
Lawrence Berkeley National Laboratory
Recent Work

Title
HYDRATION OF ClO4-, Bo4-, AND NO3- IN ORGANIC SOLVENTS

Permalink
https://escholarship.org/uc/item/77p6n1xd

Author
Kenjo, T.

Publication Date
1972

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/77p6n1xd
https://escholarship.org
http://www.cdlib.org/


.. 

Submitted to Journal of 
Physical Chemistry 

HYDRATION OF CI0
4 

-, B<P4 -, AND N0
3 

IN ORGANIC SOLVENTS 

T. Kenjo and R. M. Diamond 

January 1972 

AEC Contract No. W -7405-eng-48 

for Reference 

LBL-606 ~. \ 
Preprint 

Not to be taken from this room 

t""' 
lJj 

t""' 
I 

0-
0 

" 0-
..::--



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



. " 

-iii-

HYDRATION OF CI04 -, B(I\-, AND N0
3 
- IN ORGANIC 

T. Kenjot and R. M. Diamond 

Lawrence Berkeley Laboratory 
University of California 

Berkeley, California 94720 

January 1972 

ABSTRACT 

* SOLVENTS 

LBL-606 

The hydration of CI04-, B¢4-' and N0
3

- in various organic solvents 

has been studied by means of the extraction of the tetraalkylammonium salts. 

The dependence of the extraction on the aqueous salt concentration indicates that 

tetrapropylammonium perchlorate and tetrabutylammonium nitrate in nitrobenzene 

-2 ~ 
are essentially dissociated up to 10 M. But in sOlvfnts of lower dielectric 

constant, such as dichloroethane or 80% benzene-20% nitrobenzene, the salts 

associate to ion pairs and still larger ion aggregates. In all these solvents 
I 
I 

about 1/3 mole of water is coextracted with the tetralkylammonium perchlorate. 

No water coextracts with tetralkylammonium tetraphenylboride in nitrobenzene. 

With the nitrate salt, ~ 1.4 moles of water are involved per N0
3

- . 
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INTRODUCTION 

The distribution of salts between water and an immiscible organic phase 

can be made relatively high if either the cation or anion is large and hydro-

phobic enough. In particular, the extraction of anions can be studied by 

using large tetraalkylammonium cations. 
1 2 Earlier reports ' describe the 

organic-phase complexing of F- and Cl- in such salts by water-immiscible 

phenols and alcohols. From the fact that definite complexes were indicated, 

we wondered if distribution of the salts alone and determination of the 

water coextracted would not yield information on the first-shell hydration 

of the anions. 

It would be advantageous in such a study if the extracted salts were 

dissociated into independent ions, for then if one ion could be shown to be 

anhydrous or to have a definite amount of water associated with it in a 

particular solvent, the determination of the total water extracted by a salt 

containing that ion yields the water bound to the co-ion. For this purpose 

a solvent of high dielectric constant was first chosen, namely nitrobenzene 

(E: = 34.8 at 25°C).3 Then, to see if ion association changes the hydration 

numbers found, lower-dielectric-constant solverit:s were also .investigated. 

A number of recent studies have described the interactions of anions 

. 1 2 4-10 with protic solvents such as water, alcohol, and amlnes. ' , Spectroscopic 

evidence for nitrate-solvent interactions have been found for tetrabutyl-

4 
ammonium nitrate-methanol in benzene , for alkali metal nitrate-water in 

aqueous solutions 5 , with" alkyl ammonium nitrate salts in alcohol-methylene 

" .. 6 
chloride or water-methylene chloride systems , and for aqueous and chloroform 

~olutions of alkali metal and tetraphenylarsonium nitrates. 7 Transient 
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perrhenate-water interactions have been suggested as the origin-of the 

inhomogeneous electric-field gradient causing the quadrupole relaxation in 

aqueous solutions of NaRe04 as observed in broad-line NMR spectroscopy.8 

Perrhenate-alkyla.mmonium interactions are thought to be responsible for the 

appearance in the infra-red spectrum of the perrhenate ion, in alkyl ammonium 

perrhenate salts, of splittings of the Re-O stretching vibrations at 

8 "0 -1 ( ) .'. NMRIO 6. h· 50-100 cm ref. 9. However, and IR stud~es show t at th~s 

inte~action is one of the weakest between anions and the alkylammonium cations. 

• 
-' 

I 
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EXPERIMENTAL 

Reagents. 

The desired form of tetraalkylammonium salt was obtained in the manner 

described in the previous paper.2 Tetraalkylammonium iodide (Eastman Organic 

Chemicals , White Label) was converted to the hydroxide form by shaking a 

suspension of the iodide in water with silver oxide (Baker and Adamson, Reagent 

grade). The hydroxide obtained was neutralized with nitric or perchloric acid 

to the nitrate or perchlorate salt, respectively. Tetrabutylarnmoniurn tetra-

phenylboride was obtained as a precipitate by adding sodium tetraphenylboride 

to a tetrabutylammonium bromide solution. The precipitate was washed with 

water until no bromide was observed in the filtrate, and then dried at 60°C. 

The benzene and dichloroethane used were J. T. Baker reagent grade. The 

nitrobenzene was Eastman Organic Chemicals, White Label. The sodium tetraphenyl-

boride used was Mallinckrodt Chemical Works, reagent grade. 

Procedure. 

Various aqueous solutions of tetrabutylammonium nitrate were shaken 

"i.i:ith nitrobenzene for 2 hours. For the perchlorate salt, because of its low 

solubility in water, we started with the salt in the organic phase and shook 

with water for the same time. The volume ratio of organic to aqueous phase 

used was 1:1. After shaking, the phases were centrifuged and separated. For 

dilute solutions the tetraalkylammonium cation concentration in the aqueous 

phase, and for more concentrated solutions the cation cbncentration in both 

phases, were determined spectrophotometrically using picratell ; the procedure 

wa~ essentially the same as in the previous work. 2 After dilution of the sample 

of aqueous solution to the range 10-5 - 10-4 M, a 5 ml aliquot was shaken with 5 ml 

of 0.010 M sodium picrate, 5 ml of saturated MgS04 , and 5 ml of chloroform. 
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For the organic-phase determination, the solution was diluted to the same 

range of concentration with the organic solvent, and then an aliquot was 

shaken with the aqueous solution of picrate and MgS04' Calibration curves for 

each solvent were prepared~ The wave lengths used for nitrobenzene, dichlo

roethane and 20% nitrobenzene-80% benzene mixture were 434 m~, 383 m~, and 

426 m~, respectively. 

Water determinations in the organic-phase were made by the Karl Fischer 

method using·an electrometric end point. All experiments were done at 23 ± 2°C. 

. .. 
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RESULTS ~1D DISCUSSION 

As described in earlier papersl ,2, slope analysis is useful to determine 

the IDolecularity of the species in the organic phase. The equation for the 

distribution of a tetraalkylammonium salt into a solvent can be written 

(la) 

or 

(lb) 

depending upon whether the species in the organic phase is associated to an 

ion pair or is dissociated. The corresponding equilibrium constants are 

+ -(R N ···X ·mH 0) [ + -

/(a = (2a) 
R N ···X ·mH 0] y 4 2 0 4 200 a = = K Yo 

(R
4

N +) (X- )(H
2

0)m (R4N+) (X-)(H
2

0)ID 

(R4N+)0 (X-·mH
2

O)o [R4N+] [X-·mH20] y~ 
Kd 2 o 0 -= = 

(R4N+) (X-) (H
2

0)ID (R
4

N +) (X-) (H
2

0)ID 
y± 

where parentheses denote activities, brackets indicate concentrations, and y is 

an activity coefficient. A log-log plot of the (organic-phase activity)1/2 

vs. the aqueous concentration should be a straight line whose slope is 2 or 

1, depending upon whether case (a) or (b) is involved. 

12 -It has been shown in a different type of study that CI04 in nitro-

benzene is essentially anhydrous, so tetrapropylamrnonium perchlorate was the 

first salt stUdied. Fig. 1 shows a log-log plot of the organic-phase salt 

concentration in nitrobenzene vs. the equilibrium aqueous concentration for 

tetrapropylammonium perchlorate. But even with a dielectric constant of 35, the 

." 
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decrease in ~he activity coefficients from unity at the higher organic-phase salt 

concentrations becomes significant. So they were c8.1.culated by a Debye-Huckel 

type expressioni3 (using a distance of closest approach,S., of 6 A). 'Activity co.,.. .. 

efficients in the aqueous phase were estimated by means of Poirier I s expressions
14 

and, as can be seen in Fig. 1, the corrected points (open triangles) up to la-
2

M 
I 

fallon the same straight line of unit slope extended from the more dilute solu-

tions where the 'corrections are negligible. Since the salt is surely dissociated in 

the dilute aqueous phase, the observed slope of 1 shows that it is also dissociated 

in the organic-phase over that range of concentration. 

. \ 
Table I shows the results of determin~ng, by Karl Fischer titrations, 

the water coo-extracted by three concentrations of tetrapropylammonium perchlor-

ate in nitrobenzene. Approximately 1/3 mole of water appears per mole of 

extracted salt. This value is obtained by subtracting the water distributing 

into the nitrobenzene alone (calculated as the volume-fraction ofni trobenzene 

times thesolubili ty of water in nitrobenzene, a .16~ 0.18- M, depending on the 
\ 

temperature) from the total amount of water determined for the organic phase. 

It is not clear whether the 1/3 mole of water found is a) aS$ociated with ,the 

cation, b) associated with the anion, or c) just an increase in water dissolved 

in the nitrobenzene solvent because the presence of the dissolved salt changes 

the properties of the solvent. To help understand this, a still larger cation, 

the tetrahexylammonium ion, was used, and the results are also shown in Table I. 

'. 

They are,the same, ~ 1/3 mole of water per mole of salt. Since we might expect • 

that doubling the size of the cation would change (reduce) the amount of water 

associated with it, this resultsu.ggests that possibility ·a) is not likely. 

Indeed, the use of a larger anion, the tetraphenylboride ion, which coextracts 

essent ially zero water under theSe conditions (Table I), indicates that 
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possibility b) is the correct one. That is, essentially an independent and 

anhydrous tetraalkylammonium cation is present in these (dilute) nitrobenzene 

salt solutions, and the 1/3 mole of water with the perchlorate salt is 

probably bound to CI04. 
For such large, poorly solvated anions, we might expect that the process 

of associating to ion pairs or to ion quadrupoles or to still higher aggregates 

would not change the water uptake much, possibly reducing it still further. We 

can test this py employing lower-dielectric-constant solvents '-There the extracted 

species is indeed aggregated. So the water uptake for tetraalkylammonium 

perchlorate in 20 volume % nitrobenzene-80 volume % benzene and in dichloro-

ethane was studied. The extraction curves, Figs. 2 and 3, show that in these 

solvents, particularly the former, at concentrations above 10.,.3M the salt 

has aggregated to ion pairs and then on to ion quadrupoles and beyond. But 

the water co-extracted is still "-' 1/3 mole per mole of salt, as listed in 

Table II, and again changing the size of the cation had little effect. In fact, 

even going to pure benzene as solvent, where the solution properties would 

surely be most changed by the addition of the salt, made little difference in 

the water uptake per mole of salt, the slight decrease observed may be related 

to the much, lower water solUbility in benzene compared to nitrobenzene or , 

dichloroethane. 

The results indicate that only one out of 3-5 CIO: ions carry a water 

molecule in these organic solvents. What can be said about their first-shell 

hydration number in an aqueous solution? For such poorly hydrated ions as 

CI04, it may not be meaningful to even speak of such a quantity in the aqueous 

phase, as the water mblecules may switch rapidly between orientation towards the 

ion and towards the surrounding water structure, with no fixed coordination 



-8-

number around the ion. This would correspond to the "thawed" region of 

d· w· 15 th f ( t') h d t' f S 'I 16 Frank an en ,or to e range 0 zero nega 1ve y ra 10n 0 am01 ov , 

or to the "structure-breaking" of Gurney.17 
I 

However, it does seem clear that there is no water. associated with the 

tetraalkylammoniumcations. So it should be possible to study the water I carried 

into nitrobenzene by the distribution of other dissociated tetraalkylammonium 

salts, and ascribe all the water found to the anions. Fig. 4 shows a log-log 

plot of the organic-phase concentration of tetrabutylammonium nitrate vs. the 

aqueous-phase value. Activity-coefficient correctibns are made for the most 

concentrated organic solutions, again using the sa.ri!e Debye-Huckel expression, 

and for the concentrated aqueous phase by use of Poirier's expressions (cal·culated 

with a distance of closest approach of 2.5 A so as to approximate the experimen

tal values for· tetrabutylammonium b'romide18 ~or molalities between 0.1 and 

1.0). A straight line of unit slope results up to 10-2 M, indicating disso-

ciation of the salt in nitrobenzene ,for that range of concentration, and a 

considerable proportion still dissociated even at 10-'1 M. Table I lists 

values for the water coextracted with the NO;; of the order of 1. 4 moles of 

water are involved per NO;. 

Since. we only determine the stoichiometric water uptake, the average 

value for the anion, we cannot translate this result uniquely into a descrip-

tion of the anion hydrates involved. For eXalnple, there may be a mixture of 

NO;'H20 and NO;'2H20 extracting, or all possible mixtures of these two plus 

anhydrous NO; and the species IW;' 3H20 with a completely hydrated first-shell, 

so as to yield the observed hydration number, '\. 1. 4. Even if only the two 

species, NO;' H20 and NO;' 2H
2

0 exist ,we do not know whether the dihydrate has 

two water molecules hydrogen";bonded.to two oxygens of the nitrate anion, giving 

'. 

• 
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it a coordination number of two, or whether the second water is hydrogen-bonded 

to the first leaving the nitrate anion with a coordination number of one. 

However, since the hydration number found is closest to one, it seems most 

plausible that the predominant species is NO;'H
2
0, with at least one higher 

hydrate possible. 

The observed hydration of NO; can be compared with the alcoholation number 

found in an extraction study of tetrabutylammonium nitrate into 1,2-dichloroethane 

wi th decanol19 ; only one alcohol complexed the NO; for alcohol concentra.tions from 

0.08 - 0.5 M. But in that study it'was not possible to determine the water 

uptake to better than I ± I water molecule, and if there is a water molecule 

involved, again we do not know whether the water and alcohol molecules are 

hydrogen-bonded to two nitrate oxygens. or whether the water is a bridge 

between the alcohol and the anion, leaving the latter mono-coordinated. In 

that study? it was also necessary to determine the amount of water extracted 

with uncomplexed NO; into the 1,2-dichloroethane diluent alone. The ratio 

of water/nitrate found there in two determinations was 1.25, in agreement with 

the present results in nitrobenzene. 

For such anions that carry into the organic phase more than one mole 

of water per ion, we believe that the hydration number observed in the organic phase 

may be only a lower limit to the first-shell hydration number in water. For in the 

aqueous phase, the first-shell waters receive additional .solvation from the 

water molecules farther out; but in the organic phase, they exchange this 

(hydrogen-bonded) solvation for the (usually) poorer solvation of the 

surrounding organic diluent. The poorer environment there would thus tend to 

reduce the first-shell hydration number over that in water itself. 

The procedure described in this paper for determining the water carried 
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by an anion is certainly simpler than the use of trioctylphosphine oxide in 

'. 12 nitrobenzene or in 1,2-:dichloroethane to extract the corresponding ac~d. 

By the latter method a value for the hydration number of NO~ i~ nitrobenz~ne 

~ 2 was obtained, but there was uncertainty introduced by the presence of 

binitrate ion produced from the aqueous nitric acid solution. This problem 

of 

of binitrateion formation cannot arise in the present study of neutral salt 

solutions, so that the value of 1.3 - 1.4 moles of water per NO; is the better 

one. The distribution of other alkylammonium salts,particularly the halides, 

into nitrobenzene and into 1,2-dichloroethane will be similarly studied to see 

what regularities do occur in the hydration of these anions in the organic 

solvents. 
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TABLE I 

) (] 

Water Co-extracted with Tetraalkylammonium Salts in Nitrobenzene. 

Salt Holari ty of Salt (org) 

xl02 -

Tetrapropylammonium 13.9 
2.66 

perchlorate 1.41 

Tetrahexylammonium 20.3 
8.13 

perchlorate 4.07 
1.63 

Tetrabutylammonium 10.0 
3.98 

tetraphenyl boride 1.99 

Tetrabutylamrnonium 20.4 
9·11 

nitrate 4.12 
1.52 

Molarity of Water{org)a 

xI02 

5·2 
1.0 
0.5 

7·9 
2.7 
1.5 
0.6 

0.8 
0.2 
0.1 

29.6 
12.8 

5.8 
1.9 

Ratio of Water 

to Salt Molarity 

0.37 
0.38 
0.4 

0.39 
0.33 
0.37 
0.4 

0.08 
0.05 
0.05 

1.45 
1.41 
1.41 
1.3 

a . . 
The waterext:racted by the diluent alone (diluent volume fraction x water 

solubility in diluent) has been substracted . 



TABLE II 

Water Co~extracted with Tetraalkylammonium Perchlorate in Organic Solvents. 

Molarity of Salt (org) Molarity of Water(org)a Ratio of Water 
Solvent Cation xI02 xI02 to Salt Mol. 

Dichloroethane Tetrapropylammonium . 5.30 2.2 0.42 
2.06 0.9 0.4 
1.00 0.4 0.4 , 
0.47 0.2 0.4 ' 

Tetrabutylammonium 20.6 6.7 0.33 
10.3 3.3 0.32 

5.09 1.7 0.33 

Tetrahexylammonium 7·57 2.7 0.36 
3.78 1.3 0.34 
1.89 0.7 0.4 
0.76 0.4 0.5 , 

20% Nitrobenzene- Tetrabutylammonium 18.3 5.1 0.28 I-' 
~ 

80% Benzene 8.98 2·9 0.32 I 

4.31 1.5 0.35 
1.58 ,0.5 0.3 

Tetrapentylammonium 7.89 2.4 0.30 
3.93 1.3 0.33 

-1.96 0.6 0.3 

Benzene Tetrahexylammonium -9.44 1.85 0.20 
3.78 0.79 0.21 
1.89 0.40 0.21 
0.76 0.17 0.22 

aThe water dissolved by the volume fraction of solvent alone has been subtracted. ' 

.- :.1.. ") 'I. 

~. 0 
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FIGURE CAPTIONS 

Fig. 1. The tetrapropylammonium perchlorate concentration in nitrobenzene vs. 
. . 

the aqueous tetrapropylammonium perchlorate concentration; organic-phase 

concentration 0, corrected by Debye-Huckel type activity coefficient with 

a distance of closest approach of 6 A, C}, aqueous-phase activity, calcu-

lated from Poirier's expressions with a = 2.5 A. 

Fig. 2. The tetraalkylammonium perchlorate concentration in 20% nitrobenzene-

80% benzene vs. the aqueous tetraalkylammonium perchlorate concentration; 

tetrabutylammonium perchlorate 0, tetrapentylammonium perchlorate f). 

The straight-line segment is drawn with a slope of two, indicating 

association to ion pairs. 

Fig. 3. I The tetraalkylammonium perchlorate concentration in dichloroethane 

vs. the aqueous tetraalkylammonium perchlorate concentration: tetrabutyl-

ammonium perchlorate 0, corrected by Debye-Huckel activity coefficient ~; 

tetrapropylammonium perchlorate 0, corrected by Debye-Huckel activity 

coefficient A. The straight-line segments are drawn with unit slope, 

indicating a dissociated species. 

Fig. 4. The tetrabutylammonium nitrate concentration in nitrobenzene vs. 

the aqueous ammonium nitrate concentration, e;organic-phase activity 

using a Debye-Huckel activity coefficient with a = 6 A, 0; so as to repro-

duce the experimental activity coefficients of tetrabutylammonium 

bromide, A. 
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Abstract 

Heuristic and algorithmic programming are used to 
select both the sequence and types of separation processes 
for the converstion of complex feed mixtures into spec
ified products by symbol manipulation. Improved schemes 
are evolved using learning techniques. Several alternative 
flowsheets are developed with the computer for the design 
engineer to consider • 
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INTRODUCTION 

Process design can be roughly subdivided into two steps --

synthesis and analysis. A great deal of attention has been devoted 

to the mathematical analysis of chemical processing systems, once 

the system has been specified. However, the creation, or synthesis, 

of that system is not very susceptible to the usual mathematical 

techniques, and has consequently received very little attention in 

chemical engineering research. Process synthesis is regarded, for 

the most part, as an intuitive art. The purpose of this research 

is to make contributions toward logical structuring of process 

synthesis and to discover effective synthesis heuristics for use 

by the design engineer. The specific concern of this work is the 

selection and sequencing of the separation train of a chemical 

processing plant. 

There are many possible ways of separating a multicomponent 

feed stream into products of chemical components, which are spec-

ified individually or as groups. Ofttimes, when. the development of 
, 

such a separation train is required, the design engineer will use 

a flowsheet scheme which has previously proven successful. He will 

do additional analysis, such as optimizing flow rates, temperature, 

and other continuous variables, but the synthesis of the flowsheet 
~ 

is not, and at present cannot be approached in such a rigorous 

manner. Discrete variables must be considered -- e.g., either a 

separation unit is in the process or it is not. As an indication 

of the number of different sequences of units which are possible 

and may merit attention, consider the example of sequencing of 

single-feed, two-product separators which are all the same type of 
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separation process. For simplicity, this process is chosen to be 

one which does 'not require a mass separating agent. Then the number 

of possible'sequences for separating N components from each other 

into single~component products is given by the following closed

form equation: 

Number of Sequences [2 (N-l)] ! . 
= N! (N-l) ! 

( 1) 

For seven components the number of different sequences possible is 

132. If now, instead of one type, S different types of separation 

process are to be considered for each constituent step in the 

sequence, the above formula must be multiplied by the factor SN-l. 

With ten different types of separation process available, the 132 

become~ 132 billion. It is understandably infeasible to examine 

individually c;tll of the possiblities, even with a computer. 

Previous studies have been reported on the sequencing of 

distillation units (Lockhart, 1947; Harbert, 1957; Rod and Marek, 

1959; Heaven 1970; Nishimura and Hiraizumi, 1971; King, 1971). 

Rough, qualitative work has been done on criteria for choosing 

between different types of separation process for a single separa-

tion task (Souders, 1964; King, 1971). But no known attempt has 

been made to attack the whole problem in a structured, systematic 

fashion. 

GENERAL STRATEGY 

It is not contended that this work is the definitive approach 

to the problem of flowsheet synthesis for a separation t,rain. In 

• 

'" J 
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fact, at this writing the particular strategy described here is 

still being refined by the exploration of new avenues. This work 

is the examination of one basic approach and some variations upon 

it. This method does succeed in creating good schemes, without 

exhaustive search or large consumption of computer time. It is a 

venture into untrodden territory. 

The computer proyides a vehicle for full documentation and 

subsequent assessment of the logic used in systematizing the process 

synthesis. The state of the progress toward efficient and general 

systematic synthesis logic can be evaluated by testing the ability 

of the programmed logic to succeed in a variety of problem situa-

tions. The logic can then be altered or extended in ways suggested 

by the types of failures and inadequacies which are encountered. 

The basic approach which has been implemented involves evalua-
< 

ting and making decisions using as little information as possible 

and being as general as possible. The programming has been done 

exclusively in FORTRAN for ease of understanding by other workers, 

for compatability between machines, and for more efficient coding 

of arithmetic operations (,compared to list-processing languages). 

The programming done in this work incorporates several levels of 

executive routines, each of which, in ascending heirarchy, has less 

and less information available to it about the particulars of the 

sep~ration u~its, or even about what specific chemical species are 

present. The routines have available to them only the information 

that is essential to their function. The original problem is 

transformed for the higher executives into Boolean-type matrices 

for ease of understanding and decision making, smaller core 



4 

requirements, and improved speed of calculation. 

At every level decisions are made heuristically as well as 

algorithmically. Here, an algorithm is restricted to being a 

mathematical procedure that necessarily reaches the desired goal; 

whereas a heuristic is·an empirical, rule-of-thumb procedure which 
• I 

hopefully has a high probabllity of leading to the goal, but cannot 

be shown to do so necessaril'y. Heuristic pr~cedures are called for 

because of the complex nature of the sequencing problem and the 

immense number of conceivable alternative sequences. 

The logic which has been evaluated and employed can best be 

described by explaining the interactions and workings of the various 

routines, along with the assumptions that went\into their construc-

tion. In some cases the division of work between subroutines is 

rather arbitrary. The routines of most importance are defined here 

in overview and will later be described in detail (See Figure 1). 

Although a separation unit separates components, a separation 

train, seen as a whole, creates products. Some or all of the 

products may be groups of components, rather than individual' com-

ponents. With this in mind, routine PROD identifies a feasible set 

of products for the plant. Input information includes what the 

designer would like as products, but these may not be possibl~ to 

create without product splitting, given the available separation 

units. For example, components A and C may be desired in the same 

product, which should not contain B. However, it may be that no 

separation process is capable of putting B into one product stream 

while leaving both A and C in the other. PROD will create the 

desired set of products if possible; if it is not, PROD will create 

• 
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those specified products which are possible, and then create as few 

extra products as it can using the available component orderings 

for different typ~s of separation processes. These ~xtra products 

must ultimately be mixed in order to obtain the designer's desired 

products. Here a first heuristic has already been employed, namely 

that the best process will have the least number of products. This 

will not always be true, and the application of this heuristic at 

this point may subsequently be negated by evolutionary-like changes 

in the process configuration. 

Once products have been established, a process-flowsheet which 

will give these products is synthesized by routine SYNT. SYNT 

shares some of the work with PICK, a routine which selects the next 

separator in the train on the basis of a second level of one or more 

heuristics. For example, a heuristic which has been proven success-

ful is that the next separation to be made is the one which can 

apparently be made most cheaply. SYNT handles the bookkeeping of 

which products are present in each stream, but knows nothing about 

the particular chemical components which are present, except for 

knowing which keys are in each unit. After the flowsheet is created, 

routine DETAIL takes over the sizing and costing of the process. 

It calls on simulation routines for the separation units that are 
", 
needed, and handles the interchange of information between units. 

The detailed costing of the unit is relayed back to SYNT to be 

used in the re-evaluation of its predicted costs of different types 

of separators, and thus in the re-evaluation of the units in the 

flowsheet. A new flowsheet is then produced, sized and costed. 

This procedure is repeated until SYNT cannot find a better (lower 
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cost) process. At this juncture yet another heuristic, favoring 

energy separating agents over mass separation agents, is tested. . , 

Separation units on the ~lowsheet which are not energy-separating-

agent processes are examined to ~e~ if their presence is necessi-

tated by the requirement of a multicomponent product. If this is 

so, PROD splits the product so that the energy-separating-agent 

process can be used. SYNT'then reworks the flowsheet in the manner 

described above.' 

DESCRIPTION OF EXECUTIVE ROUTINES 

For an understanding of the description of the routines it is 

necessary to define some of the terms used. Key· components for a 

• I • h separatl.on are the two components on whose split fractl.ons t e 

separator is designed. In this work the key components are taken 

as the two components to separate, i.e., the pair of components, 

one of which appears predominantly in each product, which have a· 

separation factor closest to unity. Key products are the two 

products containing the key components. The light key is the 

component having the greater distribution coefficient; the other 

is the heavy key. The distribution coefficient· is arbitrarily 

based on the ratio of component mole fraction in the lighter state 

to that in the heavier state of aggregation, or, if that does not 
-

apply, in solvent phase to feed phase. These distribution co-

efficients are estimated by subroutine SEPFAC. 

PROD 

Routine PROD has effectively six entry points listed and described 

as follows: 

• 

.\'. 

o· 
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(0) Initial creation of feasible product sets. 
(1) Elimination of a potential product set 
(2) Activation of a new product set. 
(3) Activation of potential product separations. 
(4) Multicomponent product splitting 
(5) Elimination of a product set created by (4). 

Initial creation of product set 

7 

The desired product set from the problem specification is constructed 

as follows. From the distribution coefficients for the components, 

the components are ordered for each type of separation process in the 

order of decreasing separation factor. The distribution coefficients 

are given initial estimates for this purpose, by computing them at a 

standard temperature and pressure and for a, solution composition 

equal to the feed composition. Components in any given desired 

product are combined into all possible pairs. The positions of the 

paired components in the orders of decreasing distribution coeffi-

cients for each candidate separation process are then examined. If 

anyone other component divides the pair in the orderings for all 

the separators, that pair cannot feasibly be isolated as part of a 

single product. All pairs that are found to be feasible to produce 

are listed and numbered. A three-dimensional Pair Compatability 

Matrix is created, indexing the pairs against themselves and also 

against the types of separation units. This matrix is Boolean~ 

having non-zero elements a ijk whenever pair i can be separated 

from pair j by separator k. (a, 'k=a, 'k) • The Pair Compatability 
1J J1 

Matrix is then examined to create feasible production sets of pairs 

that are found to be mutually separable. (Mutual separability 

exists if each pair can be separated from all other pairs.) These 

feasible production sets are ordered by decreasing number of in

cluded pairs, and duplicates are eliminated. Within each of the 
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product sets thus created, 'pairs having components in common are 

combined into single-product subsets. These subsets plus all 

feasible pairs which are in the production set, plus all other com-

ponents in the feed not already listed are incorporated as separate 

products in the product set. All of the available mass separating 
, \. 

agents are also added ~o the product set as potential single-

component products. The product set with the greatest number of 

pairs, i.e., the least number of feed-component separations, is now 
I 

alone considered in subsequent process synthesis operations. This 

invokes the heuristic that the best process will have the least 

number of feed-component products. This decision is later altered 

either by activating a new product set or by splitting a multi

component product in the existing set. 

Product Separability Matrix 
II ' 

~,~th the above-selected product set a' highly-utilized, 
\ . 

i' . 
I 

I 

three-dimensional matrix is created. This Product Separability 
-

Matrix conveys to lall the executive routines information on the 

following points: 

1. Feasibility of separation between any two products by 
any given separation unit. 

2. Presence of products in the stream to be separated. 

3. Separation adjacency of any two products (i.e., whether 
they would be the key products in a se:t;>aration). 

4. Names of the components that could be light and heavy 
keys in'a separation. 

5. Which of any two products that can, be separated has the 
larger distribution coefficient. 

Because of the presence of multicomponent products, not all 

of the product pairs which are separable individually can be 

.' 
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separated from the mixture without splitting a multicomponent 

product. Such infeasible separations are eliminated in the 

Product Separability Matrix. This point is rather subtle and is 

best understood by considering the following example: Given three 

products: 1,2,3, having components 5,6,7,8 distributed among them 

as follows: 

Product No. 

1 
2 
3 

The separation ordering 

types of separators are 

Separator No. 

for the 

1 

5 
7 
8 
6 

Component No. 

7 
8 
5,6 

components 

2 

5 
7 
6 
8 

in the three available 

3 

5 
8 
6 
7 , 

The Product Separability Matrix has element a .. of value -1 if and 
1J 

only if product i can be separated from product j by separator 

k and product j has larger distribution coefficients than product 

i . The matrix would initially appear as this: 

Separator No. 1 2 3 

j = 1 2 3 j = 1 2 3 j = 1 2 

i = 1 0 0 0 i = 1 0 0 0 i = 1 0 -1 

2 -1 0 0 2 -1 0 -1 2 0 0 

3 0 0 0 3 0 0 0 3 0 0 

3 

-1 

0 

0 

Any -1 entry in this matrix is a potential separation to be considered. 

However, for Separator No. 1 the indicated separation is infeasible, 

not because a 1/2 product split there would split product 3, 
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but because there exists no scheme which could remove product 3 

(without splitt~ng it) brfore .the 1/2 separation is made. This 

fact is evidenced by there being no separator which has -1 entries 

for both a2,3,~ and al ,3,k' or for both a 3 ,2,k and a 3 ,1,k. Thus 

the a 2 ,1,1 value must be returned to zero. This is an instance of 
1- t: .. 

another -basic concept us.ed in this. work, namely, that infeasible 

solutions are identified and eliminated from consideration as soon 

as possibl~. 

All potential products (not components) appear as indicies in 

the Product Separability Matrix, whether or not they are in the 

mixture to be separated. This matrix is used by other executive 

routines, such as SYNT and PICK ~- routines which need to know which 

of the potential products are actually present in the mixture which 

is to be separated by some means. This information is transmitted 

through the Product Separability Matrix by altering the values of 

the non-zero entLies which correspond to products that are present 
., 

in the mixture (stream) and are potential key products for the 

separation. This alteration also codes into the matrix the names 

of the potential heavy and light key components. Referring to the 

previous example, suppose that the same thr~e products were present 

and contained the same components. The altered matrix would look 

like this: 

Sepa.rator No. 1 2 3 -
1 2 3 1 2 3 1 2 3 

1 1 1 0 -1 706 

2 0 0 0 2 -1 o· 806 2 0 0 0 

3 0 0 0 3 0 0 0 3 0 0 ·0 

.. ' 

(:; 
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The 806 indicates to the routines that Product 2 can be separated 

from Product No. 3 by Separator No.2, and that the light key in 

such a separation is ,component 6 and the heavy key is component 8. 

Similar meaning applies to the 706. Only those two candidate 

separations can and need to be considered in choosing a separat 

to be made on this mixture. The other two -1 values remain un-

changed because, although they are potential separations, they 

cannot be made at this point in the sequence. Product No. 3 is 

present in the mixture, and would be split by either of the two 

separations for which the -1 values are left unaltered. 

If the 706 separation is now chosen, the result will be two 

mixtures one containing Product No. I, and the other containing 

Products 2 and 3. At this point PROD is again called to alter the 

Product Separability Matrix for the mixture of Products 2 and 3. 

The altered matrix now looks like this: 

Separator No. 1 2 3 

1 2 3 1 2 3 1 2 3 

1 0 0 0 1 0 0 0 1 0 -1 -1 

2 0 0 0 2 -1 0 806 2 0 0 0 

3 0 0 0 3 0 0 0 3 0 0 0 

The entries relating to Product 1 remain at -1 since Product 1 is 

not present. Again, only the positive entries are to be considered 

in choosing a separation, so the 806 separation will be chosen. 

If PROD is called to consider another product set, a new 

Product Separability Matrix is created. The new product set may be-

one previously considered, another from the list of product sets, 

or a new one created by splitting a specified multicomponent 
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product in the present set. The choice is done on command from 

routine SYNT. PROD is, in general, an algorithmic symbol-manipula

tion routine which, while making almost no judgments on its own, 

narrows greatly the complexity of the problem as well as the number 

of alternatives which need be considered. 

Detailed Unit Simulation 

Like P~OD, routine DETAIL is also the obedient workhorse of 

SYNT. Once the entire flowsheet has been synthesized, DETAIL is 

called to size and cost all of the units which are sepcified by 

SYNT. It returns ,to SYNT co~ined capital and operating costs, or 

information indicating that an infeasible condition for simulation 

has been encountered. DETAIL, in turn, calls any of the unit 

simulators tnat it needs. The routine is a sort of foreman and 

bookkeeper to accomplish the assigned task. All of the unit sim

ulators require input feed components to be listed in the order of 

descending distribution coefficients; they also return to DETAIL 

lists of separator effluents ordered in like manner. DETAIL must 

thus reorder the components from a master list to call a simulator, 

and then must order back the two effluents. The master list is 

arbitrarily the ordering of components in the original problem 

statement. The routine must also add the mass separating agents 

to the units as required. If the feed to a specified unit is not in 

the required state of aggregation, a total condenser or vaporizer 

is inserted. Refrigeration at various levels is used where re

quired. There are also various higher-temperature, higher-cost 

heating media. 

The basis for sizing a unit is the specification of split 

fraction (specified in the original problem statement) . {The 
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possibility of a component being a key component in more than one 

separator and thus altering its specified recovery fraction is 

presently being ignored.) For extraction, absorption, and stripping, 

if a single-section unit fails to meet the recovery fraction spec-

ifications for both key components, DETAIL selects a second mass 

separating agent and calls for a dual column simulation. 

A number of conditions can prevent completion of the simulation. 

These conditions are considered to be constraint violations. Some 

constraint violations are so severe as to warrant the elimination 

of that specific separator with those specific keys from ever being 

considered again. Two levels of violation have been established: 

A. Constraints which eliminate separation permanently: 

1. Extreme flow ratios of internal countercurrent streams. 

2. Improper phase miscibility (or immiscibility) for the 
type of separator.-

B. Constraints which discourage use of separator by assigning 

it a high S value (see below) 

1. False estimation of ordering component distribution 
coefficients for unit. 

2. Unit operation requires extreme temperatures. 

The unit simulators currently available to DETAIL are distilla-

tion, extractive distillation, liquid-liquid extraction, stripping, 

and absorption. All of them employ group methods to calculate flow 

rates and compositions. Si~ing and costing are based on equations 

fitting the data given by Peters and Timmerhaus (1968). Capital 

cost and yearly operating costs are weighted and combined in 

assigning a cost to a unit separator. 
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Synthesis 

SYNT and its companion routine PICK are the heart of the 

programmed synthesis. Besides calling for product set creation by 

PROD and for sizing and costing by DETAIL, SYNT has the two main 

functions of (1) synthesizing the process and (2) improving its 

own ability to synthesize processes in the future. In synthesizing 

a flowsheet i~ starts with the feed stream to the process, inserts 

a separator, examines in turn each of the separator effluent streams 

for the need for or further separation, and stops the synthesis 

when each of the final effluent streams contain only one of the 

products in the feasible product set. In choosing a separator, 
I 
\ 

SYNT informs PICK which products are present in the stream and 

follows the advice of PICK as to which sepa;r-ator to use and, as to 

which are the key products and components. All the products which 

are present in the feed to a unit ,are then parce~led out to the two 

effluent streams by examining the entries in the Product Separability 

Matrix. Mass separating agents to be used by a separator are also 

added to the appropriate effluent streams from that unit and ones 

downstream from it. This operation is repeated for each ,stream 

containing more than ohe product, while each time altering the 

entries in the Product Separability Matrix as described earlier. 

Improvement in the synthesis ability of SYNT is accomplished 

heuristically by a learning technique, generating weighting 

fac~ors used by PICK for choosing separators. These weighting 

factors (8) are best understood from the equation in which they 

are used: 

. 
-! 
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Estimate cost of separator = (S"k)(N"k) 
~J ~J 

(2 ) 

where N is an estimate proportional to the number of stages 

required to separate product i from product j by separator k, 

under the split fractions specified in the problem. For separators 

having linked countercurrent flows N is the minimum number of 

stages at total reflux, and for mass-separating-agent processes N 

is the actual number of stages from the Kremser equation, with 

estimated stripping factors. The 8 weighting factors are updated 

based on the results of the costing by DETAIL: 

actual cost of unit 
N, 'k 
~J 

(3) 

where the actual cost of the unit includes the cost of recovering 

the mass separating agent by a later unit, the cost of changing 

feed-stream state of aggreggation, and/or the cost of pumping to 

higher pre'ssure for successor units, if any. This" actual cost" 

may not be that at all if DETAIL finds that the use of that unit 

caused a constraint violation, in which case 8 is given high value 

to discourage further use of that separator for those keys. 

Initially the values of all 8, 'k are set at the arbitrarily low 
~J 

value of 1 (one dollar). This encourages testing of various types 

of units. 

singly. 

8, 'k values are often updated by groups instead of 
~J 

For a given separator, k, if one 8, 'k has been calculated 
~J 

by the above procedure, then all of the other 8, 'k for that value 
~J 

of k, regardless of keys, are updated to a high fraction of this 

value if 8 values for that k has never been updated before. This 
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helps the synthesizer to reject whole catagories of unlikely 

separators. 

For every stream containing more than one product, a separator 

must be employed. On some heuristic basis two decisions must be 

made: (1) Which are the key products? (2) Which separator is to 

be used? Both of these decisions are made by routine PICK. The 

entire program is designed so that the majority of the heuristics to 

be tested ·can be concentrated in th~s-subroutine. One can, for 

instance, split off the most volatile product" make about a 50/50 

split on the products, choose least tight splits, or whatever 

(King, 1971, Chap. 13). Thus. far in the research the choice has , . 

been based largely on usi~g the cheapest of all possible candidate 

separations for next possible unit in process. However, some types 

of separators are temporarily eliminated from contention on the 

basis that the separation factor between the key components is not 

large enough, relative to distillation, to make their consideration 

worthwhile (Souders, 1964). 

OLEFIN-PARAFFIN SEPARATION AN EXAMPLE 

Consider the following example of a feed stream containing 

six components, from which it desired to make four relatively pure 

products. The feed rate is set at 1000 Ib moles/hour. 
FEED 

COMPOUND SPLIT FRACTION DESIRED PRODUCTS MOLE FRACTION 

1 2 3 4 

ETHANE 0.990 1 0 0 0 0.20 

PROPANE 0.990 0 1 0 0 0.20 

BUTANE 0.990 0 0 1 0 0.15 

PENTANE 0.990 0 0 1 0 0.15 

PROPENE 0.990 0 0 0 1 0.15 

I-BUTENE 0.990 0 0 0 1 0.15 

" 

:,~ 
\; 

-; 
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The split fraction of each potential mass separating agents is 

set at 0.995. Input information also includes molecular weight, 

normal boiling point, critical temperature and critical pressure. 

From these properties, regular-solution theory and Reidel-factor 

vapor pressure estimates are used by SEPFAC to generate distribution 

coefficients and separation factors, as called for by DETAIL and 

the various higher routines in the logic. 

The following separators are to be considered for this process: 

NUMBER SEPARATOR 

1 Distillation 

2 Extractive Distillation with Phenol 

3 Extractive Distillation with Tetrahydrofuran 

4 Extractive Distillation with Hexene 

5 Solvent Extraction with Benzene 

6 Solvent Extraction with Heptane 

7 Solvent Extraction with Isopropanol 

8 Stripping with Nitrogen 

9 Absorption with Eicosane 

10 Absorption with Hexamethy1benzene 

Some of these agents cannot form feasible separations with the 

various feed components; e.g. the phases will not be immiscible in 

Separator No.4. They are included to test the capability of the 

program to handle them and to offer some flexibility for the 

recovery of mass separating agents. 

"....., PROD is called to create a feasible product set, and finds 

that the desired products can be produced. 



18 

PRODUCT SET NO. 1 

Index = Components 

1 = 3, 4 
2 5, 6 
3 = 1 
4 = 2 
5 = 7 
6 = 8 
7 = 9 
8 = 10 
9 = 11 

10 = 12 
11 = 13 
12 = 14 
13 = 15 

The component numbering is given by the following. table: 

" I 
I 

COMPOUND NUMBER 

ETHANE 1 

ProPANE 2 

BUTANE 3 

PENTANE 4 

PROPENE 5 

I-BUTENE 6 

PHENOL 7 

TETRAHYDROFURAN 8' 

HEXENE 9 

BENZENE 10 

HEPTANE 11 

ISOPROPANOL 12 

NITROGEN 13 

EICOSANE 14 

HEXAMETHYLBENZENE 15 

An example of the Product Separability Matrix (for Distillation, 

Separator No.1) is 
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After SYNT synthesized eleven processes that were rejected during 

detailed simulation due to constraint violations of miscibility and 

flow rate ratios, an acceptable process was found (Figure 3). 

Futhermore, SYNT found no way of improving on this feasible process 

with the given product set. Focussing its attention on separators 

requiring mass separating agents in this process, SYNT decided to 

have PROD split the 5-6 product •. This mu1ticomponent product 

necessitated the use of a mass separating agent. The following new 

product set was created: 
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PRODUCT SET NO. 2 

Index = Components 

1 = 3, 4 
2 = 6 

1 

3 = 5 
4 = 1 
5 = 2 
6 = 7 
7 = 8 
8 = 9 
9 = 10 

10 = 11 
11 = 12 
12 = 13 
13 = 14 
14 = 15 

The implementation of this product set by SYNT resulted in ten 

rejected processes (again because of constraint violation) 

followed by two feasible processes (see Figures 4 and 5), before 

SYNTfound that it could do no better. The final process 

generated from Product Set No. 2 is cheaper than the process from 

Product Set No.1, even though there are more products. This is 

an instance of a violation of the initial heuristic that the 

minimum number of products is best. 

DISCUSSION 

Incorporating heuristics into the progranrrning was done where 

no algorithmic procedure could be ascertained, and where it could 

save considerable computation time without bypassing the goal of 

ability to synthesize good separation schemes. All of the major 

heuristics have been relatively successful, but some cases where 

a heuristic fails to succeed have been encountered. 

Consider first the heuristic in PROD which favors the creation 

of product sets which make the fewest number of separations on the 

- " 
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original feed to the process. This criterion ignores the need 

for subsequent separation of the mass separation agents. Therefore, 

the process that is finally synthesized may well have more 

separators than separations on the original feed. However, if in 

the product set creation separators were penalized by one full 

separation unit for the recovery of the mass separating agents, one 

would then be led to sequences which avoid mass separating agents 

altogether. Futhermore, as PROD is presently constructed there is 

no way of distinguishing when a separation using a mass separating 

agent would bel required. In two ways, these types of separators 

are penalized. The first is through the normal change in the S 

weighting factor associated with that separ~tion. Although the 

product set is fixed, S reflects the cost of the separation and 

the cost of recovering the mass separating agent. Here the 

separator gets just comparison with other units-based on actual 

cost of its implementation. This method of cost evaluation has 

often (in the examples run) rejected such types of separators in 

favor of distillation, except where a particular separation cannot 

be done by distillation. Often separators using mass separating 

agents are rejected because they violate a constraint (usually 

extreme flow ratios). The second method of mass separating agent 

J penalization is- a post-synthesis assessment by SYNT. Once SYNT 

can find no better process by updating B values, mass-separating 

agent separators in the process are checked to determine if their 

use was required because distillation could not perform the task. 

If this is affirmative, PROD is called to split the multicomponent 

product involved, so that distillation can be considered for the 



22 

separation. In the example cited above, the implementation of this 

heuristic procedure resulted in a lower cost proces,s; however, one 

/ mass separating agent units was left in the process. The olefin 

product splitting did not change the type of ,separator, but allowed 

a different product separation sequence upstream in the process 

with a lower cost -- an unexpected result. 

Process improvement through the updating of weighting factors, 

although usually successful, has failed on occasion by cycling 

between two processes, each using the same separators and key 

\ products but in different sequential ordering. The S values reflect 

the type of separator and the keys used but not the position in the 

process. The presence of nonkey components in the units can rad~ 
" 

ical1y affect the cost (consider a light component necessitating 
, I 

refrigerated reflux). This situation has been partially corrected 

by normalizing the cost for updating with respect to the feed flow 

rate. A good solution here is yet to be found. 

The heuristic of beginning at the feed to the process and 

inserting the cheapest available separator ("cheapest first") has 

been very successful. Its implementation uses very little 90m-

putation time and it accomplishes what many other more specific 

sequencing heuristics seek to do (King, 1971, Chap. 13). Leaving 

the most difficult separations, both in terms of separation factor 

, I 

and in terms of split fraction, until all nonkeys have been removed ,~ 

is a natural consequence of "cheapest first." Having subsequent 

units at lower pressure is also a result of this heuristic if the 

upstream unit is charged for the cost of raising the pressure of 

its effluents to meet the requirements of successor units. 
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No heuristic used yet has favored a 50/50 split of flows through 

the separators, although it is known there should be some incentive 

for this (Harbart, 1957; King, 1971). 

A chief thrust of this work has been the reduction of problem 

size, or search space, by the identification of infeasible solutions 

as early in the computation as possible. PROD does a very good job 

here. It provides a product set that is guaranteed to be feasibly 

produced, and it allows consideration of only the feasible sepa

rators throughout the synthesis procedure through the alteration 

of the Product Separability Matrix. Current work is seeking 

earlier identification of infeasible conditions arising in the 

detailed simulation of the units, so that such units are not chosen 

in the first place. 
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This report was prepared as an accoun t of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 
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