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l e 0 IIYTRODUCTION 

I n  the continuous DarPex "head-end" process for  reprocessing s ta in-  
less steel clad reactor fuels,' the fuel elements are dissolved by a 
aqua regia salu%io~,  5 .to 4 M i n  n i t r i c  acid and approximately 2 M i n  
hydrochloric acid. I n  ordeF t 9  avoid excessive corrosion i n  the-sub- 
sequent proms6 steps, %he e.hlox9.de must be removed from the solutions. 

The chloride my be d i s t i l l e d  ~ ~ C X I I  -the solution. The re la t ive  
volatility of B e l  increases as the n i t r i c  acid concentration increases, 
and a t  about 8 M EK03, chloride d e c w o s i t i o n  becomes importmt. 
@ontZnznozes dfstrl2atLon eclwm i s  used, M e  n i t r i c  acid profile i s  a 
decisive p a r a t e r  i n  est- t ing chloride removal. 

When a 

The minima% n i t r i c  acid add i t lm  t o  the system is  that necessary t o  
replace the acid ct33asmed by di~s~3lu-ki~u5~ a d  the f ree  acid cayorfed away 
with the bottoms prpz~duc-t. &st consideration has been given to addition 
of azeotropie (15.3 M) or more concentrated n i t r i c  acid t o  the bottom of 
the column or dfrectyy Go the reboi ler .  
tally t o  give ~ Q W  n i t r i c  acid concentrations at the top of the column 
and results i n  distfllatim of the chloride at  the top, and decomposi- 
t ion  at  the baltom, The c h h r i d e  is essentially a l l  recovered overhead 
and can be reused t o  make aqua regia for: further dissealu-tiosa. Only a 
s m a l l  mount of hydrochloric acid i s  10~2; t o  decomposftion. A s igni f i -  
cant amount of nitric acid mss% be added t o  the overhead stream It i s  
l ikely,  when strong acid i s  used, %tiat the product solation frm the 
reboiler will be high in acid and -khat some n i t r i c  acid w i l l  be wasted. 

This has been s h m  experimen- 

A bet te r  acid prof i le  i n  the colszmna e m  be obtained by adding a l l  
of the n i t r i c  acid feed near %he center of the column. The n i t r i c  acid 
concentration s t i l l  w i l l  deerease towmi2 the top of the columrr for  
chloride d i s t i l l a t i o n  fron the solukbian. However, around the feed p la te  
the n i t r i c  acid coneen%rat%on will be re la t ive ly  constant a t  high values. 
Because of d i s t i l l a t i a n  p inche~ t h i s  region can be made ementit i l ly etny 
length t o  afford enosupf-3. residenee tim in t h e  high n i t r i c  acid concen- 

system. e a  be opera$ed such that d l  of the n i t r i c  acid i s  fed t o  the 
column a d  aids in rsh1ori.de removal. The reboiler acid concentration 
can be maintain& a t  a desire8 level even though higher than azeotropie 
concentration i s  used for  feed. The overhead concentration w i l l  be 
hi@er than necesszx~qy and water must be added t o  adjust t o  5 01: 6 8 for 
use i r a  the dfss&.VeT. 

t ra t ions  for  suffiei L residr2;33 chloride decomposition to WCW. This 

A detailed m%ly%is of even the steady-state comdLtionE; which c m  
exist in a W e x  dis%flla+,ian i s  impossible a t  the present time unless 
sZmp9ifications me =deo 
vola"s1ity in %he p'~mricc3 of stafdesbs steel m e  scarcely known and 
re l iab le  data which ~Jjll apply in a c o l ~ m  are d i f f i c u l t  t o  obtain. 

me eguitlfbri~m relationships for HC1-HNO3 
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However, as noted ea r l i e r ,  much can be inferred about the fate of 
chloride i n  the system from the n i t r i c  acid prof i le  i n  the column. 

For t h i s  study, estimation of n i t r i c  acid prof i les  was considered 
To fur ther  simplify the problem the e f f ec t  of a suitable objective. 

the chloride on tbe  n i t r i c  w i d  v o l a t i l i t y  was ignored. I n  other 
words, the system was approximated by the much simpler system of n i t r i c  
acid-stainless s t ee l  n i t r a t e  d i s t i l l a t i o n .  This i s  a reasonable 
approximation since a f t e r  the first stage or t w o  from the top, the 
chloride should be only  a trace component, 

3.0  WI?TRIC ACID F'EED TO THE REBOIZER 

In the f irst  system. proposed, n i t r i c  acid was fed t o  the reboi ler  
and t o  the recycle aqua regia  going t o  the dissolver. 
i n  the overhead from the c o l ~  was experimentally found t o  be too 
d i lu te  for  use d i rec t ly  i n  the dissolver. 
5 Mby adding a controlled am0un.t of' more concentrated acid, R, before 
goin@; t o  the dissolver. 
metals and thereby, according t o  the over-all  n i t r a t e  balance about 
the system, increase the metal loading t o  acid concentration r a t i o  so 
that, a f t e r  dilution, the solution w i l l  be more desirable feed for  
solvent extraction. 

The mixed acid 

This stream was  maintained 

The reboiler can be used t o  concentrate the 

A simplified flowsheet for  such a chloride r emom system i s  
The impartant variables are shown on the figure and shown i n  Fig. 1. 

can be most conveniently expressed i n  the following uni ts .  

L = liqpljd r a t e  i n  the column, moles of vo la t i le  component 
(water plus nitr3.c acid) per un i t  t i m e  

V = vapor r a t e  i n  the eoltsmn, moles per unit time 

F = acid feca rate t o  reboiler,  moles per t i m e  

R = acid feed rate %o the top of the column, moles per time 

P =: product; rate, moles of vo la t i le  component per t i m e  

5 = reboi ler  feed eonposition, mole fYaction n i t r i c  acid 

% = overhead feed cmposition, mole fract ion n i t r i c  acid 

xp = product acid composition, moles of n i t r i c  acid i n  the 
product per mole of Prolatile c q o n e n t  

yT = overhead composition, mole fract ion n i t r i c  acid 

yD = composition of dissolver feed, mole fract ion n i t r i c  acid 
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Fig. 1. Darex chloride removal system wi th  acid feed to  the reboiler. 
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m = m e t a l  loading of liquid stream from the dissolver, equiva- 
l en t s  of m e t a l  per mole of vo la t i l e  component 

mp = m e t a l  loading of the product, equivalents of metal per mole 
of vo la t i le  c q o n e n t  

If  one assumes constant molal overflow, the metal loading, m, 
expressed as equivalents of metal per mole of vo la t i le  components w i l l  
be constant thz”oughout the col%uan. 
f o r  a constaxit m e t a l  Loading based on ly  on the vo la t i l e  components. 
Such l o t s  are shown. i n  Fig. 2 as reported by Johnson, OaComell, and 
Sabo . 

One c m  define an equilibrium cumre 

3 

If one neglects mter  formation and nitrate losses frm decomposi- 
t i on  in the dissolver, f ive independent material balances may be made 
about the system. %e over-aZ1 material balance i s  

F + R = P(l + mp) ( 1) 

The over-all  n i t r a t e  balance about the system i s  

fiF + R% = P(xp + 

The material balance about, t h e  acid adJustment stream, R, and the 
dissolver may be writtern 

v + R = L(m I- 1) ( 3 )  

The n i t r a t e  balance around this same region may be m i t t e n  

And f ina l ly  the m e t a l  balance mound sane point i n  the columul and the 
r eb o i  ler i s 

Jc“=p”p ( 5 )  

These material Balances can be used t o  express, under steady- 
s t a t e  conditions, all flow rates proportional t o  the acid feed r a t e  t o  
the bott0m of the column. 
streams, F and R, have the same composition 

For the usual case where the two acid 
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Fig. 2. N i t r i c  acid vo lat i l i ty  from stainless steel nitrate salutions (from 
Johnson, O'ConnelI, and Sabo). 



and 

The operating lise i s  obtained by m a k i n g  a nitric acid balance 
about the section of W e  c o l m  above some plate m. 

The slope and intercept of the operating l i ne  can easi ly  be obtained 
from Eqs. 6, 7, and 8. Note tihat 

and 

If one sets out t o  e%leulate the n i t r i c  acid prof i le  i n  a calm 
using these assumptions, the acid feed r a t e  to the reboiler,  F; the 
feed composition, 5; the required dissolver feed composition, yD; the 
metal loading i n  the stream from the dissolver, rn; and the desired 
metal loading i n  the product, “pp should a l l  be known. Then R s .  1 
and 2 may be used t o  obtain the f ree  nitric acid composition of the 
product 

F X 

“ P = l + m p  -?I? 

Equations 6 t&ough 9 arad %he equ i l ib r im relat ions may be used t o  
calculate all of the remining flow r a t e s  and the overhead acid com- 
position, y e 

simple eq1Tci-t f ~ m  but nus% be found by trial and error.  One must 
The overhead composition cannot be expressed i n  a 



first assme a va1i1.e for y evaluate the operating l ine  and proceed 
to make the s t a g e v l s e  calculation t a  obtain a value of yT to be used 
as 8 basts for  a new assmp%ion, and so foryfl. 

T' 

It i s  possible, especially for a relatively short  colurm with few 
stages or for  a. high Peed composition, t o  find that  the only acceptable 
value for  yT i s  @ ~ a L e r  than y 
negative vaa_ue for R according to Ey. 8.)  

(*This corresponds t o  requiring a 
D' 

An altermate naethod of operating the chloride d i s t i l l a t i on  column 
which offers sevclpal advantages over the other systems involves adding 
all of the acid feed t o  some point near the center of the column (see 
Fig. 3 ) .  
overhead higher than that required i n  -the dissolver SO only water 
addition I s  required t o  adjust %he dissolver feed. This system 
u t i l i ze s  the reed acid far  chloride removal as w e l l  as my system 
vhrlch still gives good chloride remove1 since a l l  of the acid i s  added 
t o  the column and none i n  the overhead. 

?This sys2;em w i l l  be run with a n i t r i c  acid eoncentration 

The importa'n% variables are shown (F ig .  3 )  and i n  most cases have 
the  same meaning as in the previous case. The only t a m  differences 
are: (I) -% is zero since only water i s  added to the overhead stream 
and (2)  tine l i q u i d  rate,  ILL, and the metal loading, mL, i n  the column 
below the feed point is l e s s  thar, the l iquid rat=, L, and the metal 
loading, m, above the f eed  point. 

Using these variables, independent ma",rirtl balances may be 
made. The over-all  mi te r ia l  balance is 

The over-211 n i t r a t e  balance i s  

The ma'cerlal balance a b m t  the .top of the column i s  

The n i t r ic :  acid balance around the top of the column m y  be writ ten 

end t l e  metal balance between s0me point in t'ne upper portion and the 
iaeboiler is 
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Fig. 3. 
the column. 

Darex chloride removal system wi th  a l l  acid fed to the center o f  
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Because of the acid feed t n  the c o l ~ m n  l iqu id  rate and metal 
Iuadixlg i n  the lower portion of the column will be changed, 

p”p LLmL = I;m = 

As i n  the previous case, Q s m  14 throu& 18 may be used t o  
express 311 fl-ow rates imder steady s t a t e  condition proportional t o  
the feed ra te ,  F. Because the two input streams, F and R ,  do not  
have t h e  same composition the acid t o  metal r a t i o  i n  the p r d u c t  
which oGe desires for  sat isfactory solvent extraction feed depends 
upon the re la t ive  values of R and F as w e l l  as upon t‘ne control led 
metel. loading i n  the reboi ler .  
specify the acid ta metal lor,c?ing ra t io ,  k, i n  the product. 

In this case it i s  convenient t o  

Then the flow rates 11my be written 

m : l  4- 1.) 

(21.) 

P!so the acid and metal loading i n  tize produ.ct can be found t o  be 

where according t n  Fls .  23 and 24 
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?The operating lim for  the seet2oarw below the feed p la te  intersects  
the upper operating l i n e  a t  the feed composition , %, and has a 
slope 

Both operating l i nes  depend apoc y , and again one m u s t  evaluate 
y,,, by tr id sand error .  ~ i n c e  water i s  To be added t o  the top of the 
C ~ ~ W K I ,  it is  necessary t h a 3  y be greater than y T D' faced w i t h  l imitations on $he acid feed composition. If one tr ies 
feed too di lute ,  the overhead emposition will be less than yD and 
w i l l  a2pea.x to be nega%i-e. 

Again one i s  

5.8 AVAILABLE EQUILIBRIUM DATA 

a 
R 

The pr incipal  reason for  r e s t r i c t ing  the present study and noe 
considering clPlori.de 't.oZa%fli.F;y and i t s  ef fec t  upon n i t r i c  acid 
v o l a t i l i t y  w a s  lack sf v-apx-liquid data on stainless s teel-ni t r ic  
acid-hydrochlorie aeid---wat,er systems, However, once t he  groblem 
w a s  res t r ic ted  t o  the mu& sikmpler system involvbg only n i t r i c  
acid-water d i s t i l l a t i o n  froa s ta isdess  n i t r a t e  solutions, the neces- 
sary data were relatf%pely easy t-2 okGafs,. 

The most i.mneas%saly p e p n e n t  d a t a  sf this type was obtained by 
Johnson, OUCeome13_, a.9 Sab& aspccbf333_y for  th i s  study. These 
authors d e t e r m i x 8  +2h.  m p : ~  c o m ~ o s i t i ~ n ,  y, i n ?  mole f ract ion as a 
f'unctisn of x, t h e  BAES 0% s i % r i e  acid per mole of vo la t i le  component 
in the l iquid,  far tm .epal.sc;s of metal loadiw,  m, which mi&% be 
found in a c o l m  (see Fig. 1). 
t o  s h i f t  the equililxitwa ~ w v e  plot ted i n  these units  t o  the l e f t .  

note t ha t  the e f fec t  of higher m is 

Johnson, O'Comell., and Sabo a lso  evaluated the vapor cmposition 
coming from more can@ent%a%ed m e t a l  solutions such as one might f ind 
f n  the reboi ler  3r prodmt. 
with y plot ted as a Panetion. of the m o l a r  concentration of acid and 
aetal. Along with these data, s m e  results *om more dilute solutions 
obtained 'by Clark am3 &dbeeg m e  s h m .  As they appear these are not 
i n  the i r  mos2, u s e f u l  form since %he parameters axe molar concentra- 
t ions rather  thm the nole f ract ion u ~ d t s  (x, y J  iwd m). To use -these 
figures to obtain the vapor composition leaving the reboiler,  one must 
f i rs t  Convert the reboi ler  c:Jmpositions Lo molmity. 
stai,nless steel-rdtxic acid solutions can be obtained from the 
or iginal  data of J~bucson, O p C ~ 9 m @ l l ,  and Sabo and f i t  t o  t he  re la t ion  

These data m e  sham in .  Figs. 4 and 5 

The density of 
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Fig. 5. Ni t r ic  acid v o l a t i l i t y  from concentrated stainless  s tee l  solutions. 



If t h i s  relation is asslmed, one c m  calculate the malar concentration 
i n  the solutions from the relations 

The calculation of Kne n i t r i c  acid prof i le  i n  an intermediate 
feed &rex system w i l 1  be illustrafed with a specif ic  example. 
ptwo*ne?crs were chosen $0 be reasonably close tx %he values which one 
woul-d expect t o  use. 

%he 

Assume that one has a very large c3ol.urm with essent ia l ly  an 
i n f h i t e  number o r  stages i n  both s e ~ t i o n ~ ,  a dissolver which 
delivers a solution having a metal loading sf m = 0.1, a feed compo- 
s i t i o n  XF = 0.384 (azeotrope), a product acid t o  metal r a t i o  af unity 
i x a  the product, and a dissolver feed ol" composition 0.118 ( 5  - N) . 

One car, noarnialize a l l  f l o w  rafes i n  term of the feed rate by 
dividing Eqs. 22, 23, and 24 by F. 
n3-L need to be specified, 

"hen thrr actual tlrroughpznt; does 

L e t  

a.nd 
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The intercept of the upper operating l i ne  with the y axis was 

intercept (upper) = slope x (m) = 0.093 

Similarly the slope of $he lower operating l i ne  w a s  from equation 

slope 

The water addition r a t e  

r =  

- - 

= 1.42 

( i n  uni ts  of F) 

L__ 0.384 1 -t 0.1 
0.1 1 3. 1 

0.053 

w a s  re la t ive ly  small. 

0.118 1-- 0.121 

Then the free acid composition of the product or reboiler solution 
w a s  found t o  be 

Since k = 1.0, this is  also the m e t a l  loading one would set for  the 
reboiler control. 
column w a s  

!!%e m e t a l  loading i n  the lower section of the 

m m 

Note that  experimental data are available for  a loading curve where 
m = O , 6 0  but not for m = 0.066. 
close enough, so the 0.C6 curve will be used fo r  the lower section 
of %he columns. 

For i l lus t ra t ion ,  this curve i s  

Figme 6 shows %he two equilibrium. curves for  rn = 0.1 and m = 
0.06 along w2th the operating l i nes  which have ju s t  been evalmted. 
Ahorixontal  l ine  was dram *om the y axis a t  the assumed value for 
the overhead vapor conrposition yT. 
with #,e upper operating l ine  represents on the x axis the composition 
of the l i q u i d  entering the top plate or leaving the dissolver. 
intersection of the horizontal line with the upper equilibrium e w e  
represents on the x axis the l iqu id  1eavi.W the top stage i n  the 
column. Succeeding -vertical. and horizontal 'steps" between the equi- 
librium e w e  and operating l i ne  w i l l  give the vapor and l iquid leav- 
ing successive stages below the top of the column but above t h e  feed 

The intersection of this  l i ne  

The 
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point.  These steps w i l l  work toward the pinch paint at  which the 
upper operating l i ne  and equilibrium curve in te rsec t .  

Jhentually one reaches the last stage above the feed point.  A 
number of streams i n  the stages mound the feed point are shown and 
labeled i n  Fig. 7 .  
point i s  magnified i n  Figa 8. 
below the feed point is  determined by constructing a horizontal line 
to the lower ra-khzer ?&an t&e upper equilibrium curve. 
of the vapor entering %he stage below the feed point from t w o  stages 
below the feed ps i z t  is evaluated by constructing a ver t ica l  step t o  
the lower operating line. 
between the lower equilibrium @ w e  and operating l i n e  which correspond 
t o  the number of stages i n  .t;kLe lower portion of the e o l m .  
note tha t  if one has a large nmber of stages i n  the lower portion of 
the column, the number of stages does not s ignif icant ly  a f fec t  the x-y 
diagram since the steps go h t o  a pinch at the intersection of the 
lower equilibrium curve m d  operating l i ne .  

‘fie port ion sf the x-y diagram wound the feed 
The l iquid composition of the p la te  

The composition 

A nam%er of successive steps are then mde 

Again 

After one reaches %he last; stage o f  the colurnn and determines the 
vapor entering the bo’ttom stage from lower operating l ine ,  the l i q u i d  
c0m;Position i n  the reboi ler  mast be found frm another equilibrium 
curve since the metal loading i n  the rebai ler  i s  higher than i n  .the 
colurmn. We have &?..ready established from the over-all material and 
n i t r a t e  balances tha t  the ni%ric  acid composition of the reboiler must 
be 0.224 and the m e t a l  l o a d h g  3.224. 
tions of the systen m e  doe8 not find that the vapor coqosit;iora .from 
t h i s  solution i s  0.365, then the averhead ccrmposition, yT, has been 
assumed t o  have %he mong ara,lue. 
i n  the reboi ler  

If from the equilibrium rela- 

Won E&s- 30 and 31 one finds tha t  

and 

(157)(0.224) + (5.0)(0.224) 
0.285 + (4.,22) (0.224) +. ( & . O r )  (0.22.4) + (0.14) (0.224) (0.224) El’ 

I % Q ~  these values, one can determine *om Fig. 5 t ha t  the composition 
of the vapor f’ron the rPeboLler is aFproxLmtely 0.370. 
t i a l l y  the sane value obtained by stepping down the c o l m  from the 
assumed overhead cmposiWoL-,. If the two values had not &Geed one 
would’assunze another value for y 

This i s  essen- 

and start again. T 
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j .  0 CONCLUSIONS AND R%COl4MENDUTQNS 

Die feas ib i l i ty  of operating a Dwex chl.oride d i s t i l l a t i on  system. 
by feeding all of t h e  n i t r i c  acid used i n  the process in to  a central  
feed point on Yne column has been calculated with simpllfications. 
T h i s  system promises to bet ter  u t i l i z e  the n i t r i c  acid for  chloride 
removal. and,  yet still give good chloride recovery i n  the overhead. 
Tfle system was discussed using a n i t r i c  acid Peed o f  15.3 M_ and 
sho~m to give the desirable grea-ter than 5 M overhead with the assump- 
t ion (sf no nitrake decomposition or water fGrmt ion .  
systen with nitrate losses and. water formation, an acid feed greater 
t29.3~ 15-3 8 w i l l  probably be required t o  give mi overhead greater than 

I n  an actual 

5 E. 
Because of i t s  promise of better chloride renoval, t h i s  system is 

17he problem will be be t te r  recommended f o r  a Druoex head end f ac i l i t y .  
descrLbed by taking inLo account fiitrate losses and water formation. 
'Be res t r ic t ions  of the present discussion caused by fa i lwe to 
account for the presence of chloride and especially i t s  e f fec t  on 
n i t r i c  acid v o l a t i l i t y  will be much more d i f f i cu l t  t o  evaluate. 

'Bie studies presented here, even vi%h their limitations, are 
adequate t o  establi.sh the solanbeso of the intermediate feed systeins. 
The effects  of the inaccuracy i n  the assumptions used can be cor- 
rected i n  the pil-ot plant by simply naripula+,ing setpoints on 
control lers  . 
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