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THE EXTRACTIVE DISTILLATION OF NITRIC ACID 
USING THE TWO-POT CONCEPT 

R. M. Counce, W. S. Groenier, W. D. Holland, R. T. Jubin, 
E. D. North, L. E. Thompson, Jr., and T. L. Hebble 

ABSTRACT 

Experiments have confirmed the validity of a novel design for a nitric acid concentration 
system for use in shielded nuclear fuel reprocessing plants. Current plans for producing the 
scrub solution for the IODOX process require the concentration and recycle of low strength 
(<68.5 wt %) nitric acid sources. The described system utilizes extractive distillation with 
Mg(N03)2 as the solvent and features two pots: an extractive distillation pot in which a 
concentrated acid product is obtained by contacting the acid feed with the solvent and a 
solvent recovery pot in which the solvent is dehydrated and recovered for recycle. In these 
experiments, a concentrated product of 89 wt % nitric acid was produced from azeotropic feed. 
The available vapor-liquid equilibria data for the Mg(N0 3 ) 2 -HN0 3 -H 2 0 system has been 
empirically correlated, and a design methodology has been developed for the two-pot 
extractive distillation process. 

1. INTRODUCTION 

The use of high-strength nitric acid (~95 wt%) is currently planned for off-gas scrubbing 
operations to remove iodine in proposed nuclear fuel reprocessing operations. High-strength 
nitric acid can be produced by the recycle and concentration of available lower strength 
nitric acid streams; this production is a part of an overall nitric acid recovery and recycle 
system. However, concentration by simple distillation is complicated by the existence of an 
azeotrope at a nitric acid concentration of ~68.5 wt %. A major fraction of high-strength 
nitric acid is currently manufactured commercially by extractive distillation using Mg(N03 )2 

as the solvent.1'2 According to Vaillancourt,3 "magnesium nitrate was selected from among 
several nitrate salts since it had a large favorable effect on the relative volatility of nitric 
acid as well as for its thermal stability and good physical properties in water." 

The purpose of this activity is to determine the feasibility of a simplified version of 
commercially proven extractive distillation systems. The current commercial processes do 
not seem to be appropriate for use in remotely maintained facilities because of maintenance 
and operational complexity. This simplified system is called the two-pot process.* The name 
arises because the process consists of two major process vessels — an extractive distillation 
pot (EDP), where high-strength acid is produced from contact of feed acid and solvent 
[Mg(N03)21, and a solvent recovery pot (SRP), where the solvent is regenerated for recycle. 
The two-pot concept offers several advantages over conventional extractive distillation 
processes, which use column-type contactors; controllability and reliability are two such 
advantages that appear to make this process useful for remote operation in a nuclear fuel 
reprocessing plant. 

•Invented by E. D. North, one of the authors of this report. 
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2. BACKGROUND 

The equilibrium phase diagram for the nitric acid-water-magnesium nitrate system4 is 
shown in Fig. 1. The equilibrium information in this diagram is based primarily on the 
work of Shneerson et al.5 Other equilibrium data on this system is available from the work 
of Cigna et al.6 The constant boiling isotherms are from the work of Cigna et al. Other useful 
physical property information is available in a review article by Sloan.7 

ORNL-OWG. 81-1015R3 
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Fig. 1. Equilibrium vapor and liquid information with selected constant boiling isotherms for the nitric acid-water-
magnesium nitrate systems; parameters are in wt % (from Ginnow and Clark who incorporated data from Shneerson, et 
al.). Source: R. J. Ginnow and W. E. Clark, lodox Recyrie Scoping Studies of the Solubility of Iodic Add ana of Vapor-
Liquid Equilibria in the System: 60 to 80% Mg (N03/2-0 to 20% HNOy20 to 40% H2Ot ORNL/TM-6398 (December 
1978). 

Cigna gives a relative volatility correlation that can be used to calculate an HN0 3 

vapor concentration for given Mg(N03)2 and HN0 3 liquid compositions. Comparisons 
of experimental vapor composition from the work of Shneerson with that calculated using 
the model from Cigna are given in Table 1. There is substantial relative error in this comparison 
for HN03 vapor composition at low HN0 3 concentrations. 

The contact of 57 to 68 wt % nitric acid with a boiling solution of ~70 wt%Mg(N03)2 

that is essentially free of HN03 will produce a vapor of ~80 to 99% HN0 3 , depending on 



3 

Table 1. Comparison of data of Shneerson with calculated 
values obtained from a correlation from Cigna 

(All compositions are in weight fractions) 

Liquid composition HN03 fraction in vapor phase 

Mg(N03)2 HN0 3 Experimental" Calculation6 

0.402 0.039 0.067 0.139 
0.405 0.079 0.181 0.302 
0.400 0.129 0.330 0.509 
0.400 0.188 0.587 0.719 
0.405 0.209 0.692 0.786 
0.405 0.228 0.751 0.831 
0.395 0.293 0.880 0.925 
0.4045 0.344 0.964 0.974 
0.4975 0.0222 0.130 0.074 
0.4933 0.0497 0.267 0.204 
0.5007 0.0669 0.438 

' 0.627 
0.313 

0.4916 0.1105 
0.438 

' 0.627 0.573 
0.4985 0.1715 0.858 0.873 
0.5115 0.2270 0.967 0.981 
0.5930 0.0280 0.4607 0.146 
0.6000 0.0445 0.645 0.320 
0.5995 0.0490 0.654 0.372 
0.5995 0.0646 0.7473 0.565 
0.5980 0.0730 0.788 0.654 
0.6000 0.0909 0.882 0.824 
0.6000 0.1066 0.893 0.909 
0.6000 0.1360 0.962 0.978 

"Experimental data of Shneerson. 
^Calculation uses an equation of Cigna. 
Sources: 

S. L. Shneerson, M. A. Miniovich, Zh. M. Filippova, S. N. Soroka, and 
P. A. Platorov, J. Phys. Chem. (USSR) 39(6), 744-47 (1965). 

R. Cigna, S. DeCave, A. R. Giona, and E. Mariani, La Chimica e L 'Industria 
46 ( l ) , 36 -45 (1964);also ORNL-tr-2726. 

the ratio of acid to solvent feeds. Generally, extractive distillation processes for nitric acid 
concentration with Mg(N03)2 as the solvent, hereafter referred to as magnesium-nitrate 
concentration processes, differ by the application of additional rectification to the vapor 
produced from the initial acid-solvent contact and the extent to which the solvent is stripped 
of HN03 anu H2 O prior to recycle.2 

A typical magnesium-nitrate concentration process is presented in Fig. 2 as system A. 
The feed acid is injected along with the recovered solvent into the bottom of the rectification 
zone. The acid vapors produced from this contact are subjected to further rectification to 
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Fig. 2. Several extraction distillation processes For nitric acid dehydration, all using Mg(N03)2 as the solvent. Source: 
R. Powell, Nitric Add Technology Recent Developments, Noyes Development Corp., Park Ridge, NJ (1969). 
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produce the desired quality of distillate product. Nitric acid is progressively removed from 
the solvent solution in the stripping zone with a final dehydration-stripping operation in 
the reboiler. A portion of the vapor from the reboiler is condensed as ~2 wt % HN0 3 ; the 
solvent from this step is usually ~72% Mg(NC , )2. 

System B, shown in Fig. 2, relies on a second solvent recovery operation, a flash 
distillation step in this case, and proper solvent to acid feed ratios to achieve the required 
acid product strength. The feed acid and solvent solution is flashed at the top of the stripping 
zone with the resultant vapor at the required concentration. Most of the equipment in this 
system is involved in solvent regeneration operations. Water is removed from the system as 
the evaporator overheads. This process is said to give additional HN03 recovery from the 
solvent and to reduce the acid decomposition associated with reflux. 

System C, shown in Fig. 2, is a hybrid of systems A and B. The feed acid and solvent 
are injected into the stripping zone in this case. A rectification step gives close product 
control while evaporation of the reboiler bottoms limits the loss of HN03 from the solvent 
recovery operations. 

A different approach to nitric acid concentration is presented in Fig. 3. This approach 
utilizes the absorption and reaction of gaseous N02 with liquid water present in the azeo-
tropic nitric acid. The high-strength nitric acid from this step is subjected to rectification 

ORNL-DWG 80-15106 

Fig. 3. High-strength nitric acid production using a combination of absorption and distillation techniques. Source: 
R. Powell, Nitric Acid Technology Recent Developments, Noyes Development Corp., Park Ridge, NJ (1969). 
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to produce the desired acid product strength. The overall reaction between N02 and water 
is 

It is theoretically possible to produce >99 wt % nitric acid directly in this step. However, 
because of the slow reaction rate of reaction (1) at azeotropic and higher nitric acid concen-
trations, the production of a product that can be distilled up to a high-strength acid is the 
usual criteria.8 The gaseous NO produced from the absorption step is regenerated in a second 
column by the reverse of reaction (1), 

The acid from the regeneration step is concentrated in a low-strength (<68.5 wt%) fractiona-
tion step, with the distillate product being the water removed in the overall dehydration 
process. 

The so called "two-pot" concept for the concentration of nitric acid along with sup-
porting equipment is shown in Fig. 4. The two-pot concept for nitric acid concentration 
confines the Mg(N03 )2 solvent to two open vessels and associated piping and heat exchange 
equipment. Movement of the solvent from the extractive distillation pot (EDP) to the solvent 
recovery pot (SRP) in this conceptual diagram is accomplished by a gas-lift action resulting 
from vaporizing a portion of the nitric acid from the solvent phase. The solvent flows by 
gravity from the SRP to the EDP. The vapor products from the EDP and the SRP are ~80 
to 88% and 60 to 65%, respectively, for an azeotropic feed. Further rectification and 

3N02 (g) + H2 O (£) 2HN03(£) + NO (g) . (1) 

NO (g) + 2HN03 («) 3N02 (g) + H2 O (£) . (2) 

ORNL-DWG 8 0 - 1 5 I 0 3 R 
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Fig. 4. A nitric acid dehydration utilizing the two-pot concept. 
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stripping are required to produce products of 95% nitric acid and water. The low-strength 
nitric acid fractionator and the supporting equipment are shown as a part of the overall 
nitric acid dehydration system in Fig. 4; this subsystem is, however, normally present in a 
nuclear fuel reprocessing plant for low-strength nitric acid concentration regardless of the 
method of high-strength nitric acid production and should not be considered as an additional 
subsystem for use with the two-pot concept of nitric acid dehydration. 

3. EXPERIMENTAL APPARATUS AND PROCEDURE 

The experimental equipment used in the extractive distillation process is designed to 
produce two product streams — a highly concentrated aqueous nitric acid (hyperazeotropic) 
stream and a low-concentration stream (hypoazeotropic). The apparatus used in this experi-
ment utilizes two pots (Fig. 5) — an extractive distillation pot (EDP), producing a concentrated 
nitric acid vapor, and a solvent recovery pot (SRP) that regenerates the solvent (magnesium 
nitrate) for recycle by boiling off the residual dilute nitric acid. Other major pieces of 
equipment include a pump for moving the liquid phase from the EDP to feed the SRP, 
product condensers, and product collection tanks. 

The acid feed is supplied at a constant rate by gravity flow from an elevated tank. The 
feed acid is injected into the bottom of the EDP. The recovered solvent flows by gravity 
from the SRP through the selected overflow tube and into the EDP. The EDP normally 
operates in a temperature range from 130 to 150°C. The vapor from the EDP is condensed, 
and the resultant liquid can be collected directly or diverted to a calibrated measuring 

ORNL OWG 8 0 - 6 7 5 0 R I 

Fig. 5. Schematic drawing of the experimental two-pot system for concentrated nitric acid production. 
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tank for flow rate determination. The bottoms from the EDP are pumped into the SRP. 
This stream may be sampled and the rate determined by pumping from a calibrated obser-
vation chamber. The SRP normally operates in a temperature range from 160 to 170°C. 
The vapor from the SRP is condensed and collected similarly to that of the EDP. 

The effect of contact of the vaporizing feed acid and the magnesium nitrate solution 
in the EDP was investigated by varying the height of the liquid (the submergence of the 
feed acid injection point) ill the EDP by using alternate supply routes from the SRP. Other 
parameters of interest in this study were temperature and acid feed rate. 

The experimental equipment is primarily made from Pyrex glassware with some Teflon, 
Zircaloy, tantalum, and stainless steel tubing and valves. The inside dimensions of the SRP 
and EDP are 10.1 cm (4 in.) in diameter and 40.6 cm (16 in.) in length. The inside diameter 
of the feed acid injection line was 0.775 cm; this line with a fully open diameter was used for 
the bulk of these tests. In the last few tests a modified feed acid injection line was used. The 
modified line had sixteen 0.16-cm-diam axial holes located within 3.81 cm of the sealed 
bottom. The SRP, EDP, and associated magnesium nitrate recycle components are in 
temperature-regulated cabinets. The acid feed and product condensation systems are located 
exterior to these cabinets. The entire assembly is located in a chemical fume hood. 

4. EXPERIMENTAL RESULTS 

The original set of experiments used in this study was based on a 23 full factorial 
design (23 means three independent variables each at two levels and requiring 8 experi-
ments).9 This design was augmented by deleting some experiments and adding others to 
meet program needs. The final arrangement is presented schematically in Fig. 6. The 

ORNL OWG 81-1391 

Fig. 6. The basic experimental design for extractive distillation of nitric acid experiments. 
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experimental data are given in Appendix A. After a discussion of the parametric aspects, 
the data analysis will focus on the chemical equilibrium considerations, which will further 
lead to suggestions of a design methodology for future two-pot systems for the concen-
tration of nitric acid streams. 

4.1 Parametric Study 

The major portion of this parametric analysis will focus on the effects of the solvent 
phase extractive distillation pot (EDP) volume, the rate of acid feed, and the operating 
temperature of the EDP on the EDP operational response. A small set of data was obtained 
to study the acid feed injector design. The system response will be measured by the fraction 
of the nitric acid in the feed recovered in the strong acid stream (RF) and the mass enrich-
ment factor (ER), also for the strong acid stream. These quantities are defined as 

recovery rate of strong acid condensate (mass of nitric acid/time) ĵ p . 
input rate of nitric acid as feed (mass of nitric acid/time) 

and 
weight fraction of nitric acid in strong acid product stream 

^ weight fraction of nitric acid in feed ' ^ 

Changing the volume in the EDP changes the submergence of the feed acid injection line. 
For volumes of 500, 1000, and 1800 cm3 , the corresponding submergences are 5.5, 12.5, 
and 23 cm respectively. Greater submergence of this feed acid injection line provides more 
residence time for the nitric acid vapor stream to contact the solvent phase, whereas greater 
feed acid input increases the superficial gas velocity through the solvent phase. Both of 
these phenomena are known to affect the mass-transfer rate of material from the gas to 
liquid phase. The acid feed rate and the EDP operating temperature intuitatively have the 
capacity to alter the prevailing vapor-liquid equilibria conditions. Other essentially nonvarying 
parameters were solvent flow rate, pressure, SRP temperature (normally held at ~170°C 
except for two intentional variations), and nitric acid feed concentration. In the last runs of 
this study a modified acid injection line was tested; this modification was designed to give 
greater gas liquid interfacial area and contact time. 

The first level parametric study was conducted in the T e d p temperature plane of 
140°C as shown in Fig. 7. The data from the basic 22 design at EDP volumes of 500 and 
1000 cm3 are presented and analyzed in Tables 2 and 3. These and subsequent tables give 
main effects and significance tests for these effects of the parameters on the system response. 
A main effect of a parameter, </>, for example, is calculated for equal numbers ci responses 
at high and low 0 by 

^{responses at high <t>) - ^(responses at low <fi) 
Main effect of ^ = — — ' . (5) 

half the number of factonal runs 

To say a variable or parameter has no effect on a response means that the confidence 
interval about the main effect contains zero. 

No effect of volume on the system response parameters was indicated in runs at 
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Fig. 7 . Schemat ic diagram o f exper iments c o n d u c t e d at T e d P 140°C with varying extractive distil lation p o t 
vo lumes and acid f e e d rates (a mult iple 22 factorial arrangement) . 

Table 1. Recovery fractions from experiments at an extractive distillation pot 
temperature of 140°C for a 22 factorial design 

Rim 
Variables Recovery '.faction 

Volume Feed Replicates Average Sum of squares 

ACR-9. 24.31. 34 

\CR-I0. 32.33 
ACR-14. 19.35 
ACR-15. 25. 36 

0.266.0 .229.0 .206. 
0.314 
0 .599.0 .518.0 .664 
0 .661.0 .594.0 .586 
0 .417,0 .255.0 .287 

0.254 

0.594 
0.614 
0.320 

Effect of volume = 1/2 ( -0 .254 + 0.594 - 0.614 + 0.320| =0.023 

Effect of feed = 1/2 [ -0 .254 + 0.594 + 0.614 - 0.320] =0.317 

Pooled wiibin variance. sJ = [0.00667 + 0.01071 +0.00339 + 0 .014721/(13-4) 

= 0.00394 with 9 degrees of freedom. 

95% confidence limits about estimate of effects is given by: 

Effect ± 11 k. 

where 

J= Vsr. 

t = critical t value of a = 0.05 and an appropriate number of degrees of freedom, 

k= 2 (4r,)"1 . 

I = 1 
where r/ = number of replicates in ith run. / = 1,. . .n. 

For Ihe above set of da ta . / = 2.262. s = 0.0628, and A: = V 5 / 1 6 . 

Thus, the 95% confidence limits are: 

0.023 ± 0.079 or ( -0 .056 , 0.102) for the effect of volume, 
and 0.317 ± 0.079 or (0.238, 0.396) for the effect of feed. 

0.00667 

0.01071 
0.00339 
0.01472 
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Table 3, Enrichment factors from experiments at 
an extractive distillation pot temperature of 140°C for a 2* factorial design 

Variables Enrichment factor 

Volume Feed Replicates Average Sum of squares 

ACR-9 ,24 ,31 ,34 - - 1.28,1.28,1,34, 1,30 1.30 0.0024 

ACR-10,32,33 + + 1.20,1.36, 1,29 1.28 0.0129 

ACR-I4 ,19 ,35 - + 1.21,1.16,1.22 1.20 0.0021 

ACR-IS, 25 ,36 + - 1.14,1,31, 1,30 1.25 0.0182 

Effect of volume = 0.02 

Effect of feed = 0.04 

Pooled within variance = 0,00396 with 9 degrees of freedom 

95% confidence intervals: 

0.02 ± 0.08 or ( - 0 .06 ,0 .10 ) for the effect orvolume, 

and -0 .04 ± 0.08 or ( -0 .12 ,0 .04) for the cffect of feed. 

EDP solvent phase volumes of 500 and 1000 cm3 (Fig. 7 and Tables 2 and 3). The volume 
of the solvent phase is directly related to the submergence of the acid feed injection point 
in the solvent phase. This null effect has some far reaching implications on this analysis 
as the gas-liquid contact time or area varies almost directly with submergence. This null 
effect of solvent phase volume was further studied by adding experiments at an EDP liquid 
phase volume of 1800 cm3 (Fig. 7); this data is analyzed and presented in Tables 4 and 5. 
Again, no effect of EDP volume on the system response was indicated, confirming earlier 
analyses. The effect of the acid feed rate is null for the enrichment factor, but it does have 
a positive correlation with the recovery factor in the test results shown in Tables 2 through 5. 
The recovery factor appears to be the only one of the two response measures that shows a 
main effect above the experimental "noise" for the acid feed rate. 

Table 4. Recovery fractions from experiments at an extractive distillation pot (EDP) temperature 
of 140°C and a wide range of EDP volumes for the 22 factorial design 

Variables Recovery fraction 

Volume Feed Replicates Average Sum of squares 

ACR-9, 24,31, 34 0 .266,0 .299.0 .206. 0.254 0.0067 
0.314 

ACR-26,37 + + 0.663,0.554 0.609 0.0059 

ACR-14, 19.35 + 0.661,0.594,0.586 0.614 0.0034 

ACR-16B + 0.143 0.143 0 

Effect of volume = - 0 . 0 5 8 

Effect of feed = 0.413 

Pooled within variance = 0.00267 with 6 degrees of freedom 

95% confidence intervals: 

- 0 . 0 5 8 ± 0.091 or ( -0 .149 ,0 .033) for the effect of volume. 

and 0.413 ± 0.091 or (0.322,0.504) for the effcct of feed. 
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Table S. Enrichment factor from experiments at an extractive diatUlation pot (EDP) 
temperature of 140°C and a wide range of EDP volumes for the 21 factorial design 

Run 
Variables Enrichment Factor 

Volume Feed Replicates Average Suin or squares 

ACR-9, 24,31, 
34 

ACR-26,37 

ACR-14, 19,35 

ACR-I6B 

1.28,1 .28,1 .34,1 .30 1.30 0.0024 

+ 1.19,1.25 1.22 0.0018 

+ 1.21,1.16,1.22 1.20 0.0021 
1.29 1.29 0 

Effect of volume = 0.005 

Effect of Teed = -0 .085 

Pooled within variance = 0.00105 with 6 degrees of freedom 

95% confidence intervals: 

0.005 ± 0.057 or ( -0 .052 .0 .062) for the cffect of volume, 

and -0 .085 ± 0.057 or ( -0 .142 . -0 .028) for the effcct of feed. 

Tests were conducted to further investigate the variation of gas-liquid contact time 
and interfacial area using a modified acid feed injection line. In these tests, the acid feed 
is injected into the solvent phase through several small diameter holes in the injection 
line; this modification should result in the introduction of the feed as smail diameter bubbles. 
The smaller bubbles should increase gas holdup and interfacial area. Also, varied in these 
tests was the feed acid concentration. These experiments are illustrated schematically in 
Fig. 8 (a 22 factorial arrangement), with the results presented in Tables 6 and 7. These 
tests yield some evidence that the method of feed acid injection does affect the EDP 
dynamics. The injection line modification (ILM) appears to increase the enrichment factor 
from Table 7; this observation was not supported by the recovery fraction results (Table 6), 
which should decrease as the enrichment factor increases by the lever arm rule. In any 
case, the highest enrichment factor of 1.46 was observed in ACR-40 with the injection line 

ORNL-OWG 8 2 - 1 6 4 1 1 
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Fig. 8. Schematic diagram of experiments conducted with varied feed acid concentrations and methods of feed 
injection at otherwise comparable operating conditions. 
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Table 6. Recovery fraction) from experiments addressing varied methods 
of feed injection and feed acid concentration at an extractive 

distillation pot (EDP) temperature of I40°C for a 2J factorial design 

Run 
Variables Recovery fraction 

Run 
ILM" Replicatcs Average Sum of squares 

ACR-38.39 + + 0.289. 0.189 0.239 0.0050 

ACR-40 + - 0.091 0.091 0.0000 
ACR-31 - - 0.178 0.178 0.0000 

ACR-9,24 - + 0.273.0.196 0.235 0.0029 

Effect of ILM = -0 .042 

Effect of =0,103 

Pooled within variance = 0.0040 with 2 degrees of freedom 

95% confidence Intervals: 

- 0 . 0 4 2 ± 0.234 or ( -0 ,276 , 0.192) for the effect of ILM, 

and 0.103 ± 0.234 or ( - 0 . 1 3 ! ,0.337) lor the effect of-V),).-. 

"ILM = injection line modification. 

Table 7. Enrichment factors from experiments addressing varied methods of 
feed injection and feed acid concentration at an extractive distillation pot (EDP) 

temperature of 140°C for a 21 factorial design 

Variables Enrichment factor 

ILM° X] j : Replicates Average Sum of squares 

ACR-38,39 + + 1.35, 1.32 1.34 0,00001 

ACR-40 + 1.46 1.46 0.00000 

ACR-31 1.34 1.34 0.00000 

ACR-9,24 - + 1.28, 1.28 1.28 0,00000 

Effcct of ILM = 0.09 

Effect of ,V| j.' = - 0 . 0 9 

Pooled within variance = 0.00022 

95% confidence intervals: 

0.09 ± 0.06 or (0.03,0.15) for the effect of ILM, 

and - 0 . 0 9 t 0.06 or ( - 0 . 1 5 , - 0 . 0 3 ) for the effect o f ^ i j.-. 

JILM = Injection line modification. 

modification; this compares with the next highest enrichment factor of 1.34 observed in 
ACR-31. The concentration of the feed acid appeared to have a negative effect on the 
enrichment factor in these studies; this effect, again, was not supported by the recovery 
fraction results. 

The effects of EDP temperature on system responses are illustrated schematically in 
Fig. 9 and shown in Tables 8 and 9. The recovery fractions increase with EDP temperature, 
which seems reasonable, based on previously presented equilibrium considerations. The 
enrichment factor generally decreases with temperature, and the recovery fraction increases 
with temperature. Little or no effect of solvent recovery pot temperature was detected in 
the narrow range of 160 to 170°C. 
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9 F (cm'/min) 18 
Fig. 9. Schematic diagram of experiments expanded from a 21 factorial design to study the effect of extractive 

distillation pot temperature. 

Table 8. Average recovery fractions at various extractive distillation pot 
(EDP) temperatures in the standard EDP volume and acid feed rates 

Run T E D P 

(°C) 

Average 
recovery 
fraction 

ACR-12,13 130 0.170 

ACR-9, 2 4 , 3 1 , 3 4 , 1 0 , 3 2 , 3 3 , 14, 
19,35, 15 ,25 ,36 

140 0.431 

ACR-20, 21 150 0.630 

ACR-27, 28, 29 ,30 155 0.737 

Pooled within variance = 0.0265 with 17 degrees of freedom 

Table 9. Average enrichment factors at various extractive distillation pot 
(EDP) temperatures in ihe standard EDP volume and acid feed rates 

Run T E D P 

(°C) 

Average 
enrichment 

factor 

ACR-12, 13 130 1.301 

ACR-9, 2 4 , 3 1 , 3 4 , 1 0 , 3 2 , 3 3 , 1 4 
1 9 , 3 5 , 1 5 , 2 5 , 3 6 

140 1.252 

ACR-20, 21 150 1.106 

ACR-27 ,28 ,29 ,30 155 1.160 

Pooled within variance = 0.0609 with 17 degrees of freedom 
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Some summing up and interpretation seems appropriate at this point. The depth of 
submergence and the method of acid feed injection do not have a clear-cut effect on the 
system response, which seems to suggest that the vapor and liquid phases in the EDP are 
very near equilibrium. This conclusion is supported by the fact that adequate time for 
transfer operations in some commercial processes occurs in the limited time that the feed 
acid contacts the solvent phase in a mixing tee and a short length of pipe. This lack of 
complementing effect responses is not especially troublesome; in experiments designed to 
indicate any effect of the submergence of the acid feed injection point or the method of 
injection probably indicates that the experimental noise obscures the one effect, although 
insufficient in magnitude to obscure the other. The influence of temperature on the system 
response is clear. The assumption that the vapor and liquid phases are in equilibrium seems 
reasonable based on the preceding analysis. 

4.2 Analysis of Vapor-Liquid Equilibria Information 

The available vapor-liquid information for the Mg(N03)2-HN03-H20 system was 
analyzed for current use in this report and for later use as a design tool. 

Empirical functions of the mole fractions of the three components in the liquid phase 
were found for the two dependent variables — temperature, T, and mole fraction of nitric 
acid in the vapor phase, Yx. An empirical approach was chosen after an early attempt to 
develop a model using a modified Wilson expression10 was unsuccessful. The mole fraction 
of nitric acid in the vapor is confined to the open interval (0,1). Because of this restricted 
range, applying general linear regression methodology to the untransformed variables may 
generate misleading results such as negative vapor compositions. To overcome this problem, 
several transformations were considered for both the independent and dependent variables. 
The most promising for Y{ is the logit transformation11 as defined by loget Y{/(\-Yj)]. 
Such a transformation expands the (0,1) interval to (—«*>) and "straightens" the S-shaped 
curve that is generated when Yj is plotted against concentration. This and other transfor-
mations, including X}{\—X}) for / = 1, 2, 3, were applied to the concentrations. The "best" 
(in the sense of R2 , the square of the multiple correlation coefficient12) linear combinations 
were selected consistent with simplicity and a subjective evaluation of residual plots. 

The set of data which formed the model contained 62 observations from the combined 
data of Shneerson et al.5 and Cigna et al.6 

The specific model with estimates of the unknown coefficients is given in Table 10. 
RMS is the residual mean square, and n is the number of observations in the data set. The 
numbers in brackets are the standard errors for the estimates. 

Plots of the predicted values vs the standardized residuals are shown in Figs. 10 and 11 
with ~95% confidence limits for the predicted values centered about zero. A residual is the 
difference between an observation and its corresponding predicted value. The standardized 
residual is the residual divided by the residual mean square (or error variance). In general, 
if there are no trends or outliers, the standardized residuals are assumed to be distributed 
normally with mean = 0 and variance = 1. If the distribution assumption is correct, the 
limits should contain ~95% of the data. Although the confidence limits are not exact, 
they do provide a good indication of model effectiveness.12 The data set is only fairly 
well represented by the derived equations; extrapolation is not recommended. 
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Table 10. Vapor-liquid equilibria model baied on experimental data 
from Shneercon and Cigna" 

Boiling temperature at I atmospheric pressure T = a 0 + ar( L, + a 2 Lj + <*jMj (6) 

where 

T = temperature, K. 
Oo = 359.6 (±2.6), 
ft, = -715.9 (±54.3), 
aj = 878.2 (±68.8), 
a3 = -30B.2 (±34.3). 

and 
I., = Xj( I - Xi). for / = 1 , 2 . 
Ms = X'}H\ - X}) . 

Other statistics: R2 -91.17c , 
RMS = 10.411 . 
n =62 . 

y\ 
Vapor phase mole fraction ul°nitric acid log — = a„ + o,P, + a3X'3 , (7) 1 - V, 

where Kj = mole fraction or nitric acid, 
a0 = 0.2678 (±0.144). 
a, = 1.980 (±0.064), 
a3 « 32.89 (±1.23), 

and f i = log — 

Other statistics: R} =95.1% . 
RMS = 0.19377 . 
n = 62 . 

"Sources: 
S. L. Shneerson. M. A. Miniovich, Zh. M. Filippova. S. N. Soroka, and P. A. Plalorov. J. Phys. 

Chem. {USSR)39((>),744-47(1965). 
R. Cigna, S. DcCave. A. R. Giona, and li. Mariani, I.a Chimica e /, 'Indnstria 46(1), 3 6 - 4 5 (1964); 

also ORNL-tr-2 726. 
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Fig . 10. Standardized residuals vs predicted sys tem temperatures for the equilibrium data and Eq. ( 6 ) with ~ 9 5 % 
c o n f i d e n c e l imits. 
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Fig. 11. Standardized residuals vs predicted mole fraction of nitric acid and Eq. (7) with —95% confidence limits. 

The range of liquid phase compositions of the equilibrium data used to develop Eqs. 
(6) and (7) is shown in Fig. 12. Liquid phase compositions encountered in data from current 
experiments are also shown in this figure. The data from the EDP in these experiments falls 
partially within the range of the equilibrium data base, whereas the data from the SRP are 
completely outside the boundaries of the data base. The comparison shown in Fig. 12 is 
helpful in understanding why Eqs. (6) and (7) are applicable to predicting the EDP vapor 
phase compositions and temperatures within the 95% confidence interval, and yet fail to 

ORNL-DWG 8 2 - 1 6 4 5 8 

Fjg. 12. Data base for vapor-liquid equilibrium models and area of interest for two-pot extractive distillation. Sources: 
S. L. Shneerson, M. A. Miniovich, Zh. M. Filippova, S. N. Soroka, and P. A. Platorov, J. Phys. Chem. (USSR) 39 (6), 
7 4 4 - 4 7 (1965); and R. Cigna, S. DeCave, A. R. Giona, and E. Mariani, La Chimica e L'Industria 46(1), 3 6 - 4 5 (1964); 
also ORNL-tr-2726. 
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predict similar information for the SRP at this confidence level. The model does not lend 
itself to extrapolation to SRP conditions that lie outside the data base used to develop the 
predictive equations. Contours of constant nitric acid vapor and temperature predicted by 
Eqs. (7) and (6), respectively, are presented in Figs. 13 and 14. 

ORNL MIS W-tMMft 

X,, MOL f r a c t i o n n i t r i c acid 

Fig. 13. Contours of temperature based on Eq. (6) and equilibrium data. Sources: S. L. Shneerson, M. A. Miniovich, 
Zh. M. Filippova, S. N. Soroka, and P. A. Platorov, J. Phys. Chem. (USSR) 39 (6), 744-47 (1965); and R. Cigna, S. DeCave, 
A. R. Giona, and E. Matiani, La Chimica e L'Industria 46(1), 36 -45 (1964); also ORNL-tr-2726. 

OftNL DOG m-mtei> 

X,,MOL FRACTION NITRIC ACID 

Fig. 14. Contours of nitric acid vapor pressure at 1 atm total pressure [based on Eq. (7) for equilibrium data]. 
Sources: S. L. Shneerson, M. A. Miniovich, Zh. M. Filippova, S. N. Soroka, and P. A. Platorov, J. Phys. Chem. (USSR) 
39 (6), 744-47 (1965); R. Cigna, S. DeCave, A. R. Giona, and E. Mariani, La Chimica e L'Industria 46(1), 36 -45 (1964); 
also ORNL-tr-2726. 
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5. PROCESS DESIGN 

This section presents a calculational procedure for process design. The procedure is 
based on the use of numerical correlations of vapor-liquid equilibria (such as those presented 
in Sect. 4.2) and is suitable for machine computation. 

A schematic diagram for the extractive distillation of nitric acid using the two-pot 
concept is presented in Fig. 15. The streams are identified as: 

F — feed acid stream to EDP, 
WA - condensed weak-acid stream from SRP, 
SA - condensed strong-acid stream from EDP, 
SM — concentrated magnesium nitrate stream from SRP, and 
WM — dilute magnesium nitrate stream from EDP. 

ORNL DWG 81-19489 
^-A 

Fig. IS. Schematic diagram for the extractive distillation of nitric acid using the two-pot concept. 

This design methodology will use overall and component material balances as indicated by 
envelopes A, B, and C in Fig. 15, as well as correlations from the previous section. The 
balances are represented on a diagram for the HN03-H20-Mg(N03)2 system in Fig. 16. 
Figures 15 and 16 will be used in the following development. 

From envelope A in Fig. 15, the following overall and nitric acid balances may be 
obtained. 

F = WA + SA , 

(F) XI,F = (WA)^ ,WA + ( S A ) * 1 > S A 

(8) 
(9) 
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Fig. 16. Material balance representation on three-component diagram. 

Simi'ir balances are obtained from envelope B: 

NVM = SM + WA , (10) 

(WM) *1>WM = (SM) *,,sm + (WA) *,,WA . (11) 

The flow of magnesium nitrate is given by: 

( W M ) A - 3 , W M = ( S M ) * 3 > S M • ( 1 2 ) 

The compositions of the strong- and weak-acid streams are assumed to be the vapor composi-
tion in equilibrium with streams WM and SM respectively. The calculation of the composition 
of these condensed product streams is given by Eq. (7) as: 

X 1,SA = F O ^ i . W M , ^ 3 , W M ) , ( 1 3 ) 

and 

= F(*1 ) S M )*3,sm) • (14) 

At the conditions in this study, Eq. (7) cannot be expected to reasonably predict A ' j w a • 
Equations 8 through 14 form a system of 7 equations and 12 variables. Five degrees of 



21 

freedom exist in this system of equations (i.e., 5 variables may be independently fixed; the 
values of the other variables are then determined by the equations). Several combinations of 
variables may be fixed; however, fixing F, SM, X i . s m j ^3 ,wm > and A ^ s m leads to a simple 
solution to Eqs. 8 through 14. The remaining variables may be calculated using the follow-
ing procedure (some equations will require rearrangement). 

Order of Variable Eq. No. 
calculation 

1 14 
2 WM 12 
3 WA 10 
4 l̂/WM 11 
5 13 
6 SA 8 
7 X F 9 

The process (described above) allows a trial and error method of arriving at the specified 
product strengths and flow rates, which might also be done by a computer program if 
there were a sufficient number of calculations to warrant this effort. 

Another design technique is a graphical solution of Eqs. 8 through 14. This methodology 
also consists of making three material balances, as indicated by envelopes A, B, and C in 
Fig. 15, and assuming equilibrium between the liquid and vapor streams leaving each pot. 
These balances are represented in Fig. 16. 

By the lever arm rule, material balance A yields the ratio of the mass flow rates of 
streams WA and SA as: 

mass flow rate of SA F-WA A^p -

^ mass flow rate of WA SA-F -^i .sa ~ ^ i , f ^ ^ 

The quantities under the bar in the previous equation represent the length of a line in Fig. 16 
from F to WA and from SA to F respectively. Provided the mass flow rate and composition 
of the feed stream are known, the flow rates of WA and SA, as well as the WA composition, 
are fixed when the SA composition is specified. The ratio 0 must satisfy the following 
equation: 

F F = F S A F S A / 0 . ( 1 6 ) 

The ratio of the SA mass flow rate to that of the feed may be expressed as: 

mass flow rate of SA X l tp — XltwA 
(17) 

mass flow rate of F A'i.sa ~ WA 

Now turning to envelope B (Fig. 15), the weak magnesium nitrate stream from the EDP is 
subjected to evaporation in the SRP; this produces the weak-acid stream WA and the 
concentrated magnesium nitrate stream SM. In the experimental studies, an acid content of 
1 or 2 wt % in the recycle magnesium nitrate stream (SM) was found to be satisfactory; 
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by specifying A ^ w a , -^i.sm may be found from the liquid composition that produces a 
vapor composition equal to that of the WA stream. The WM composition must then lie on 
a straight line between WA and SM where the resultant vapor composition is equal to that 
at point SA. It is possible that there are more WM points than those that meet the previously 
presented criteria; the nearest WM point to WA will yield the minimum salt movement 
requirements. 

The composition of the total feed to the EDP results from the combination of the 
feed acid and the strong magnesium nitrate streams, F and SM. The resulting composition 
of the total feed stream (designated point I) must then lie on a line connecting points F 
and SM (Fig. 16). As this stream is split into streams of strong acid and weak magnesium 
nitrate (SA and WM), point I will lie at the intersection of lines F-SM and SA-WM. By the 
lever arm rule, the following ratios of mass flow rates may now be derived: 

Using the indicated procedure the appropriate solvent-phase mass flow rites can now be 
computed, beginning with an acid feed rate and composition and required product strength 
for the strong- or weak-acid streams. Translating these mass flow rates into volumetric rates 
may be possible for the strong magnesium nitrate stream by assuming the density to be 
approximately that of the H20-Mg(N03)2 system. Experimental work to determine the 
density of magnesium nitrate-nitric acid-water solutions at compositions and temperatures 
of interest is currently in progress. 

Analysis of the data obtained in this experiment generally supports the following 
conclusions: 

1. The viability of the system was demonstrated at a bench-scale level. 
2. Sufficient operational data exist to support the design of a larger-scale system. 
3. An empirical method of calculating vapor-liquid equilibria information for the 

Mg(N03)2-HN03-H20 system was established for a limited range of liquid-phase 
compositions. 

4. The vapor and liquid phases for both the EDP and SRP appear to be reasonably close 
to equilibrium. 

5. A method of predicting the performance of future systems (of this type) for producing 
concentrated nitric acid has been established. 

6. The presence of dissolved nitrogen dioxide (N0 2 and N 2 0 4 ) was visually detected in 
the product liquid streams. 

Ratio 
SM/F 

WM/SA 

Calculation 
F-I/I-SM 
SA-I/I-WM 

6. CONCLUSIONS 
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7. RECOMMENDATIONS 

The following recommendations are made in support of further development work on 
the two-pot process for producing concentrated nitric acid: 

1. The development of a theoretically based correlation for existing vapor-liquid equili-
bria data for the Mg(N03 ) 2 -HN0 3 -H 2 0 system would give greater confidence in the 
calculations and allow for a more confident extrapolation of the existing equilibrium 
data. 

2. Determination of the density of liquid Mg(N03)2-HN03-H20 solutions over the 
range of interest (currently in progress) is necessary to confidently convert mass 
flow rates to volumetric rates. 

3. The development of a vapor-lift pump could lead to the elimination of a mechanical 
operation and improve the operability of the two-pot system. 

4. The process control aspects of the two-pot system require further consideration or 
specification since some of these aspects will impact the design of future systems. 
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NOMENCLATURE 

ER - defined by Eq. (4) 
8 - gas 
F — mass flow rate 
F - feed acid flow rate to EDP (Chap. 5 only) 
k — defined in Table 2 
i — liquid 
n — number of observations 
SA — strong (concentrated)-acid flow rate from EDP 
SM — strong (concentrated) magnesium nitrate flow rate from SRP 
T — temperature 
V — volume 
WA — weak (dilute)-acid product flow rate from SRP 
WM — weak (dilute)-acid magnesium nitrate flow rate from EDP 
X — mass fraction in liquid phase 
X — average mass fraction in liquid phase 
X' — mole fraction in liquid phase 
Y — mass fraction in gas phase 
Y' — mole fraction in gas phase 
0 — ratio defined in Chap. 5 
R2 — square of multiple regression coefficient 
Tj — number of replicates of ith experiment 
RF - defined by Eq. (3) 
RMS — residual mean square 
s2 — variance 
p — density 
t — student t statistics 

SUBSCRIPT 

1 - HNO3 

2 - H 2 0 
3 - Mg(N03)2 

EDP — extractive distillation pot 
F — feed acid stream to EDP 
SA — strong (concentrated)-acid:product stream from EDP 
SM — strong (concentrated) magnesium nitrate stream from SRP 
SRP — solvent recovery pot 
WA - weak (dilute)-acid product stream from SRP 
WM — weak (dilute) magnesium nitrate stream from EDP 
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APPENDIX A 

EXPERIMENTAL DATA 

The data obtained in this series of experiments is presented in Tables A. 1 through A.3. 
The independent variables are specified in Table A. 1. The results of the solvent phase analyses 
are presented in Table A.2. The remaining analyses are presented in Tables A.4 and A.5. The 
presence of dissolved nitrogen dioxide (N02 and N2 0 4 ) was visually detected in both acid 
product streams; no analytical measure of this dissolved nitrogen dioxide is available. 
Missing data in the tables is the result of sampling irregularities. 

Table A.l . Summary of experimental results 

Run 
Volume 
of EDP° 
(cm3) 

Volume 
i>rSRPA 
(cm3) 

Salt flow 
rate 

from EDP 
(em' /s) 

Feed acid 
flow rale 
<cm3/s) 

Concentration 
acid recovery 

rate 
(cm3/s) 

Dilute acid 
recovery 

rate 
(cm3 /s) 

Temperature 
of EDP 
(K) 

Temperature 
ofSRP 
(K) 

ACR-7 950 1000 1.09 0.30 0.16 0.14 412 445 
ACR-9 450 1500 1.41 0.14 0.03 0.12 413 444 
ACR-IO 950 1000 1.08 0.30 0.15 0.14 413 443 
ACR-12 900 1000 1.06 0.13 0.02 0.11 409 443 
ACR-13 450 1500 1.05 0.30 0.04 0.28 402 443 
ACR-14 400 1500 1.08 0.30 0.16 0.15 413 443 

ACR-15 950 1000 1.00 0.16 0.06 0.11 414 444 
ACR-I6A 1800 1500 0.53 0.15 0.02 0.15 403 444 
ACR-I6B 1800 1500 1.18 0.15 0.02 0.18 408 440 
ACR-18 900 1050 0.98 0.14 0.12 0.03 413 445 
ACR-19 450 1500 0.98 0.30 0.15 0.16 414 441 
ACR-20 500 1100 1.14 0.29 0.19 0.10 423 443 

ACR-21 950 1100 1.05 0.14 0.07 0.07 424 444 
ACR-22 550 1500 1.21 0.31 0.15 0.17 413 434 
ACR-23 900 1050 1.19 0.13 0.03 0.10 414 433 
ACR-24 450 1550 1.18 0.13 0.02 0.10 414 442 
ACR-25 950 1000 1.04 0.14 0.03 0.10 415 444 
ACR-26 1900 1050 0.93 0.30 0.17 0.15 415 444 

ACR-27 1000 1500 1.09 0.26 0.20 0.06 427 444 
ACR-28 975 1500 0.93 0.12 0.08 0.04 427 443 
ACR-29 500 1000 l . l l 0.14 0.04 0.09 428 444 
ACR-30 500 1000 0.99 0.24 0.18 0.07 427 443 
ACR-31 400 1500 1.43 0.15 0.02 0.13 415 443 
ACR-32 1000 1000 1.09 0.30 0.11 0.18 413 442 

ACR-33 975 1000 l . l l 0.30 0.16 0.14 413 443 
ACR-34 450 1500 1.12 0.14 0.03 0.11 413 443 
ACR-35 450 1500 1.12 0.30 0.15 0.16 413 443 
ACR-36 925 1000 1.02 0.13 0.03 0.11 413 444 
ACR-3 7 1900 1000 1.03 0 3 0 0.1? 0.17 413 442 
ACR-38 500 1500 1.43 0.14 0.03 0.11 413 443 

ACR-3 9 500 1500 1.43 0.14 0.02 0.10 413 442 
ACR-40' 575 1500 1.43 0.16 0.01 0.16 413 443 
ACR-4 l c ' J 500 1500 1.42 0.16 0.01 0.09 413 442 

"Extractive distillation pot. 
^Solvent Tecovery pot. 
cModifted dip tube used in these experiments. 

in EDP condenser resulted in some loss of product. 



Table A.2. Summary of analytical results for solvent phase 

Duplicate analysis of effluent mixture from Duplicate analysis of effluent mixture from 
extractive distillation pot (X 10"3 wt %)+ solvent recovery pot (X ltT3 wt %)+ 

R U " I T Mg3* ~ fF Mp* 

1 2 Average 1 2 Average 1 2 Average 1 2 Average 

ACR-7 1.20 1.20 1.20 97.00 96.74 96.87 0 3 8 0.10 0.24 112.60 113.46 113.03 
ACR-9 0.66 0.65 0.66 105.53 106.22 105.88 0.07 0.21 0.14 112.66 112.66 112.66 
ACR-10 1.04 1.02 1.03 98.47 98.47 98.47 0.08 0.10 0.09 110.72 11138 111.05 
ACR-12 U 4 1.28 131 98.36 98.99 98.68 0.11 0.13 0.12 113.29 112.55 112.92 
ACR-13 2.03 2.11 2.07 88.03 88.16 88.10 0.07 0.18 0.13 112.60 109.23 110.92 
ACR-14 0.97 0.96 0.97 96.22 97.16 96.69 0.13 0.04 0.09 108.73 98.23 103.48 

ACR-15 1.09 0.98 1.04 105.6S 95.70 100.68 0.09 0.22 0.16 109.42 107.42 108.42 
ACR-16A 1.84 1.82 1.83 90.23 90.15 90.19 0.01 0.27 0.14 109.98 10638 108.18 
ACR-16B 
ACR-I8 054 0.59 OS 7 97.07 94.40 95.74 
ACR-19 0.10 0.08 0.09 107.70 110.11 108.91 
ACR-20 0.21 0.13 0.17 114.51 112.51 113.51 

ACR-21 0.18 0.18 0.18 113.91 114.49 114.20 
ACR-22 0 3 9 0 3 3 0 3 6 108.23 106.88 10756 
ACR-23 0.26 0.15 0 2 1 113.07 11134 112.21 
ACR-24 0.08 0.09 0.09 11530 120.85 118.08 
ACR-25 0.07 0.03 0.05 117.09 11639 116.74 
ACR-26 0.23 0.02 0.13 11132 117.70 114.51 

ACR-27 0.02 0.04 0.03 117.48 110.87 114.18 
ACR-28 0.05 0.07 0.06 118.42 114.08 116.25 
ACR-29 0.16 0.03 0.10 111.81 113.45 112.63 
ACR-30 0.02 0.03 0.03 11036 112.06 111.21 
ACR-31 1.10 1.10 1.10 100.00 102.20 101.10 
ACR-32 1.10 1.10 1.10 91.70 95.10 93.40 

ACR-33 130 1.30 1 3 0 97.60 99.80 98.70 
ACR-34 1.22 1.14 1.18 96.84 101.62 99.23 
ACR-35 1.58 1.34 1.46 117.48 100.01 108.75 
ACR-36 0.96 0.97 0.97 103.08 104.99 104.04 
ACR-37 129 1 3 2 1.30 96.78 94.01 95.40 
ACR-38 0.95 0.92 0.93 81.44 105.54 93.49 0.52 0.49 0 5 1 110.18 110.85 110.52 

ACR-39 0.96 0.95 0.96 105.15 105.29 105.22 0.29 0 3 7 0 3 3 113.06 112.06 112.56 
A C R 4 0 0.92 0.91 0.92 102.53 10135 101.94 0.18 0.24 0.21 11031 110.92 110.62 
ACR41 1.23 1.24 1.24 106.63 106.48 106.56 O.fi 3 0.80 0.72 112.06 109.69 110.88 
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Table A J . Summary of experimental and calculated results 

Effluent mixture Effluent mixture 
Run composition from SRP" composition from EDP1 

* t , S R P *2,SRP SRP ^ I . E D P *2,EDP *3, l :DP 

Acid Acid Acid 
weight weight weight 
fraction fraction fraction Material 
in feed In vapor in vapor balancc 

acid fmm SRP from EDP 
n . i f'l.SRP ^I.HUP 

ACR-7 0.015 0.295 0.690 0X376 0.333 0.591 0.68 0.55 0.85 0.98 
ACR-9 0.009 0.304 0.688 0.041 0.312 0.646 0.68 0.60 0.86 0.97 
ACR-IO 0.006 0.317 0.677 0.065 0.334 0.601 0.70 0.53 0.81 0.94 
ACR-12 0.008 0.303 0.689 0.083 0.315 0.602 0.69 0.66 0.89 0.98 
ACR-13 0.008 0.322 0.677 0.130 0,332 0.538 0.70 0.63 0.86 0.97 
ACR-14 0.006 0.362 0.632 0.061 0.337 0.602 0.62 0.48 0.73 1.03 
ACR-15 0.010 0.328 0.662 0.066 0.320 0.614 0.67 0.46 0.74 1.14 
ACR-I6A 0.088 0.252 0.660 0.115 0.335 0.550 0.71 0.59 0.79 0.94 
ACR-I6B 0.72 0.68 0.89 1.25 
ACR-18 0.036 0.380 0.584 0.70 0.52 0.62 
ACR-19 0.057 0.278 0.665 0.69 0.58 0.80 1.D0 
ACR-20 0.011 0.296 0.693 0.73 0.54 0.79 0.99 
ACR-21 0.011 0.292 0.617 0.73 0.51 0.79 0.86 
ACR-22 0.023 0.321 0.656 0.74 0.56 0.80 0.94 
ACR-23 0.013 0.302 0.685 0.69 0.66 0.83 0.99 
ACR-24 0.005 0.274 0.721 0.71 0.62 0.86 0.90 
ACR-25 0.003 0.284 0.713 0.69 0.61 0.87 0.90 
ACR-26 0.008 0.293 0.699 0.69 0.50 0.80 0.98 
ACR-27 0.002 0.301 0.697 0.68 0.51 0,75 1.02 
ACR-28 0.004 0.287 0.709 0.68 0.58 0.79 1.09 
ACR-29 0.006 0.307 0.687 0.67 0.55 0.97 0.88 
ACR-30 0.002 0.319 0.679 0.67 0.51 0.75 1.04 
ACR-31 0.069 0.314 0.617 0.62 0.59 0.79 1.03 
ACR'32 0.069 0.361 0.570 0.61 0.50 0.78 0.99 

ACR-33 0.081 0.316 0.602 0.69 0.58 0.86 1.04 
ACR-34 0.074 0.320 0.606 0.69 0.63 0.86 1.01 
ACR-35 0.092 0.244 0.664 0.70 0.58 0.82 1.03 
ACR-36 0.061 0.304 0.635 0.68 0.59 0.84 1.01 
ACR-37 0.082 0336 0.582 0.70 0.55 0.84 0.97 
ACR-38 0.032 0.293 0.675 0.059 0.371 0.571 0.71 0.66 0.91 1.01 

ACR39 0.021 0.292 0.687 0.061 0.297 0.642 0.71 0.67 0.89 0.85 
ACR-40 0.013 0.312 0.675 0.058 0.319 0.622 0.63 0.58 0.85 1.01 
ACR-41 0.045 0.278 0.677 0.078 0.272 0.650 0.81 0.77 0.93 0.61 

"Solvent -ecovery pot. 
*Ext'".clive distillation pot. 



28 

Table A.4. Molarity of condensed product and feed streams 

Run 

Extractive 
distillation 

pot 

Solvent 
recovery 

pot 
Feed 

Average 
Run 

1 2 Average 1 2 Average 

Feed 
Average 

ACR-7 19.55 19.55 11.56 11.56 
ACR-9 20.06 20.06 12.91 12.97 15.73 
ACR-10 18.53 19.72 18.53 11.05 13.02 12.04 15.47 
ACR-12 20.75 20.68 20.72 14.62 14.59 14.61 15.60 
ACR-13 20.57 19.21 19.89 13.39 13.73 13.56 15.62 
ACR-14 16.49 15.91 16.20 9.56 9,68 9.62 13.34 
ACR-15 16.95 16.60 16.78 9.16 9.12 9.14 14.70 
ACR-16A 17.91 17.82 17,87 12.80 12.45 12.63 
ACR-16B 20.50 20.50 20.50 14.90 14.81 14.86 
ACR-18 13.35 13.01 13.18 10.77 10.26 10.52 15.30 
ACR-19 18.17 18.17 18.17 11.98 12,08 12.03 15.64 
ACR-20 18.27 17.78 18.03 11.26 11.26 11.16 J6.31 
ACR-21 17.78 17.78 17.78 10.28 10.61 10.45 16.07 
ACR-22 18.11 18.11 18.11 11.91 11.91 11.91 16.48 
ACR-23 19.08 19.08 19.08 14.49 14.19 14.34 15.34 
ACR-24 19.90 20.06 19.98 13.38 13.38 13.38 15.66 
ACR-25 20.06 20.06 20.06 13.05 13.05 13.05 15.34 
ACR-26 18.11 18.11 18.11 9.96 9.96 9.96 15.18 
ACR-27 16.77 16.77 16.77 10.50 10.50 10.50 14.96 
ACR-28 16.77 18.91 17.84 12.08 12.08 12.08 14.79 
ACR-29 17.43 17.43 17.43 11.49 11.49 11.49 14.79 
ACR-30 16.77 16.77 16.77 10.50 10.50 10.50 14.79 
ACR-31 17.88 17.84 17.86 12.51 12.60 12.56 13.36 
ACR-32 17.80 17.40 17.60 10.20 10.00 10.10 12.90 
ACR-33 19.80 19.80 19.80 12.31 12.31 12.31 15.40 
ACR-34 19.93 20.01 19.97 13.61 13.61 13.61 15.39 
ACR-35 18.79 18.94 18.87 12.40 12.32 12.36 15.52 
ACR-36 19.34 19.60 19.47 12.64 12.48 12.56 15.04 
ACR-37 19.02 19.35 19.17 11.48 11.48 11.48 15.38 
ACR-38 21.18 21.37 21.28 14.43 14.43 14.43 15.75 
ACR-39 21.10 21.06 21.08 14.66 14.93 14.80 15.92 
ACR-40 19.63 20.02 19.83 12.34 12.52 12.43 13.59 
ACR41 21.96 21.96 21.96 17.59 17.59 17.59 18.55 
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Table A .5. Experimentally determined densities (g/cm3) of 
nitric acid solutions and the temperature of the measured solution 

Run 
Feed 

p(g/cm3) T(°C) 

Extractive 
distillation 

pot 

Solvent 
recovery 

pot Run 
Feed 

p(g/cm3) T(°C) 
p(g/cm3) T(°C) p( g/cm3) T(°C) 

ACR-7 1.4025 22.8 1.4524 22.8 1.3229 22.8 
ACR-9 1.3844 22.8 1.4542 22.8 1.3543 22.8 
ACR-10 1.3981 22.8 1.4384 22.8 1.3065 22.8 
ACR-12 1.4014 24.5 1.4507 24.5 1.3275 24.5 
ACR-13 1.3994 24.5 1.4595 24.5 1.3650 24.5 
ACR-14 1.3561 24.0 1.4085 24.0 1.2680 24.0 

ACR-15 1.3861 24.0 1.4223 24.0 1.2656 24.0 
ACR-16A 1.4017 24.0 1.4318 24.0 1.3451 24.0 
ACR-16B 1.3991 24.0 1.4594 24.0 1.3821 24.0 
ACR-18 1.3856 24.0 1.3455 24.0 1.2793 24.0 
ACR-19 1.3926 24.0 1.4258 24.0 1.3181 24.0 
ACR-20 1.3996 25.0 1.4307 25.0 1.3032 25.0 

ACR-21 1.3930 25.0 1.4231 25.0 1.2835 25.0 
ACR-22 1.4069 25.0 1.4341 25.0 1.3301 25.0 
ACR-23 1.3995 25.0 1.4506 25.0 1.4069 25.0 
ACR-24 1.3973 25.0 1.4598 25.0 1.3659 25.0 
ACR-25 1.3929 25.0 1.4572 25.0 1.3518 25.0 
ACR-26 1.3893 25.0 1.4296 25.0 1.2669 25.0 

ACR-27 1.3845 25.0 1.4116 25.0 1.2926 25.0 
ACR-28 1.3782 24.0 1.4203 24.0 1.3213 24.0 
ACR-29 1.3821 24.0 1.4184 24.0 1.3075 24.0 
ACR-30 1.3819 24.0 1.4109 24.0 1.2860 24.0 
ACR-31 1.3552 24.5 1.4310 24.5 1.3403 24.5 
ACR-32 1.3430 24.5 1.4230 24.5 1.2798 24.5 

ACR-33 1.4023 24.5 1.4556 24.5 1.3317 24.5 
ACR-34 1.3981 24.5 1.4596 24.5 1.3583 24.5 
ACR-35 1.4004 24.2 1.4511 24.2 1.3376 24.2 
ACR-36 1.4016 24.2 1.4635 24.2 1.3457 24.2 
ACR-37 1.3916 24.0 1.4464 24.0 1.3131 24.0 
ACR-38 1.4079 19.0 1.4784 19.0 1.3880 19.0 

ACR-39 1.4128 22.0 1.4768 22.0 1.3949 22.0 
ACR-40 1.3709 22.0 1.4629 22.0 1.3460 22.0 
ACR-41 1.4520 22.0 1.4886 22.0 1.4371 22.0 
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APPENDIX B 

ALTERNATE FLUID MOVEMENT TECHNIQUES 

The replacement of the mechanical pump in the two-pot process with a simple non-
mechanical fluid movement technique would improve the overall system operability. Three 
fluid movement alternatives are shown schematically in Figs. B.l through B.3. 

A vapor lift is shown in Fig. B. l ; in this concept the solvent stream from the EDP would 
be heated and the resultant vapor utilized to lift the fluid. Another version of the vapor lift 
is shown in Fig. B.2; here streams used to lift the solvent would dilute the WA stream 
slightly but would probably be easier to control than the former vapor lift. Another vapor 
lift is shown in Fig. B.3 where the process is rearranged slightly and a portion of the feed 
acid stream is vaporized to move the fluid from the SRP to the EDP. 

Further study and development of the fluid movement techniques presented here (as 
well as others) are necessary before viable alternatives can be identified. 

ORNL DWG. 81-19492 

Fig. B . l . Schematic diagram of a two-pot process for concentrated nitric acid production utilizing a vapor-lift pump. 



31 -3 -3^ 

ORNL DWG. 81-19490 

STEAM 
Fig. B.2. Schematic diagram of a two-pot process for concentrated nitric acid production utilizing a steam-lift pump. 
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feed for a vapor-lift pump. 


