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nor the Commission, nor any persen acting on behalf of the Commission:

A. Makes any warranty ar representation, expressed or implied, with respect to the accuracy,
completeness, or usefulness of the information contained in this report, ‘or that the use of
any infarmation, apperatus, method, or provess disclosed in this report may net infringe
peivately owned rights; or’ ;

B. Assumes any liabilities with respect ta the use of, or for dumages resulting from the use of
any information, apparatus, methad, or process disclosed in this report,

As used in the above, *persen acting on behalf of the Commission™ includes ony smployee or

controcter of the Commission, or employee of such contractor, to the extent that such employse

or contractor of the Commission, or employse of such contractor prepares, disseminates, ot
provides access to, ony informatian pursuant to his erﬁplaymenr or contract with the Commission,
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1.0 INTRODUCTION

In the continuous Darex "head-end" process for reprocessing stain-
less steel clad reactor fuels,™ the fuel elements are dissolved by an
aqua regia sclution 5 to 6 M in nitric acid and approximately 2 Min
hydrochloric acid. In crder to avoid excessive corrosion in the sub-
sequent process steps, the chloride must be removed from the solutions.

The chloride may be distilled from the solution. The relative
volatility of HC1l increases as the nitric acid concentration increases,
and at about 8 M HNOs, chloride decomposition becomes important. When a
continuous distillation column is used, the nitric acid profile is a
decisive parameter in estimeting chlorlde removal.

The minimum nitric acid addition to the system is that necessary to
replace the acid consumed by dissolution and the free acld carried away
with the bottoms product. Most comsideration has been given to addition
of azeotropic (15.3 M) or more concentrated nitric acid to the bottom of
the colum or directly e the reboiler. This has been shown experimen-
tally to give low nitric acid concentrations at the top of the columm
and results in distillation of the chloride at the top, and decomposi~
tion at the bottom. The chloride is essentially all recovered overhead
and can be reused to make aqua regila for further dissolution. Only a
small amount of hydrochloric acid is lost to decomposition. A signifi-
cant amount of nitric acid must be added to the overhead stream. It is
likely, vhen strong acid is used, that the product solution from the
reboiler will be high in acid and that some nitric acid will be wasted.

A better acid profile in the column can be obtained by adding all
of the nitric acid feed near the center of the columm. The nitric acid
concentration still will decrease toward the top of the column for
chloride distillation from the solution. However, around the feed plate
the nitric acid concentration will be relatively constant at high values.
Because of distillation pinches this region can be made essentially any
length to afford encugh residence time in the high nitric acid concen-
trations for sufficlent residual chloride decomposition to cccur. This
system can be operatsd such that all of the nitric aecid is fed to the
colum and aids in chloride removal. The reboiler acid concentration
can be maintained at a desired level even though higher than azeotropic
concentration is used for feed. The overhead concentration will be
higher than necessary and water must be added to adjust to 5 or 6 M for
use in the dissolver.

2.0 PROPOSED ANALYSES

A detailed analysis of even the steady-state conditions which can
exist in a Darex distillation is impossible at the present time unless
simplifications are made. The equilibrium relationships for HC1-HNOs3
volatility in the prssence of stainless steel are scarcely known and
reliable data which will apply in a column are difficult to obtain.
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However, as noted earlier, much can be inferred about the fate of
chloride in the system from the nitric acid profile in the column.

For this study, estimation of nitrie acid profiles was considered
a sultable objective. To further simplify the problem the effect of
the chloride on the nitric acid volatility was ignored. In other
words, the system was approximated by the much simpler system of nitric
acid—stainless steel nitrate distillation. This is a reasonsble
approximation since after the first stage or two from the top, the
chloride should be only a trace component.

3.0 NITRIC ACID FEED TO THE REBOILER

In the first system proposed, nitric acid was fed to the reboiler
and to the recycle agua regia going to the dissolver. The mixed acid
in the overhead from the column was experimentally found to be too
dilute for use directly in the dissolver. This stream was maintained
5 M by adding a controlled amount of more concentrated acid, R, before
going to the dissolver. The reboiler can be used to concentrate the
metals and thereby, according to the over-all nitrate balance about
the system, increase the metal loading to acid concentration ratio so
that, after dilution, the solution will be more desirable feed for
solvent extraction.

A simplified flowsheet for such a chloride removal system is
ghown in Fig. 1. The important variables are shown on the figure and
can be most conveniently expressed in the following units.

L = liquid rate in the column, moles of wvolatile component
(water plus nitric acid) per unit time

V = vapor rate in the column, moles per unit time
F = gcid feed rate to reboiler, moles per time

acld feed rate to the top of the column, moles per time

=<
i

avi
i

Jproduct rate, moles of volatile component per time
= reboiler feed composition, mole fraction nitric acid

overhead feed composition, mole fraction nitric acid

o

= product acid composition, moles of nitric acid in the
product per mole of wolatile component

= overhead composition, mole fraction nitric scid

ii'k:
i

= composition of dissolver feed, mole fraction nitric acid

<
o
{
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Fig. 1. Darex chloride removal system with acid feed to the reboiler.
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m = metal loading of liquid stream from the dissolver, equiva-
lents of metal per mole of volatile component
ny = metal loading of the product, equivalents of metal per mole

of volatile component

If one assumes constant molal overflow, the metal loading, m,
expressed as equivalents of metal per mole of volatile components will
be constant throughout the column. One can define an equilibrium curve
for a constant metal loading based only on the volatile components.
Such Blots are shown in Fig. 2 as reported by Johnson, O0!'Connell, and
Sabo.

If one neglects water formation and nitrate losses from decomposi-
tion in the dissolver, five independent material balances may be made
gbout the system. The over~all meterial balance is

F+R="°P21+ “&) (1

The over-all nitrate balance about the system is
Fxp + Rxp = P(x, + mp) (2)
The material balance aboubt the acid adjustment stream, B, and the
dissolver may be written
V+R=2Lm+ 1) (3)

The nitrate balance around this same region may be written
Vyp + Rxp = L(1 + m)yy (4)

And finally the metal balance around same point in the columm and the
reboller is

La = Pug (5)

These material balances can be used to express, under steady-
state conditions, all flow rates proportional to the acid feed rabe to
the bottom of the columr. For the usual case where the two acid
streams, F and R, have the same composition

mP(l + 1m)

V=F

m(1 +m.P) + (m - %)(m
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Fig. 2. Nitric acid volatility from stainless steel nitrate solutions (from

Johnson, O'Connell, and Sabo).
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mp(%Xp = Vi)
n(l + m) (xp - yp) + (m - m) (yp - vp)

L=F (D

my(1 + m) (yp - ¥g)
m(1 + m) (xp - yp) - (o= mp) (v - vp)

R="F

(8)

and

(x5 = ¥ip)
P =T MWp\ Xg = I (9)

mm(l + mp) (xp - yp) + mp(m - m) () - vy

The operating line is cbtained by making a nitric acid balance
about the section of the cclumn sbove some plate m.

- L L R
Y, =T % TTRCF Xy (10)

The slope =nd intercept of the operating line can easily be obtained
from Egs. 6, 7, and 8. Note that

X, - ¥,
F - I
. (11)
(1 +m) (x = vp)
and
R _Yp " Yy (12)
Vo x. - v.
¥~ p

If one sets cut to calculate the nitric acid profile in a column
using these assumptions, the acld feed rate to the reboiler, F; the
feed composition, Xl the required dissolver feed composition, y.; the
metal loading in the stream from the dissolver, m; and the desired
metal loading in the product, » should all be known. Then BEQs. 1
and 2 may be used to chtain the free nitric acid composition of the -
product

X, = E (13)
P 1+ m, mP

Bquations 6 through 9 and the equilibrium relations may be. used to
calculate all of the remaining flow rates and the overhead acid com-
position, yn.. The overhead composition cannot be expressed in a
simple explicit form but must be found by trial and error. One must



first assume a value for y.,, evaluate the operating line and proceed
to make the stagewise calcilation to obtain a value of Yip to be used
as a basis for a new assumption, and so forth.

It is possible, especially for a relatively short column with few
stages or for a high feed composition, to find that the only acceptable
value for y. is greater than y_.. (This corresponds to requiring a
negative value for R according to Eg. 8.)

.0 INTERMEDIATE ACID FEED WITH WATER OVERHEAD ADJUSTMENT

An elternate method of operating the chloride distillation column
which offers several advantages over the other systems involves adding
all of the acid feed to some point near the center of the column (see
Fig. 3). This system will be run with a nitric acid concentration
overhead higher than that required in the dissolver so only water
addition is required to adjust the dissolver feed. This system
utilizes the feed acid for chloride removal as well as any system
which still gives good chloride removal since all of the acid is added
to the column and none in the overhead.

The important variables are shown (Fig. 3) and in most cases have
the sazme meaning as in the previous case. The only two differences
are: (1) x_ is zero since only water is added to the overhead stream
and (2) the liquid rate, L_, and the metal loading, m_, in the column
below the feed point is less than the liquid rate, L, and the metal
loading, m, above the feed point.

Using these variables, independent material balances may be
made. The over-all material balance is

ForR=P1+mny (1%)

The over-all nitrate balance is
FXF = P(XP + mP) (15)

The material balance about the top of the column 1is
L(L +m) =V +R (16)
The nitric acid balance arcund the top of the columm may be written
T = ( k- !
v o (V + R)yD (17

and the meval balance between some point in the upper portion and the
reboller is

Im = Py (18)
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Fig. 3. Darex chloride removal system with all acid fed to the center of
the column.



Because of the acid feed to the column the liguid rate and nmetal
loading in the lower portion of the column will be changed.

LL =1 + F (19)

and

LBmL = Im = PmP (20)

As in the previous case, Fgs. 1b through 18 may be used to
express all flow rates under steady state condition proportional to
the feed rate, ¥. Because the two input streams, F and R, do not
have the same composition the acid to metal ratio in the product
which one desires for satisfactory solvent extraction feed depends
upon the relative values of R and F as well as upon the controlled
metal loading in the reboiler. In this case it is convenient to
specify the acid to metal loading ratio, k, in the product.

*p
k = ™ (21)

Then the flow rates may be written

X, / i ¥o\
R-p-F [Lrmly D) (22)
m 1+ k| Yoy
\ ;A /
/ . i
X
Loe F oot (23)
m{1l + k)
X / VY
_~1E’1+mj(l{ )
Ve=Eg Ll + k YT) (24)
\ AN

AMlso the acid and metal loading in the product can be found to be

xp = k= (25)

—(].+k-xF)+R(l+k)

The operating line for the upper portion of the column is

/L

L
= |y 2 26
Yn kvf n+l ~V (26)

where according to Eqs. 23 and 24
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¥
- — (27)
yp(1l + m)

<ig

The operating line for the sechion below the feed plate intersects
the upper operating line at the feed composition, X and has a
slope

(1 + k)
;E ) XF + m(l + (28)

XF +m,§£

Both operating lines depend upon y.,, and again one must evaluate
Y by trial and errcr. Since waber is %o be added to the top of the
eglumn, it is necesssry that y., be greater than y.. Again one is
faced with limitations on the Hcid feed compeosition. If one tries a
feed too dilute, the overhead composition will be less than ¥p and R
will appear to be negabive.

5.0 AVATLABLE EQUILIBRIUM DATA

The principal reasocn for restricting the present study and not
considering chloride volatility and its effect upon nitric acid
volatility was lack of wvapor-liquid data on stainless steel--nitric
acid--hydrochloric acid--waoter systems. However, once the problem
was restricted to the much simpler system involving only nitric
acid~water distillation from stainless nitrate solutions, the neces-
sary data were relatively easy to cbiain.

The most immediately pertinent data of this type was obtained by
Johnson, O'Comnell, and Sabo™ especially for this study. These
authors determined the vapor composition, y, in mole fraction as a
function of %, the mules of nitric acid per mole of volatile component
in the liquid, for two values of metal loading, m, which might be
found in a column (see Fig. 1). Note that the effect of higher m is
to shift the equilibrium curve plotied in these units to the left.

Johnson, O0'Connell, and Sgbo also evaluated the vapor camposition
coming from more concentrated metal solutions such as one might find
in the reboiler or product. These data are shown in Figs. 4 and 5
with y plotted as a function of the molar concentration of acid and
metal. Along with these data, some results from more dilubte solutions
obtained by Clark ard Godbee3 are shown. As they appear these are not
in their most useful form since the parameters are molar concentra-
tions rather than the mole fraction units (x, ¥, and m). To use these
figures to cobtain the wvapor composition leaving the reboiler, one must
first convert the reboiler compositions to molarity. The density of
stainless steel—nitric acid sclutions can be obtained from the
original data of Johnuson, 0'Connell, end Sabo and fit to the relation
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N 7z
p = 1.000 + 0.169 M oo + 0.0195 M .+ (29)

If this relation is assumed, one can calculate the molar concentration
in the solutions from the relations

r _ 55.5m
Mgg = 2.85 + 4.22m + 4.05x + O.1lmx (50)

157Tx + 5.0mx

H' T 3.85 + L.22m + b.0bx + 0.1kmx (31)

L=
-+
!

5.0 EXAMPLE McCABE-THIELE CALCULATIONS OF NITRIC ACID
PROFILE WITH INTERMEDIATE FEED POINT

The calculation of the nitric acid profile in an intermediate
feed Darex system will be illustrated with a specific example. The
parameters were chosen to bs reasonably close to the values which one
would expect to use.

Assume that one has a very large column with essentially an
infinite number of stages in both sections, a dissolver which
delivers a solution having a metal loading of m = 0.1, a feed compo-
sition xp = 0.384 (azeotrope), a product acid Lo metal ratio of unity
in the product, and a dissolver feed of composition 0.118 (5 yg.

One can normalize all flow rates in terms of the feed rate by
dividing Egqs. 22, 23, and 24 by F. Then the actual throughput does
not need to be specified.

Let
and

As noted earlier, obtaining y. is a trial and error procedure.
Several trials were made choosing Values for ¥ Which were too high,
tut the ends of the column were matched reasondbly well when y., was
assumed to be 0.121. Then the slope of the upper operating line was
found to be from equation

0.121
0.118(1 + 0.1) ~ 0.9

slope (upper) =



,ﬂls -

The intercept of the upper operating line with the Yy axis was
intercept (upper) = slope x (m) = 0.093
Similarly the slope of the lower operating line was from equation

_ 0.384 + 0.1(1 + 1)

0.384(1 + 1) %f%%%

slope (lower)

= 1.h2

The water addition rate (in units of F) was relatively small.

p o038 1+01 ,  0.18
S0 141 0.121
= 0.053

Then the free acid composition of the product or reboiler solution
was found to be

X, = (1) (0.584) = 0.22k
(1L +1 -~ 0.385) + 0.053(1 + 1)
Since k = 1.0, this is also the metal loading one would set for the

reboiler control. The metal loading in the lower section of the
column was

0.384

oA r1 t1

Note that experimentel data are available for a loading curve where
m = 0.060 but not for m = 0.066. For illustration, this curve is
close enough, so the 0.06 curve will be used for the lower section
of the columns.

Figure 6 shows the two equilibrium curves for m = 0.1 andm =
0.06 along with the operating lines which have just been evaluated.
A horizontal line was drawn from the y axis at the assumed value for
the overhead vapor composition y.,. The intersection of this line
with the upper operating line rePresents on the x axis the composition
of the 1liquid entering the top plate or leaving the dissolver. The
intersection of the horizontal line with the upper equilibrium curve
represents on the x axis the liquid leaving the top stage in the
column. Succeeding vertical and horizontal "steps”™ between the equi-
librium curve and operating line will give the vapor and liquid leav-
ing successive stages below the top of the column but above the feed
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Fig. 6. Example McCabe~-Thiele diagram.




point. These steps will work toward the pinch point at which the
upper operating line and equilibrium curve intersect.

Bventually one reaches the last stage above the feed point. A
number of streams in the stages arcund the feed point are shown and
labeled in Fig. 7. The portion of the x-y diagram around the feed
point is magnified in Fig. 8. The liguid composition of the plate
below the feed point is determined by constructing a horizontal line
to the lower rather than the upper equilibrium curve. The composition
of the vapcr entering the stage below the feed point from two stages
below the feed polnt is evaluated by constructing a vertical step to
the lower operating line. A number of successive steps are then made
between the lower equilibrium curve and operating line which correspond
to the muber of stages in the lower portion of the column. Again
note that if one has a large number of stages in the lower portion of
the column, the number of stages does not significantly affect the x-y
diagram since the steps go intc a pinch at the intersection of the
lower equilibrium curve and operating line.

After one reaches the last stage of the column and determines the
vapor entering the bottom stage from lower operating line, the liquid
composition in the reboiler must be found from another equilibrium
curve since the metal loading in the reboiler is higher than in the
colum. We have already established from the over-all material and
nitrate balances that the nitric acld composition of the reboller must
be 0.224 and the metal loading 0.224. If from the eguilibrium rela-
tions of the system ove does not find that the vapor composition from
this solution is 0.365, then the overhead composition, y.,, has been
assumed to have the wrong value. From Egs. 30 and 31 oné finds that
in the reboiler

(95.5) (0.224)

Mos = 0205 7 (52570, 556 + (¥.05)(0.220) 7 (0.15) (0.22h)

il

2.75
and

(1573 (0.228) + (5.0)(0.224)

Myt = 0885+ (4,227 (0.220) & (5.05)(0.225) + (0.15) (0.3 (0.525)

="Ti52

From these values, one can determine from Fig. 5 that the composition
of the vapor from the reboller is approximately 0.370. This is essen-
tially the same wvalue cbtained by stepping down the column from the
assumed overhead composition. If the two values had not agreed one
would assume another value for Yo and start again.
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%.O CONCLUSIONS AND RECOMMENDATTIONS

The feasibility of operating a Darex chloride distillation systemn
by feeding all of the nitric acid used in the process into a central
feed point on the column has been calculated with simplifications.
This system promises to better ubtilize the nitric acid for chloride
removal and yet still give good chloride recovery in the overhead.

The system was discussed using a nitric acid feed of 15.3 M and

shownt to give the desirable greater than 5 M overhead with the assump-
tion of no nitrate decomposition or water formation. In an sctual
system with nitrate losses and water formation, an acid feed greater
than 15.3 M will probably be required to give an overhead greater than
5 M.

Because of its promise of better chloride removal, this system is
recommended for a Darex head end facility. The problem will be better
described by taking into account nitrate losses and water formation.
The restrictions of the present discussion caused by failure to
account for the presence of chloride and especially its effect on
nitric acid volatility will be much more difficult to evaluate.

The studies presented here, even with their limitations, are
adequate to establish the soundness of the intermediate feed systems.
The effects of the inaccurascy in the essumptions used can be cor-
rected in the pilot plant by simply manipulating setpoints on
controllers.
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