion of the enriching section,
including the feed:'stage, and the entire stripping- - section. The
deqomposer at the base of this column serves to alter the recycle ratio
between the two.sections. Column #1 contains 224 ideal stages with a
total interstage flow rate.of 226,900 mols/hr. Consequently, this is the
largest section of the aascade, providing roughly 80% of the total
interstage flow t£rough’the entire system. | |

The secogd'column contains 172 ideal enriching section stages and
produces the isotopically enriched gaseous product. This is the smallest’
section with a total interstage flow of 57,000 mols/hr through the colﬁmn.
This interstage flow accoﬁnts for the remainder or 20% of the total
interstagé fibQ through the cascade. Aas witﬁ the conceptual nitromethane
process, the two section dimethyl ether SOC is designed with a smaller
column at the producg end of the ;ystem in order to the approximate
behavior of an ideal cascade.

A comparison of the twé different conceptual designs indicates both
the nuﬁber of ideal stages and total interstage flow is significantly
reduced with the nitromethane donor system. For two sqﬁare sections with
the nitromethane system, 166 ideal stagés are required to perform £he
specified separation as compared to 396 ideal stages for' the dimethyl
ether design. Thus, the nitromethane/BF; system requires 230 or 58% fewer
sfages than the dimethyl ether system. ‘Furthermore, the total interstage

flow is 235,800 mols/hr or 83% less for the nitromethane/BF; system than
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for the dimetﬁyl ether SOC performing the same émount of isotopic
fractionation.

Note that for the dimethyl ether system, the decomposers process a
total of 511 mols/hr as compared to 207 mols/hr for the nitromethane
system. Consequently, the size of the decomposer and recombiner systems
are éubstantially smaller when nitromethane is used as the donor. From
the above discussion, it is obvious that a major benefit of incorporating
nitromethane in the 1argé scale separation systgm would be the immense
reduction in the required size of the separation cascade.

The experimental and modelling portions of this study.ultimafely
resulted in defining the above conceptual process design for the two
section SOC with the nitromethane/BF; donor system. ' The majof benefit (a
reduction in overall cascade size) of such a design relétiye to the
currently used dimethyl ether system was explored. In'reality,,the design
of an actﬁal optimum boron isotope separation plant would be quite
cémplex. A detailed design would relate equipment size, performance and
costs to several related process variables such as stream compositions,
flow rates, number of stages, recycle ratios and total interstage flow
rates for the different cascade designs. The main isotope fractionation
system would consist of a large number of separating units or stages with
the associated pumps and compressors, heat egchange equipment, connecting
piping, and control gsystems. The gntire system would require feed and
withdrawal facilities, auxiliarj systems, and support and operating
personnel. It would probably be enclosed in a suitable gstructure and be
surrounded by the appropriate fype of land. The sizes and costs of these,

and other, important items must be related to the process variables. For
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a given design with a specified set of process'variébles, the associated
costs can in principle be defined. Therefore, for a given design it is
possible to select.many different sets of values for the process variables
and solve for the optimum or minimum cost design by a trial and error’
procedure. -

Prior to émbarking on a detailed'and labor intensive design and
economic analysis, féasibility studies similar to the procedures of this
work are generally requifed. A Eomplete fe&sibility study wéuld include
extensions of the experiﬁental and modelling_result; propagated in this
~study. The existence and effects of irréQersible decomposition of the
liquid comple# must be established. Thé reversibiliti and thermodynamics
of the BF;/donor formation reaction must be determined. Furthermore, the
kinetics of the isotope exchange reaction with each potential donor should
be established. While the physical properties, éuch as viscosity and
density of BF; gas are tabulated in the literature (42], such data is
generally unavailable for the liquia complexes undéf consideration. The
design of pfocess equipment, such as pumpsland columns, may rely on a
knowledge of these' physical properties. Bench scale or pilot plant
studies are required to establish stage heights and efficiencies if the
number of actual (as opposed to idéal) separation stages is to be
determined. The above information would then be incoréorated into the
design calculations of the modelling aﬁd analysis section and a better
estimation of feasibility established. The above considgrations are
necessary and recommended in futurelgtudiés.

Despite the limitations imposed on a more detailed examinatioﬁ of

production scale plant design, the results of this ‘study indicate some
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important directions such designs must take. Plant size is strongly
dependent on the magﬂitude of the separation factor. Potential donors,
such as nitromethane or any of the ketones examined, could substantially
reduce the size of a separation facility. The cascade configuration also
plays an important role regarding plant size. The constant recycle
cascade minimized ideal stage requirements while maximizing total
interstage flow. The ideal cascade required an increased number of ideal
stages but minimized total interstage flow. A number of sguared off
cascade designs were propagatedAas a compromise between the performaﬁce of
theICRc and ideal cascades. Based on these results, the most logical
design was the two section SOC configuration used in conjunction with the

nitromethane/BF,; exchange system.
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CONCLUSIONS

(1) Acetone, MIBK, DIBK and nitromethane are suitable donors and form

(2)

(3)

(4)

(5)

relatively stable liquid complexes with BFj.

Each of these four donors exhibits larger values of separation factor:
than dimethyl ether in the boron isotope exchange reaction. In this

regard, each is more amenable to large scale fractionation than the

dimethyl ether/BF, system.

Nitromethane exhibits separation factors substantially higher than
those predicted theoretically or for any known system. in boron

isotope chemical exchange reactions. This anomaly is postulated to
be due to a dual site exchanée mechanism. An understanding for the
cause of this anomaly could provide valuable insight into £he isotope

exchange process and donor selection.

The constant recycle cascade minimizes total_ideal stage requirements
and maximizes total - interstage flow. The idéal cascade‘minimizes.

total interstage flow-with increaged ideal stage requirements. Any
degree of compromise between these opposing effects can be optained

in a squared off cascade by éltering the number of squared sections.

A logical compromise between total interstage flow and ideal stage
requirements in .the squared off cascade can be obtained by using two

square sections.
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(6) A reduction in total interstage flow and ideal stage requirements

(7)

(8)

could be achieved by reducing the size of the sﬁripping section. A
reduction in stripping section size would result in an increase in

the amounts of fresh feed required and waste prdduced.

The energy requirements of providing reflux in- any countercurrent

.recycle cascade depends only on the recycle ratio at the feed

stage. Therefore, if the.recyclg ratio at the feed stage is
equivalent in the CRC, SOCs, and ideal cascade; the energy
requirements of maintaining the necessary réfl;x fo;'each(of the
different cascades will be equal. Tﬂis condition holds only if each
diffe;ent cascade is performing the‘same overall separation. As a
result of this unique property, CRCs and SQCS can be designed to be
more efficient than the ideal cascade in terms of the‘work expended

to provide and maintain the necessary recycle ratio.

From the standpoint of re-mixing and separating internal streams -
with different isotbpic compositions, thé ideal cascade is

potentially the most energy efficient systém. This is a result of
the no-mix criteria upon which the ideal cascade is founded; In this
regard, the CRC is the least energy efficient of the recycle cascade

configurations examined:




(1)

(2)

(3)
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RECOMMENDATIONS FOR FURTHER STUDY

Further study with the liquid complexes formed between BF,; gas-and the
different.donors (aceténe, MIBK, DIBK and nitromethane) is ﬁecessary
to establish rates»of irreversible decomposition, reversibility of

the formation reaction and bhysical pfoperties such aslviscosity and

densities associated with these complexes.

Studie;_into the mechanism éf the boron isétope exchange reaction
beﬁweeﬁ BF; and the nitromethax;e/B;E‘3 complex are étroﬁgly suggested.
Thése studies should examine the phenomenon responsible for the'large
separation factors associated with this system. Thé suggested
starting point would be to use spectroscopic techniques, such as
proton or flﬁorine NMR or perhaps UV-VIS spectrbscopy to eiamine the
molecular a&dition compound. ‘With these techniéues, it may be
possible to determine the number and arrangemeﬁt of BF; mélecules
associated or bound to a nitromethane'ﬁolecule in the'liquid complex.
A knowledge of the bonding arrangement in the complex could help

support the dual site exchange mechanism proposed in this study.

Bench scale and/or pilot plant‘stu§ies are required to establish the
;tage efficiencies.and kinetics of isotope exchange with each of the
fouf different donor compounds. Potential bench scale experimentai
systems readily adapted to examine these parameters have been

reported in the literature [24].
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