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ABSTRACT 

OrganolDhos-phorus Acids for Hydrometallurgical Extraction 

S. P. CHAHAL 

The syntheses and characterisation of di(cyclohexylmethyl), 
di(2-cyclohexylethyl), di(2-methylcyclohexyl) and di(4-methylcyclohexyl) 
phosphoric acids; cyclohexylmethyl phosphonic acid monocyclohexyl- 
methyl ester, di(cyclohexylmethyl), di(4-methylcyclohexyl), di(4-, ert-. 
butylcyclohexyl, dj. (3-methylcyclohexyl), di(3,5-dimethylcyclohexy-17- 
and di(2-methylcyclohexyl) phosphinic acids are reported. 

,,. were resolved during the Problems encountered and how the- 
preparation of the above organophosphorus acids are reported and 
discussed in detail. 

These acids are then evaluated as potential hydrometallurgical 
extractants, for the separation of cobalt from nickel in acid leach 
liquors, and compared with two commercially available extractants, 
namely di(2-ethylhexyl)phosphoric acid (D2EHPA) and di(2,4-4- 
trimethylpentyl)phosphinic acid (Cyanex 272). 

The effects of variablest such as metal feed solution concentration, 
extractant concentration, diluent, modiLier and temperature are 
examined experimentoLlly in order to determine which factors are important 
for optimisation of an extraction system. 

The extraction characteristics for each acid as a function of 
pH are presented graýhically and the pHO 5 values, distribution 
coefficients and separation factors are 6alculated. 

The dialkylphosphinic acids are found to exhibit much greater 
selectivity, for cobalt over nickel, than the dialkylphosphoric 
acids. 

It is postulated, that steric crowding of the phosphorus atom, 
by the hydrocarbon groups attached to the phosphorus, increases the 

selectivity of an extractant. This effect is particularly apparent 
in the dialkylphosphinic acids with di(2-methylcyclohexyl)phosphinic 

acid giving the best selectivity; much better than the commercially 
available Cyanex 272. 

Several of the dialkylphosphinic acids, evaluated as extzactants 
in this thesis, are protected by a British Patent Application. 
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CHAPTER 1_ 

INTRODUCTION 

This thesis describes the preparation of a series of organophosphorus 

acids and their evaluation as potential hydrometallurgical 

extractants for cobalt and nickel. In order to put the study into 

context with previous work, and to acquaint the non-specialist 

reader with essential terminology, a-general review of selected 

aspects of solvent extraction chemistry is presented. 

1.1. Solvent extraction 

Solvent extraction is the separation of one or more solutes 

from a mixture by mass transfer between immiscible phases in which 

at least one phase is an organic liquid. 

Just over a hundred years have passed since Berthelot and 
1 

Jungfleisch first enunciated a law governing the distribution of a 

metal species between two immisible phases. Since then the theory 

and technique of solvent extraction have developed as the theories and 

knowledge of solutions and metal complexes have progressed. Almost 

all of our present-day knowledge of this process has derived from 

analytical chemistry, in which discipline considerable use of the 

technique is now made. 

However it was in the 1940's that the need for the recovery 

of uranium from its ore, and the subsequent treatment of spent 

reactor fuel to separate plutonium from uranium saw the introduction 

of solvent extraction to large scale operations, and from this the 

technique has been applied to metallurgical processing, largely as a 
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result of the interest shown in hydrometallurgical routes for the 

treatment of complex ore bodies. The value of the metal recovered was 

a primary driving force in develcping the earliest solvent extraction 
23 

units, and so rare earths together with zirconium, hafnium and 
4 

vanadium were extensively studied during 1959-61. Gradually by 

1965 the less valuable, but nonetheless important, transition metals, 
5 

such as cobalt and nickel were proposed for the commercial 

processing of their ore bodies by hydrometallurgical techniques. 

The earliest extractants used for solvent extraction were 

alkylphosphoric acids and during the 19601 s alternatives were reported, 
67 

such as carboxylic acid and a sulfonium chloride However, the 

8 
greatest step forward was when General Mills Inc. reported the 

first in a series of hydroxyoxime LIX reagents which were selective for 

copper, and by 1974 the solvent extraction of copper on a large scale 

was a reality. Since then solvent extraction has developed into a 

large worldwide industry. There is a lar,,.,, e variety of proven solvent 

extraction processes available and these have developed because of the 

increased value of metals and cost of pyrometallurgical processes, and 

the decreasing quality of metal ores. 

Process of solvent extraction 

The process of solvent extraction (or hydrometallurgical, or 

liquid-liquid extraction as it is sometimes called) as applied to 

metallurgical processing is an equilibrium process which can be 

described quite simply by an equation such as: 

, 4(aq) + E( 
org) 17 

1 ME (org) 

In the extraction stage the metal (M) is transferred from an 

aqueous phase to an organic phase (E) as some complex (ME) 
, 

in which 
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case the -process requires that the equilibrium position, in equation 1y 

be shifted to the right. The stripping stage is the reverse of the 

extraction stage, that is, the metal is transferred from an organic 

phase to an aqueous phase, in which case the process requires that the 

equilibrium position, in equation 1, be shifted to the left. So 

'basically, the solvent extraction of metals is a simple operation 

requiring only a shift in equilibrium between the extracti, -n and 

stripping processes, This basic simplicity is a particular attraction 

for its use in metallurgical processes. In attempting an understanding 

of the mechanisms of metal extraction systems, however, the situation 

can become complex, depending on several factors among which the type of 

extractant and the composition of the aqueous phase are the most 

important. Thus the theory of metal extraction into and out of an 

organic medium involves essentially the chemistry of metal complexes in 

both aqueous and organic media. 

1.1.2 Terminology'of solvent extraction 

Since the majority of solvent extraction processes have 

developed over the last 30 years or so, it is a relatively new 

technology, and as such it has required the use of unique definitions 

and terms. The following are a few such terms which are commonly 

used: 

a. Aqueous feed: The aqueous solution feed to the extraction 

stage which contains the metal or metals to 

be extracted. 

b. Diluent: The organic liquid in which an extractant 

and modifier are dissolved to form a 

solvent. 

9-11 
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C. Distribution Also known as the Extraction ratio 

coefficient: (coefficient). It is the ratio of total 

concentrations of metal (in whatever form) 

after contacting an aqueous and an organic 

phase under specified conditions. 

D concentration of metal in organic phase 
concentration of metal in aqueous phase 

d. Extractant: The activý organic component of the solvent 

primarily responsible for the extraction 

of a metal. 

e. Modifier: A substance added to a solvent to increase 

the solubility of the extractant, salts of 

the extractant, or of the extracted metal 

species, during extraction or stripping. 

Also added to suppress emulsion formation. 

f. pH 0.5 : The pH value at which the Distribution 

coefficient [extraction coefficient] is 

unity. 

g. Raffinate: The aqueous phase from which the metal has 

been removed by extraction. 

h. Scrubbing: The selective removal of a metal or mpurities 

from a loaded solvent prior to stripping. 

Also removal of solvent degredation products 

and non-strippable complexes from the 

solvent usually after stripping. 

Separation The ratio of the extraction coefficients of 

factor (a): two metals measured under the same conditions. 
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Solvent: A mixture of an extractant, diluent, and in 

some cases a modifier. The organic phase 

which preferentially transfers the extractable 

metal species from an aqueous solution. 

k. Stripping: The removal of extracted metal from the 

loaded solvent. 

1 . 1.3 Flow diagram of a general solvent extraction process 

In hydrometallurgy, the aqueous phase contains the metal which 

is to be concentrated into the organic phase. The metal is then 

recovered by a process of scrubbing and stripping. A flow diagram for 

a typical system is depicted in Fig. (1) 

EXTRACTION 

Solvent 

Main 
Solute 

(aq. 

Raffinate to 

waste or 
further 

processing 

SCRUBBING 

9 

Solvent 

mpur s 

Aqueous 

Scrub raffinate 
to waste or 

combined with 
feed 

N 
Scrub 
solution 

Vý 
Strip 
solution 

Solvent feed 
Solvent < 
Regeneraticn 

Loaded 
Solvent 

Aq. Feed 

-Scrubbed 
STRIPPING Stripped 

Solvent I Solvent_ 
Solvent 
main 
solute 

1%11 

Strip 
liquor 

m 

Aqueous 

V 

Solute 
recovery 

K/-" 

Fig. (1 ) 
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The metal-bearing aqueous feed solution and solvent are fed 

into a contactor in which the two phases are mixed. In this stage 

the metal of interest is transferred from the aq--zeous to the organic 

phase. After settling, the raffinate is separated and treated for the 

recovery of other metals, recycled oi goes to waste. From t-', I-, e 

extraction stage, the loaded sclvent may go to another contactor where 

itu is scrubbed with a suitable aqueous solut -ion to remove small amounts 

of metals or impurities co-extracted, in the extraction stage. The scrub 

raffinate may then be recycled to a stage upstream from the solvent 

extraction circuit, for example, to the leaching stage, or to the 

aqueous solvent extractian feed tank. 

After scrubbing, the loaded solvent passes to a third stage in 

which the metal is stripped from the organic phase by some suitable 

aqueous solution producing a fairly concentrated solution of t', -. e metal 

salt, which then goes to further processing for metal production. 

The stripped solvent is recycled back to the extraction stage; if 

necessary it is regenerated prior to entering the extraction stage. 

Each of the three stages described, extraction, scrubbing and 

stripping, may involve several contactors in each stage. Thus the 

extraction of uranium from acid sulphate liquors using a tertiary 

amine as the extractant may require three contactors for extraction, 

one for scrubbing, and two for stripping. 

1.1.4 Theory of solvent extraction 
i; 

When a metal-containing aqueous phase is shaken with an organic 

phase into which the metal is extracted, it will be distributed 

between the two phases. The distribution may be mainly chemical or 

physical in nature, depending on the system. Physical processes are 
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those involving the extraction of simple, unchanged covalent molecules 

such as halides of arsenic (III), antimony (III), germanium (III) and 

mercury (II) into organic solvents such as carbon tetrachloride. 

Except for systems similar to these, chemical reactions, such as ion 

exchange or proton replacements, are involved in the extraction of 

metals, and occur between the metal species present in the aqueous 

phase and extractant. Also weak Van der Waals interactions involving 

the-diluents and modifiers can have subtle effects on the overall 

extraction. 

Two criteria decide whether or not a metal species will 

-'irstly , transfer from one phase into a second immiscible phase. I the 

'Thermodynamics' of the process will predict if the transfer is 

energetically possible, that is, the ultimate value of AG t, the free 

energy of transfer, for the fully specified chemical reaction will give 

this information (a feasible process is one with a large negati-ý-e 

value of AG). 

Secondly, the I Kinetics' of the process will decide if the 

observer "sees" the thermodynamically f. easible transfer take place. 

In order to write a complete chemical reaction for a transfer 

process it is necessary to know the exact form of the metal ion in the 

aqueous phase and in the organic phase, together with the knowledge of 

the extractant type. Very often the solvation sheath on the metal 

species is neglected but of course the reaction is one where such 

solvation molecules are displaced by reagent molecules. Since this 

research project deals with organ6phosphorus acids as extractants, 

let us consider the transfer of a cation by an acidic extractant; the 

complete process may be written: 

1ý e+ (H 
2 

0) 
x+ 

nHX (S) 
y Nz- MX 

n 
(H 

2 0) 
x-ny(s)ny 

+ nH 
++ ny (H 

2 0) .... 
2 

(the superscript bar denotes the organic phase) 
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Even the reaction in equation 2 makes some assumptions concerning 

the solvation of the extractable species by the organic molecule S 

(diluent or modifier). 

The reaction may be written more simply: 

x nHX MX + nH n 

and the equilibrium constant K is given by 

% n- 
Ka MXn xaH+ 

,tn a,, + xa HX 

where a= act]-'vity in aqueous phase 

a= activity in organic phase 

and AG t =-RTInK. 

.......... 

.......... 

3 

4 

Very little work has been done on the measurement of AG 
t 

since 

activity data are limited for metal extraction systems. It is more 

usual to express the extent of the reaction in terms of D, the 

distribution coefficient. Equation 3 provides a good example of 

how an extraction system is very much pH dependant. 

In concentration terms therefore: 

[MXn] 
. 

[H+ ]n 

[HX]n 

and [MXn] 
D= 

I Ie+ ] 

.......... 

.......... 

5 

6 

assuming that kn+ is the only species of metal in the aqueous phase 

and MX 
n 

the only species of metal present in the organic phase. 

Then 
KD. 

1H +]n 

D= 

[HX]n 

K. [ID 

111+3 
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log D= log K+n log [HXI 
-n log [H+] 

logD= logK+n log [HX]+ n pH .......... 

Thus under identical experimental conditions, that is, constant 

extractant concentration, a plot of log D versus pH gives a family of 

parallel lines for a large number of equally charged cations 

(slope = n). 

Now if we have the situation where, (for an A/0 ratio of 1 

that is, the volume of the aqueous phase is equal to the volume of the 

organic phase), 50 percent of the metal is extracted into the organic 

phase, then by definition of the distribution coefficient: 

D=1 and logD=O 

Thus 0= log K+n log [HX] +n pH 

rearranging and dividing by n we get:. 

pH =-1 log K- log [HX] 
n .......... 8 

The p-H given by equation 8 is that at which 50 percent of 

the metal is extracted and is known as pH,.,, pH or pH the latter 50 0.5 

will be used in this project. 

The percentage metal extracted (E) can be defined as 

E 
Metal in the organic phase x 100 
Total metal in the system 

[MXn] x 100 
.......... 9 

I Pý'+ I MXn I 

We can also show that: 

E 
D 

100 -E 

.......... 
1 
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since , 

100 -E 100 
ýf 

1-I 
[kn+] + [MX 

n] 
) 

which can be expressed as: 

100 -E 

Thus: 

100 

I i'+ I (myn I 

[MXn]. 100 [Del+] + [MXn] [MXn] 
x=D.......... 

[IP+] [mx 
n] 

100. [Pý'+] I in+ 1 

therefore log D= log E- log (100 
- E) ......... 12 

substituting for log D in equation 7 we get: 

log E- log (100 
-E) = log K+n log [HX] +n pH .......... 13 

Equation 13 represents a family of sigmoid curves obtained by 

plotting E versus pH (Fig. 2), and the position of each curve on the 

pH axis will depend only on the equilibrium constant (K) and the 

concentration of the extractant (HX). 

100- 
I 

Ext 

50ý 

-; ý + 
Cu 

2+ 3+ 2+ 
Fe' Al Mg 

/1/ 

-I 

246 

[MXn ] 

8 

/ 
/ 

Versatic 10 in 
12 

Kerosene 

Fig. 2 
pH 
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Deviations from the theoretical slope n in such plots will 

indicate that the extraction is not as simple as described, for 

example, by equation 3, but may involve metal complexation in the 

aqueous phase, adduct formation, or polymerisation in the organic 

phase. 

Elimination of the term for the cDncentration of extractant 

in eauation 8 can be brought about by malang [HX] sufficier-1-1v large, 

and the metal ion concentration sufficiently small, that the extraction 

of the metal will involve only a small amount of the total extractant. 

Thus [HX] can be considered as being constant and this constant can be 

combined with K to produce another constant K say, then: 

pH 
1- K o. 5 n o 14 

This approach is useful only in fundamental studies, and makes 

calculations somewhat easier since it eliminates one variable. In 

practical studies where maximum use of the extractant, that is maximum 

metal loading, is required in order to achieve maximum economy of the 

process, this approach cannot be used. 

The difference in pH 0.5 values for two metals having the same 

values of n (same oxidation states) can be used as a measure of the 

degree of separation of the metals. For example, if we require > 99 

percent extraction of metal M from , with 1 percent mutual 
A 

MB 

contamination in a single extraction using equal aqueous and organic 

volumes, we have the situation: 

10 24 
MA 

ý/ - --- 
10 

MB 10-2 

thus (pH 0.5MA - pHo 
. 5MB )- 
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For the best separation of these metals, a pH intermediate between 

the pH 0.5 values would be required (Fig. 3) 

100 

% Ext 

5N 1 

I 

24 
L 

/ / 

8 
pH Fig 3 

Best separation 

Similarly, in selective stripping operations of N say, using 

an aqueous solution of 2 pH units lower than the higher pH 0.5 would, 

theoretically at least, allow separation of a metal from an extract 

containing both metals. We can arrive at this same conclusion using 

values of D for two metals. 

Thus DA, 
which is usually known as the 'Separation factor' 

= 

B (a), becomes 

DA 10 
2 10 

4 

DB 10-2 

using the relationship in equation 11 

.......... 
15 

As far as practical solvent extraction studies are concerned, one 

, >99 percent rarely has the situation described above, that is, - 

extraction in a single stage. Thus adoption of pH 0.5 values in this 

1 

units 
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context is rare. Separation factors have seen more application in 

practice and will be used in this prciect. 

1.2 Extractants 

There is a very large number and variety of extractants used 

commercially for the extraction of metals such as copper, nickel, 

cobalt, chromium, uranium, vanadium, molybdenum, tungsten, zinc, rare 

earths, platinum group metals, tantalum/niobium., zirconium, hafnium., 
I 11 

ý13,14 gold and other metals An extractant suitable for use in 

commercial solvent extraction ojýerations should have the following 

general characteristics: 

a. be relatively inexpensive; 

b. be insoluble or have very low solubility in the 

aqueous phase; 

C. have good stability - it should be capable of withstanding 

many months of recycling in a solvent extractor circuit 

without degrading; 

not form stable emulsions with an aqueous phase when mixed, 

for example, in a mixer settler, that is, exhibit good 

phase disengagement; 

e. have good coalescing properties when used with a diluent 

(and modifier if necessary); 

f. have high metal loading capacity; 

g. be easily stripped of the loaded metal; 

h. be non-flammable, non-volatile and non-toxic; 

i. be highly soluble in aliphatic and aromatic diluents; 

j. have good kinetics of extraction. 



14 

Most of these conditions are met by the extractants 

commercially used in solvent extraction today. Except for the case of 

alcohols and methyl isobutyl ketone (MIBK), extractants are rarely used 

in the concentrated or undiluted form (some are solids), normally they 

are diluted with an organic liquid (diluent) such as kerosene or 

toluene. 

1 . 2.1 Classification of extractants 

Several classification schemes have been used in the 

literature 
15 - 17 

. 
Such schemes are generally based either on the 

type of extractant or the chemical reactions involved in the extraction 

process. Generally we can group extractants into three classes, 

namely: 

a. those which involve ion association; 

b. those which involve solvation of the metal ion; 

C. those which involve compound formation. 

Let us consider some of the extractants that are available com.. -ercially. 

1.2.2 Extractants involving ion association 

In commercial solvent extraction processing, basic extractants 

are limited to amines and quaternary ammonium halides. Processes 

have been developed which employ primary - 
(RNH 

2) 
18 - 20 

secondary- 

(R 
2 NH) 

21 
tertiary amines (R 

3 N) 
21-26 

and quaternary ammonium 

salts (R N )+ 27 
Theusefulness of amines as extractants is usually 

4 

considered to depend essentially on the ability of metal ions to form 
V 

anionic species in the aqueous phase, which are extracted by amines 

in an anion-exchange process. In order to achieve this exchange, the 

amine is first converted to the appropriate amine salt to provide an 
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anion to exchange with the metal species: 

R3N + HX R3NH. X 

that is, the amine extracts an acid (HX) to form an amine salt or 

polar ion-pair, R3N+H. X-, in the organic phase. On contacting this 

solvent with an aqueous solution containing an ionic metal species, 

MY exchange occurs 

R3 N+H. X- + MY v- R3N+H. MY- + X- 

Thus the amine salt should be considered as being the extracting 

agent and not the free amine. 

The following are some examples of commercially available 

anion-exchange extractants: 

a) Primary amine. (Trade names in brackets) 

1,1,3,3,5,5,7,7,9,9-decamethyldecyl amine (Primene JMT) 

CH CH 
1313 

un u-, - (CH -C-) -NH for Th, UY rare earths. 
31 2142 
CH 3 uh 3 

b ) Secondary amines. 

i N-dodecyl-l l 3,3,5,5-hexamethylhexylamine (Amberlite LA-2) 

Rl - NH 
12 
R 

CH 3 
(CH 

CH 3 
CH 

3 
for Hg. Fe, Zn, 

CH 
I 

(CH 
I 

Cup Cd, Pb, Ag(Cl), 
3-C- 2-C)2 - 

CH 
3 

Ull 
3 M09 W, Re, V, Crq U 

di-tridenylamine (Adogen 283) 

R 
1= R2= CH 3 CH -(CH 2)10- 1 

CH 

for U 
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C) Tertiary amines 

i tri-octylamine (Alamine 336; TOA) 

R2= H3 (CH 
2)7 - for U, Co, W, V. 

ii tri-isooctylamine (Adogen 381) 

CH 
2313 RR=R= CH 3 CH-(CH 

25- 
for Vý Co. 

d) Quaternary ammonium salts. 

tri-octylmethylammonium chloride (Aliquat 336) 

RR 2= 
R3= CH 

3 
(CH 

2)7 
for Mop W9 V9 U. 

1.2.3 Extractants involving solvation 

This class of solvent extraction system is based on the 

solvation of neutral inorganic molecules or complexes by electron- 

donor containing extractants. By means of this solvation, the 

solubility of inorganic species in the organic phase is increased. 

There are two main groups of extractants in this area; organic 

reagents containing oxygen bonded to carbon, such as ethers, esters, 

alcohols and ketones., and those containing oxygen or sulphur bonded to 

phosphorus, as in alkylphosphates or alkylthiophosphates. 

1.2-3.1 Extractants containing carbon-oxygen bonds_ 

Of main concern in this group are the alcohols and ketones, 

which are used in the extraction of acids and metals in commercial 

operations. 

Alcohols are used mainly for the extraction of phosphoric 

acid from solutions resulting from the dissolution of phosphate rock. 
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For example, a process developed by Israel Mining Industries 
28929 

used hydrochloric acid dissolution of the phosphate rock, and the 

phosphoric acid so produced is extracted by a mixture of C 4- C5 

alcohols. 

Only one ketone, namely methyl isobutyl ketone (MIBK), appears 

to have been used commercially for the extraction of metals: 

CH -CH -CH -C -CH 312 11.3 
CH 30 

for Au, Li and Ta/Nb. 

Hf/Zr separations. 

1 . 2.3.2 Extractants containing oxygen or sulphur bonded to 
30 

phosphor 

Extractants in this group could be considered as the 

derivatives of phosphoric acid. Commercial examples include: 

a) Phosphoric ester 

Tri-n-butylphosphate (TBP) 14 

[CH 
3 

(CH 
2)2 CHO ]3 P= 0 fOr V, Zr/Hf, Fe, rare earths. 

Phosphonic ester 

di-butyl butylphosphonate (DBBP) 

CH 3 
(CH 

2)2 CH 2 

CH 3 
(CH 

22 
CH 20 

CH 
3 

(CH 
22 

CH 20 

for Th, Mo. 

C) Phosphine oxide 

tri-octylphosphine oxide (TOPO 31 

[CH 
3 

(CH 
2)6 

CH 2]3 -p0 for U form various leach liquors 
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d) Phosphine sulphide 

Tri-isobutylphosphine sulphide (Cyanex 471) 

CH 
13 

[CH 
3-uki-uh2]3- P == S for Ag/Cu, Pd/Pt separation from 

so 4' NO 3 or C1 leach liquors 

The best known and most used of the organophosphate esters is 

undoubtedly tri-n-butylphosphate (TBP). It has been extensively used 
32,35 

in the nuclear industry. 

1 . 2.4 Extractants involving compound formation 

This class of extractants can be further divided into two sub- 

classes, namely chelating extractants and acidic extractants. The 

former are those that chelate with metals and the latter are those 

having reactive groups such as -COOH, , P(O)OH, -SO 3 H. Although 

these two types of extractants are similar in many ways it is found that 

the acidic extractants are more affected by the solvent phase 

properties and the extraction mechanisms are more difficult to 

describe than those of chelating extractants. 

1.2.4.1 Chelating extractants 

Chelating extractants are those which contain donor groups 

capable of forming bidentate complexes with metal ions. During the 

last decade the commercial availability of copper selective 

chelating reagents, as extractants in the solvent extraction processing 

of copper containing leach liquors, has provided a par'licular stimulus 

to the use of solvent extraction as a hydrometallurgical process. 

Several plants are in operation using chelating extractants. 
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Commercially available chelating extractants are, at the present time, 

limited to possibly two or three main ty-, ýes : (i) a series of a-hydroxy- 

oxime reagents, (ii) substituted 8-hydroxyquinolines, (iii) Pýdiketones. 

Most of these extractants were developed for the specific 

extraction of copper from acidic leach liquors, as well as from 

alkaline solutions. 

The first commercially available chelating extractant (LIX 63) 

designed specifically for the selective extraction of copper from dilute 

copper dump leach liquors by solvent extraction became available 

about 1963. 

5,8-diethyl-7-hydroxy-6-dodecanone oxime (LIX 63). 
1 4,36,37 

CH 3 
(CH 

2)3 CH(C 2H5 
)C(=NOH)CH(OH)CH(C 

2H5 
)(CH 

2)'3 CH 3 

LIX 63 was followed by a series of aryl a-hydroxy-oximes 

a) a-hydroxy-oximes: 

(i) 2-hydroxy-5-dodecylbenzophenone oxime (LIX 64) 
38 

C, -H-- -1 4, - / ý) 

f or Cu, Ni 

c 
11 

NOH 

14 
2-hydroxy-5-nonylbenzophenone oxime (LIX 65N 

9H 19 

f or Cu, Ni 
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(iii) 

(iv) 

(v) 

2-hydroxY-3-chloro-5-nonylbenzophenone oxime (LIX 70) 

14,39,40,41 4: - 

LIX 64N = LIX 65N + LIX 63N 

LIX 71 = LIX 70 + LIX 65N 

OH 

C 

NOH 

(vi) LIX 864 = LIX 64N + LIX 860 

LIX 865 = LIX 65N + LIX 860 

(Vii) 2-hydroxy-5-nonylacetophenone oxime (SME 529) 

14,37 

cu 

f or Cu 

F- f or Cu 
lq--; 

f or Cu 

OH 

C -CH 11 
NOH 

b) Substituted 8-hydroxyquinolines: 

(i) 7-(4-ethyl-l-methyloctyl)-8-hydroxyquinoline 
(Kelex 100) 

14,42,43 

CH (CH 
2)2- 

CH (CH 
2)3 

CH 3 for Cu, Zn 
II 
Uh 

3u2H3 

eý 8-(p-alkYlPhenyl sulphonamid iquinoline 
(LIX 34) 

44,45 

ýýN 
-ýý ýý) 

for Cu, Zn 

NHS02 

4-1 

LIX 73 = LIX 70 + LIX 65N + LIX 63 

5-dodecylsalicylaldoxiine (LIX 860) 

o__- 

, /" _elý 
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C) P-diketones : 

(i) 

for Cu from a=oniacal 

leach liquors. 

( ii ) 

2- C- 

d) Dioximes : 

for Cu, Zn, Ni, Co. 

33%, p-dodecylphenyl-n-hexylgloxime in 50ý, 6 TBP + diluent, 
(SME 573) 

c 12 H 25 C-C- (CH 
2)5 CH 3 ýi I,, 

NOH NOH 
for Ni, Fe, Co. 

1.2.4.2 Acidic extractants 

Acidic extractants extract metals by a cation exchange 

mechanism in which acidic hydrogens of the extractant are exchanged 

for metal ions. Basically the process is as previously shown in 

equation 3 

Ie+ nHR ý- 
\ MR + nH 

Extractants of the acidic type which have been found to be useful as 

metal extractants in commercial operations are organic derivatives of 

monocarboxylic acids and phosphorus acids. 
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1.2.4.2.1 Carboxylic acids 
46 

This group includes the synthetically produced Versatic acils 

and Naphthenic acids obtained from the distillation of crude petroleum. 

Of the various versatic acids available, versatic 9 and versatic 911 

have been most investigated. 

i. Versatic 9. Mixture of 

CH CH 
1313 

H-C-C- (311--u-COull 
ý5 1 ;�1 

CH 3 Uli 3 
I 

5 6% 

Versatic 911 
47-49 

R 
21 R -C -COOH I 

Uki 3 

1 2 c 4- c5 for Cu, Ni, Co, Fe, 

Zn, Mn. 

49-r-. o 12 
Versatic 10 c 

Naphthenic acid is the name given to a group of cyclic 

aliphatic monocarboxylic acids having the general structure: 

R 
*, ý ",,,, 

R 

CH CH 

CH CH 
R 

CH 

Z '-'k CH 2n COOH 
I 

R 

for Fe, Cu, Zn, Ni, 

CH CH 
1313 

H3 C-CH- C -COOH i 

CH 
3 

CH 3 

2719 

Co, Mn, Mg. 
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1.2-4.2.2 Organophosphorus acids 

This grý--up includes esters of orthophosphoric, phosphonic 

and phosphinic acids , and si- ilar compounds containing polyfunctional 

groups. For example, table I shows the types of orL, ý, ýanophosphorus 

extractants. 
TABLE I 

ACID STRUCTURE 

Monoalkyl phosphoric RO, ,ý 
acid 

\-l' 
p 

HO 
\\ 

OH 

Dialkylphosphoric RO 0 

acid 

RO OH 

Monoalkyl phosphonic R,, 
"" ZZ 

0 

acid 

HO OH 

Alkyl alkylphosphonic R zz 0 

acid 
RO OH 

Dialkylphosphinic R "ý 
-Zý 

0 
I 

acid 

Dialkyl pyrophosphoric 

acid 

RZ OH 

OR OR 
II 

0- P-U-. e 0 
II 
uh Uh 

EXAMPLE 

mono(2-ethylhexyl) 

phosphoric acid. 

ROPO(OH)2 

S di(2-ethylhexyl) 

phosphoric acid. 
(D2EIlPA) (RO) 

2 P(O)OH. 

2-ethylhexyl phosphonic 

acid mono-2-ethylhexyl 

ester. RO(R)P(O)OH. 

di(2-ethylhexyl)phosphinic 

acid 

R2 P(O)OH 

Nonylpyrophosphoric 

acid. (R =C 9H 19). 
[ROPO(OH)] 

20 

Of these , 
the alkylphosphoric acids have proved to be the most 

versatile, especially di(2-ethylhexyl)phosphoric acid (D2EHPA). Use 

of this reagent dates from 1949, and it has been used commercially 
51-69 

for the extraction of many metals . These include transition 
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metals, rare earths, lanthanides, actinides, etc. Some particular 

advantages of the use of D2EHPA in solvent extraction processing ar-zm 

.II- -- -.. 
70,71 

1-GS cnemicai stablilty, generaiiy good kinetics of' extraction v 

good loading and stripping characteristics, low solubility in the 

aqueous phase, versatility in the extraction of many metals, and its 

availability in commercial quantities. Other organophosphoric acids 

include: - 

Mono-2-ethylhexylphosphoric acid (M2EHPA) 

HO 0 for CO/Ni separation, 

CH 3 
(CH 

2)3 
CHCH 

20 
OH 

Zn, Be, Cu, In, Ga, V, 

I 
c2H5 rare earths. 

ii di-(p-octylphenyl)phosphoric acid (OPPA) 

CH 3 
(CH 

2)6 CHý 00 

\\ Zý 
/p\ OH 

4 

iii di-n-butylphosphoric acid (HDBP) 

iv di-n-octylphosphonic acid (HDOP) 

-if di-n-amylphosphoric acid (HDAP) 

vi di-n-hexylphosphorl c acid (HDHP) 

for U from H3 PO 4 

72,73 

72,73 

72,73 

72 

Recently there has been increased interest in the potential 

applications of phosphonic and phosphinic acids. 
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For example - phosphonic acids. 

1 

ii 

2-ethylhexyl phosphonic acid mono-2-ethylhexyl ester 

(S'ME 418, RD 577, PC-88A) 
66967,73-75 

CH 
!25 

CH 
3 

(CH 
2)3 

CHCH 
200 

CH CH ) CHCH OH 32 31 2 
C2H5 

For Co/Ni separation, rare earths, Zn, Th, U, Ag, Ge, Mo, 

Nbq Ti, Zr from sulphate, nitrate or chloride media. 

Benzylphosphonic acid mono-2-ethylhexyl ester (EHBPA) 

CH 
3 

CH 2 
1 

76 

CH 3 CH 2 CH 2 CH 2 CHCH 20\0 
for Co/Ni separation. 

H2 OH 

I 

- phosphinic acids. 

di(2-ethylhexyl)phosphinic acid (Cyanex CNX, P-229) 

CH CH 
123 

CH 3 CH 2 CH 2 CH 2 uhuh 

p 

CH CH CH CH CHCH 
322 21 2 

Uli 2 Uli 

Uli 

67 

for CO/Ni separation. 

Cyanamid Canada Inc. have relatively recently developed 

an organophosphinic acid which gives excellent cobalt/nickel 

separation compared to D2EHPA and SME 418. It is described in an 

77 
European Patent , together with another sixty or more phosphinic 

acids, as di(2,4,4-trimethylpentyl)phosphinic acid and is better known 

as Cyanex 272, i. e. 
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CH CH 
1313 

CH 3-C -CH 2 -CH- CH 2 
ch 3\/, Z/ 

0 

p 
CH 

CH 
13 

CH-CH OH 
3-u -u"2- 2 11 

CH 3 CH 3 

It has also been used for the extraction of various other metals 
75 

� 

for example V, Fe, Zn, Al, Cu, Mn, Mg, Ca, etc. Fig. 4 shows a 
I 

series of extraction curves for Cyanex 272 from sulphate media. This 

reagent will extract from both chloride and sulphate media, but the 

coba'Lt/nickel separation factors are greater from sulphate media 
79 

It has been reported by Preston 
67 

who carried out a comparison 

of the extraction properties of phosphoric, phosphonic and phosphinic 

acids , namely D2EHPA, RD577 and Cyanex CNX respectively, where the R 

group in each is 2-ethylhexyl, that the selectivity for cobalt over 

nickel shown by these organophosphorus acids increases in the order 

phosphoric (D2EHPA) < phosphoric (RD577) < phosphinic (Cyanex CNX) 

acids under comparable conditions. He also showed that improved 

cobalt/nickel separations are_obtained at elevated temperatures for 

all three extractants. 

With this in mind, the initial objectives of the work 

described in this thesis were - 

a. To prepare a series of dialkylphosphorus acids and to 

evaluate their potential as hydrometallurgical extractants. 

b. To dete--, -mine whether the selectivity for cobalt over nickel 

increases in the order described by Preston. 
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C. To examine how small changes in the structure of the alkyl 

groups, in each family of dialkylphosphorus acids, wculd 

affect the extraction and selectivity of cobalt over 

nickel. 

d. To compare the results with those of two commercial 

extractants; namely di(2-ethylhexyl)phosphoric acid 

(D2EHPA) and di(2,4,4-trimethylpentyl)phosphinic acid 

(Cyanex 272). 

e. To use the results obtained in order to determine which 

structural features must be present in the alkyl group 

to give optimum selectivity for cobalt over nickel. 



CHAPTER 2 
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CHAPTER 2 

DISCUSSION 

2.1 Introduction 

During the course of this research, three classes of organophosphorus 

acids were considered for evaluation as possible hydrometallurgical 

extractants; namely dialkylphosphoric, dialkylphosphonic and 

dialkylphosphinic acids. 

Most methods which have been reported 
80 

for the synthesis 

of such acids, and which are briefly reviewed in the next section, 

utilize phosphorus derivatives such as PC1 3' POC1 
3ýP40 10 and P4S 10 

which can be obtained from elemental phosphorus. 

2.1.1 Dialkylphosphoric acids [(RO )2p( O)OHý : 

These can be prepared from phosphoryl chloride 
81 

or phosphorus 
82-84 

trichloride and alcohols, 

0 
+ RI OH 

cl cl 
cl 

0 

Rl O'---p-ý-'Cl 
+ HC1 

ui 85,86 
alkylpho. s phoro chl o ri date 

R" 0H 

0 
11 

H O/H+ 

, ZP 2 
R' 01 OH 

R'10 

\V 
0 
11 

p+ HC1 
R'O I cl 

R"O 87 
dialkylphosphorochloridate 

dialkylphosphoric acid 

or 



;ý 

(ii) 
Pcl 3+ 3ROH (RO) 

2 P(O)H + RC1 + 2HC1 

(RO) 
2 P(O)H + Cl 2 

(RO) 
2 P(O)Cl + HC1 

H O/H+ 0 
ýnu) 2 ýRU) 

2P 

2.1.2 Dia. lkylphosphonic acids [R(ORI)P(O)OH] : 

(i) From phosphonic acid dihalides: 

0 

RP 

OH 

0 

zP -OR' 2 RI OH 7 

HC1 

0 

RI Cl +p 

R 
ORI 

OH 

0 

p 

Uhl 

88 

2 HC1 

cl 

If the hydrogen chloride is not removed iEr, -, -, ediately the intermediate 

phcsphonic acid diester is spontaneously converted to the phosphonic 

acid monoester 

or 

0 
I! 

0 
Ii 

+ RI OH P-Cl + HC1 
R cl R I 

cl OR' 

H+ /H 
20 

0 
11 

R/ 
p 

OH 
+ HCl 

1 

OR' 
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The phosphonic acid dihalide (RPOC 12) can be prepared by the 

following routes : 

Poci 
3+ Rmgcl 

and 

Pcl 3+ AlCl 

Pcl 3 *AlCl 3+ RC1 

[Rpcl 
3 

]+[AlCl 
4 

]- +H20 

(ii) 

(iii) 

RPC1 
3* 

OH 

From orthophosphonic 

RPC1 4+ 3R1 OH 

88 

R(OR')P(O)OH + 2R'Cl + 2HC1 

From phosphonic acid anhydrides and pyrophosphonic acids 

(RPO 
2)n+ nR'OH R(ORI)P(O)OH 

92,93 

Pyrophosphonic acids react with alcohols at elevated 

temperatures to yield mixtures 
94,95 

monoester. 

00 
11 11 

R-P-O-P-R 
II 

Uh uh 

RPOC1 
2+ mgcl 

2 

1 90,91 
-), PC 13* AlCl 3 

> 

ý HA1. Cl 4+ RPC1 
3* 

OH 

RPOC1 
2+ HC1 

acid tetrahalides 

of phosph6nic acid and the corresponding 

RIOH ) RPO(OH) 2+ R(OR')P(O)OH 

However, it is difficult to separate the products. These difficulties 

can be overcome by using condensating agents such as carbodiimide, and 

96 

89 

[Rpcl 
3 

]+[AlCl 
4]- 

reacting phospho-nic acids with alcohols. 
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00 

2 R-P-OH + (C 
6H 11 N=) 2cý 

R-P-O-P-R + (C 
6H 11 NH) 2 

Co 
1i1 

Uli vi: L OH 

R' OH 

RPO(OH) + R(OR')P(O)OH 
2% 

The phosphonic acid [RPO(OH) ] returns into the reaction cycle until 2 

conversion to the monoester is complete. 

(iv) From phosphonic aci6. diesters. 
97 

alkaline 
R- P -OR' 

I 
Ult, 

hydrolysis 
R- P -OH 1 

OR' 

The phosphonic acid diester can be prepared by reacting a phosphonic 

acid dihalide with an alcohol in pyridine; 

RPOC1 2+2 
R'OH -) RPO(OR') 2+ 

2HC1 

or by the Arbuzov reaction 
98 

; from a trialkyl phosphite and an 

alkyl halide, 

(R' 0) P+ RX -ý 
I/ 

x+ 
----N 

(R' 0) p ll "' (R' 0) P-R 

0-- R' 

RPO(OR') 2+ 
RX 
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(v) From Michaelis-Arbuzov type reacticns of dialkylphosphite 

halides. 

Dialkylphosphite halides or cyanides react with alkyl halides 

under pressure and elevated temperatures 

RY + (RI 0) 
2 

PX 

2.1 

99 

[RP(OR') 
2 
X]Y- 

RPO(OR')(OH) RPO(OR')X + R'Y 

Dialkylphosphinic acids IR2P(O)OH] : 

From Arbuzov reactions of dialkylphosphonites, followed by 
100 

hydrolysis: 

RP (OR' )2+ RlIx 

RR" P (O)OH 

Pcl 3+ 
RMgC 1 

0 11 RR" P (OR' + R'X 

The dialkylphosphonite [RP(ORI) 
21 

is prepared by the reaction of a 
101 

Grignard reagent with phosphorus trichloride to give the 

phosphonous dihalide which is then reacted with an alcohol with pyridine 

as the solvent. 

x 07RI, x 

RP ý OR 1 )2 RP+ (OR' 
II 

itly KIT 

alkaline 
hydrolysis 

Rpcl 2+ 
mgc 12 

RPC1 2+2 
RI OH ---> RP(OR' )2 
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(ii) From the alkylation of sodium derivatives of monoalkyl 

phosphonites followed by alkaline hydrolysis. 

R-P 
OR' 

Na 

RR" P(O) OH < alkaline 
hydrolysis 

(iii) From the reaction of organometallic compounds with phosphoryl 
102 

chloride; 

0 
11 

cl 
p '---, Cl 

+2 RMg X 

0 
11 

:>p+2 MgXC 1 
RIc1 

R 

H+ /H 
20 

0 
11 

p 
RI OH 

It 

(iv) From the reaction of organometallic compounds with dialkyl 

phosphites 
103 - 106 

, followed by oxidation, 

0 
11 

p+3RI MgX ---4 
RO IH 

AU 

0 

R' mgx 

I e1H 
20 

0 

<-- 

102 

RIIX ý RR "P( 0) OR' + NaX 

II 
R'LH 

R' 
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This method provides one of the best general routes to many 

symmetrical dialkyl- and diaryl- phosphinic acids. 

(V) From phosphine 
79 

; 

Cyanex 272 is manufactured from phosphine in a two stage 

process. 

CH 3 CH 3 1 
High I 

PH +2 CHý-- C- Chf- Cý CH temperature C -CHý- CH -CH - PH 3112 
and pressure 3112 

Uh 3Uh3 CH 3 Uh 3 
,2 

/ CH 3 1H0 

CH3- C- CH CH- CH 2p22 
OH 

Uli 3 Uli 3 
Z 

107 
(vi) From Friedel-Crafts reactions of phosphorus trichloride 

2 Ar H+ Pcl 3+ AlCl 3 

0 
11 

Ar 2P -OEt 

I 

[Ar 
2 PC 12 AlCl 4 

cl 
2 

EtOH 

0 

Ii 

Ar 2 Pcl 

alkaline, __ý 
Ar2P -OH 

hydrolysis 
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2.2 The synthesis of a series of organophosphorus acids for 

evaluation as hydrometallurgical extractants. 

When one is considering the design of organophosphorus ligands 

for sol-vent extraction processes, it is generally acknowledged that each 

alkyl group attached to the phosphorus should contain at least six carbon 

atoms, so that an acceptable level of solubility of the metal complex 

in the diluent ressults, and also so that the extractant is insoluble 

in the aqueous phase I 

77 
Cyanamid Canada have reported the synthesis of a large number of 

organophosphinic acids and their use as extractants. Several of these 

compounds contained a cyclohexyl ring as part of the alkyl group and 

showed good extractant properties; for example (2,4,4-trimethylpentyl) 

cyclohexyl, cyclohexyl n-butyl and dicyclohexyl phosphinic acids. it 

was therefore decided to evaluate a series of organophosphorus acid 

extractants which had a cyclohexyl ring as part of the alkyl group; the 

cyclohexyl moiety being specifically chosen to introduce the possibility 

of steric interactions between the alkyl groups, the phosphorus atom 

and the metal. 

2.2.1 Dialkylphosphoric acids 

2.2.1.1 Via phosphoryl chloride 

Di(cyclohexylmethyl)phosphoric acid (3) was prepared by 

reacting cyclohexylmethanol 
(1) with phosphoryl chloride 

81 
, in an 

exact 2: 1 molar ratio respectively, followed by alkaline hydrolysis 

of di(cyclohexylmethyl)phosphorochloridate 
(2), as depicted in 

Scheme I. 

108 
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(1) 

CH 
2 OH CH0 

2HC1 

(2) 

NaOH (aq. ) 

(3) 
I' 

POC 1 

0 

+ 
iN a HXH 20 

Scheme 
/ 

The synthesis of di (. cyclohexylmethyl) phosphoric acid was not as 

straightforward as it would appear from the reaction scheme depicted 

above. Although the di(cyclohexylmethyl)phosphorochloridate is 

readily prepared 
81 

, initial attempts to convert it to di(cyclohexyl- 

methyl)phosphoric acid failed because difficulties were encountered 

when attempts were made to form the sodium salt. Simply contacting 

di(cyclohexylmethyl)phosphorochloridate (2) with water and sodium 

hydroxide was not sufficient for hydrolysis or sodium salt formation. 

The direct acid hydrolysis of these phosphoch-'oro intermediates 

was investigated as a possible alternative (see section 2.2.2. ), but 

because tne dialkylphosphorochloridates contained neutral impurities, 

unreacted alcohols for example, it was not possible tc obtain pure 

CH 2 0- 

C 

+ 
a 



dialkylphosphoric acids. Therefore, it was necessary to convert the 

dialkylphosphorochloridates to dialkyl sodium phosphates so t. --at 

neutral products could be removed by washing before hydrolysis of the 

sodium salts to give pure dialkylphosphoric acids. 

87 
It has been reported that dialkylphosphorochloridat--s can be 

hydrolysed by water at 60 0 C. and that they will slowly hydrolyse if 

left open to the atmosphere. Notwithstanding, it was found that the 

phosphorochloridates prepared during the course of this work required 

stronger bases and special conditions to effect formation of the sodium 

salt. For example, di(cyclohexylmethyl)phosphorochloridate (2) 

required vigorous stirring with 1M sodium hydroxide at 60 0C before a 

homogeneous phase formed, which indicated conversion to the sodium salt. 

It was also found that formation of the sodium salt was most facile 

when the phosphorochloridate and the sodium hydroxide were added 
108 

alternatively in sinall aliquots 

The apparently slow hydrolysis reaction is thouEht to be due to 

a combination of factors; the hydrophobic nature of the phosphoro- 

chloridate due to the large alkyl groups attached to the phosphorus atom 

and the presence of neutral organics, such as alcohols, which become 

entrained with the phosphorochloridate and prevent formation of the 

sodium salt by retaining the compound to be hydrolysed, or even the 

hydrolysis product, in the organic phase. Addition of the phosphoro- 

chloridates in small aliquots appears to minimise these factors, 

provided the sodium hydroxide is always present in excess. 
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2.2.1.2 Via phosphorus trichloride 

Di(2-cyclohexylethyl)phosphoric acid (7), di(2-methylcyclo- 

hexyl) phosphoric acid (11 ) and di(4-methylcyclohexyl) phosphoric acJLd 

(15) were prepared, Scheme II, by the reaction of cyclohexylethanol (4), 

2-methylcyclohexanol (8) and 4-methylcyclohexanol (12), respectively, 

.. with phosphorus trichloride 
108y83,84 

using a3: 1 molar ratio, 
109 

followed by chlorination of di(cyclohexylethyl)phosphite (5), di(2-methyl- 

cyclohexyl)phosphite (9) and di(4-methylcyclohexyl)phosphite (13) to 

di(2-cyclohexylethyl)phosphorochloridate (6), di(2-methylcyclohexyl)- 

phosphorochloridate (10) and di(4-methylcyclohexyl)phosphorochloridate 

(14) respectively. These were converted to the sodium salts of the 

phosphoric acids by treatment with ethanolic sodium hydroxide solution 
108 

. 

Subsequent reaction with aqueous acid yielded the free phosphoric 3cids. 

3 

(4), (8), (12) 

H +/H 

A-OH 

+ Pcl 
/ 

(5), (9), (13) 

- Na +/ NaO 
I 
H(aq. ) 

\ EtOH 

cl 

(6), (io), (14) 

X-0- ý 

RU + HU 

(v), (ii), (15) 
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(2-cyclohexylethyl 
; 

(2-methylcyclohexyl; 

(4-methylcyclohexyl; 

X= CH 2 CH 
2' Y= Hý Z= H) 

X= Nilý Y= CH 
3' 

Z= H) 

X= Nilq Y =Hý Z= CH 
3) 

Scheme II 

The dialkylphosphites were readily prepared by reacting the 

corresponding alcohols with phosphorus trichloride 
108,83984 

. 
Chlorination, to produce the dialkylphosphorochloridates, was achieved 

by bubbling chlorine gas through a solution of the dialkylphosphite. 

However, as with di(cyclohexylmethyl)phosphorochloridate the hydrolysis 

reaction to prepare the dialkylphosphoric acids, via the sodium salt, 

proved difficult. 

Di(2-cyclohexylethyl) and di(2-methylcyclohexyl)phosphoro- 

chlorinate required vigorous stirring with ethanolic sodium hydroxide 

at 60OC; 1M sodium hydroxide in 10% or 20% aqueous ethanol. 

Di(4-methylcyclohexyl)phosphorochloridate required vigorous stirring with 

ethanolic sodium hydroxide (i M) at reflux temperature to effect 

hydrolysis and formation of the sodium salt. 

In conjunction with these three dialkylphosphorochloridates 

large amounts of haloalkane by-products, from the phosphorus trichloride/ 

alcohol reactiong were formed and these had to be removed by vacuum 

distillation before hydrolysis was attempted. However, vacuum 

distillation only seemed to remove about 50% of the haloalkane by- 

products, as they became entrained in the dialkylphosphorochloridates. 

Hence the use of ethanol with sodium hydroxide. Only a heterogeneous, 

s emi- transparent system was achieved during the hydrolysis of these 

phosphorochloridates, which, when the stirrer was switched off formed 

two clear phases. Only a small percentage of the sodium salt formed 
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was found to be present in the aqueous phase, the majority was in the 

organic phase which still contained the entrained neutral organics. 

The presence of neutral entrained organics was not the only 

reason the sodium salts were prevented from going into the a-, 
-, 
je-ous p'---ase. 

The large alkyl groups, on the dialkyl sodium phosphates, were reluctant 

to produce marked homogeneity with the aqueous phase, although some 

sodium salts of these organophosphorus acids were present in the aqueous 

phase. This anomalous property could be seen by the fact that three 

phases formed, when the sodium salts were washed with dichloromethane. 

An upper aqueous phase, containing some of the sodium salt, a middle 

phase containing the majority of the sodium salt and a lower solvent 

phase containing the neutral organics. The reaso, f, --r the middle layer 

formation, in some cases, is probably due to the fact that, because 

of the large alkyl groups in these sodium salts, the molecule exhibits 

both hydrophobic and hydrophilic properties. The acidic part of the 

molecule present in the aqueous phase and the two alkyl groups present 

in the organic phase. This immiscibility is an ideal property for an 

extractant. 

2.2.1 .3 Problems encountered during the syntheses which are 

attributable to the size, and the steric interactions, 

of the alkyl groups. 

The preparat-Lon of di (cyclohexylmethyl) phosphoric acid was 

accomplished without difficulty by reaction of cyclohexylmethanol with 

phosphoryl chloride followed by hydrolysis (Scheme I). However, 

attempts to prepare di(2-methylcyclohexyl)- and di(4-methylcyclohexyl)- 

phosphoric acid, (11) and (15) respectively, using the same Jýrocedure 

proved futile. (see Section 2.2.1.1. ). The major product on each 
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occasion was the respective monoalkyl diacid (11 a and 1 5a) 
. 

/ /O 
t_--- / 

TT 
-r- xi 

Uh I 
uh 

1; X CH 3'Y= H) (11 a; X= CH 3' Y= H) 

5; X Hý Y= CH 3) 
(15a; X= Hy Y= CH 3 

The reason for this could be directly linked to the size and/or the 

steric interactions of the alkyl groups. 

It was found that the major product of the reaction of 2- and 
4-methylcyclohexanol with phosphoryl chloride was the monoalkyl- 

phosphorodichloridate; 

2 

OH 

+ Pocl 

( 8; X= CH 
3' Y= H) 

(12; X=H, Y= CH 
3) 

0 
11 

O-P--cl 
1 

ul + ROH 

phosphorodichloridate 

and not the dialkylphosphorochloridate as expected. Infra red spectra 

of the intermediates showed a broad peak between 1320-1300 cm -1 

typical of the P=0 stretch in monoalkylphosphorodichloridates which 

contrasts with a sharp absorption at 1290-1300 cm- 
1 typical of dialkyl- 

110 
phosphorochloridates Although the experimental data shows that 

the principal product on each occasion was the dialkylphosphate, the 

yields were very low. The majotity of the monoalkylphosphoro- 
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dichloridate is lost during the hydrolysis procedure and hence the 

final product mixture is not a true representation of initial reaction 

of the alcohol with phosphoryl chloride, that is, if the monoalkyl- 

phosphorodichloridate was not lost then the final product wculd contain 

the monoalkylphosphoric acid as the major product. 

Even increasing thereaction. temperature from 00C to 50 0C or 80 0C 

did not lead to a significant increase in the displacement of the 

second chlorine. Since the cyclohexyl ring in the 2- and 4-methyl- 

cyclohexylphosphorochloridate will be much closer to the P atom than it 

is in cyclohexylmethylphosphorochloridate, which does yield the mono- 

chloridate anologue, it is suggested that approach to the tetra- 

substituted phosphorus by the alkylcyclohexanol is sterically inhibited. 

It was found that both di(2-methylcyclohexyl) and di(4-methyl- 

cyclohexyl)phosphoric acids could be obtained when the respective 

alcohols were reacted with phosphorus trichloride. 

Scheme II. 

It is likely that the Cl-P-Cl bond angles in alkylphosphorodi- 

chloridates and alkoxyphosphorus dichiorides are very simliar 

Although this may suggest that reaction with the above compounds and 

a second alcohol would take place with equal reactivity, it is in fact 

not the case. The observed pattern of reactivity is consistent with a 

SN2 type displacement of the chlorine by the alcohol, which in the 

alkylphosphorodichloridate case the P=O, with its localised electrons, 

will inhibit attack by the oxygen of the second alcohol, whereas in the 

alkoxyphosphorus dichloride there is no such inhibition. 
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0R I 
u 

pH 

cl 
I 

O-R 
cl 

Attack by second alcohol inhibited. 

cl 

The phosphorus trichloride permits displacement of all three 

chlorine atoms 

ROH +p 
ci 1 ci 

ci 

HC1 

R 

P 
I 

O-R 
cl 

No inhibition. 

p 

RO 
I 

OR 
OR 

Provided the hydrogen chloride is not removed, (D 

undergoes an Arbuzov 

RO OR + HC1 I 

OR 

the trialkylphosphite 

type reaction to form the dialkylphosphite. 

OR OR 

RO -P RO - P+ 
I 

cl I 

OR 0R 'ý Cl- 
0 
11 

p 

HC1 + RO 
IH 

OR 

It was also found that this method of presentation of dialkyl- 

phosphoric acids gave better yields than the phosphoryl chloride route, 

therefore di(cyclohexylethyl)phosphoric acid was prepared via the 

phosphorus trichloride route. (Scheme II, page 38 ). 
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2.2.2 Cyclohexylmethylphosphonic acid monocyclohexylmethyl ester 

Cyclohexylmethylphosphonic acid monocyclohexylmethyl 

ester (20) was prepared (Scheme III) by the reacticn of cyclohexyl- 

methylphosphorodichloridate (16) with cyclohexylmethylmagnesium 

bromide Oe). The former was prepared by reacting cyclohexyl- 

methanol (1 ) with phosphoryl chloride in a1: 1 molar ratio 
103,104 - 106 

and (18) was prepared from cyclohexylmethyl bromide (17). 

Reaction of (16) with (18) produced cyclohexylmethyl hydrogen 

monocyclohexylmethylphosphorochloridate (19), which was hydrolysed 

to the acid (20) using dilute hydrochloric acid. The hydrolysis 

product was purified by forming the sodium salt (21), from which the 

neutral organics were removed by washing followed by hydrolysis 

with dilute hydrochloric acid. 

(1) 

CH 2 
OH 

+ Poci 

0 
11 

CH 2 
O-P- cl 

HC1 

CH 2 MgBr 

Mg 

(17) (18) 
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(16) + (ia) / ------- 

CH 20 

p+ MgBrCl 

/\ CH 2 cl 

HC1( 
aq. ) 

v 

CH 
20 

p 

OH 

(20) Impure 

(21) 

CH 20 

CH ./ 

lp \0- 

Na 2 

(26; ' pure 

Scheme III 
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Monocyclohexylmethylphosphorodichloridate was prepared 

readily by the reacticn of phosphoryl chloride with cyclohexylme'(Ihanol 

The reaction of cyclohexylmethyl bromide with magnesium did not go 

ei 

to completion even after several hours refluxing. The reaction of the 

phosphorodichloridate with the Grignard reagent was only mildly 

exothermic and gave a very low yield of the cyclohexylmethylphosphonic 

4 acid monocyclohexylmethyl ester after hydrolysis. The difficulties 

encountered presumably again reflect steric crowding in the transition 

state in the reaction of the phosphorodichloridate with the Grignard 

reagent as discussed in section 2.2.1. 

Since dilute hydrochloric acid was used to hydrolyse the 

Grignard salt, the resultant phosphorochloridate was immediately 

hydrolysed to tliie phosphonic acid. The latter however was contaminated 

with neutral organics such as unreacted alcohols, haloalkanes and alkane 

by-products, which were formed as a result of poor reaction between the 

Grignard, reagent and the phosphorodichloridate. The crude acid was 

converted to the sodium salt with sodium hydroxidelwhich was washed with 

dichloromethane, to remove the neutral impurities. Subsequent acid 

hydrolysis gave the pure cyclohexylmethylphosphonic acid monocyclo- 

hexylmethyl ester. 

2.2.3 Dialkyl-phosphinic acids 
112 

Di(cyclohexylmethyl)phosphinic acid (24) was prepared by 

making the Gri,, o,, -nard reagent of cyclohexylmethyl bromide (18), which was 

reacted with diethyl phosphite (22) 
103,104-106 

to give di(cyclohexyl- 

methyl)phosphine oxide (23), wlj-ich was then oxidised to the acid (24) 

using bromine water; Scheme IV. 
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(17) 

CH 
2 

Br + Mg 
CH 2 MgBr 

(EtO) 
2 P(O)H 

(22) 

(24) 

Scheme IV 

(23) 

CH 
//P 

P 

1-Bromo-4-methylcyclohexane (25), 1-bromo-4-tert-butylcyclo- 

hexane (32), 1-bromo-3-methylcyclohexane (39) and 1-bromo-3,5- 

dimethylcyclohexane (46) were prepared by treatment of 4-methylcyclo- 

hexanol (12), 4-tert-butylcyclohexanol (31), 3-methylcyclohexanol (38) 

and 3,5-dimethylcyclohexanol, respectively, with hydrobromic acid 
109 

Di(4-methylcyclohexyl)phosphinic acid (30), di(4-tert-butylcyclohexyl)- 

phosphinic acid (37), di(3-methylcyclohexyl)phosphinic acid (44) and 

di(3,5-dimethylcyclohexyl)phosphinic acid (51 ) were prepared by 

reacting 4-methylcyclohexyl- (26), 4-tert-butylcyclohexyl- (33), 

3-methylcyclohexyl- (40) and 3,5-dimethylcyclohexyl- magnesiLun bromide 

(47) respectively with diethyl phosphite (22) to give the corresponding 

phosphine oxides, (27), (34), (41), (48). The phosphine oxides were 
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chlorinated to give di(4-methylcyclohexyl)phosphonyl chloride (28), 

di(4-tert-butylcyclohexyl)phosphonyl chloride (35), di(3-methyl- 

cyclohexyl)phosphonyl chloride (42) and di(3,5-dimethylcyclohexyl)- 

phosphonyl chloride (49), respectively, which were then treated with 

sodium hydroxide solution to give the sodium salts, (29), (36), (43), (50). 

The sodium salts after washing to remove neutral products, were 

finally hydrolysed to the acids using dilute hydrochloric acid. 

Scheme V. 

y OH 

x -, 
z:: ý 

(12) (31 ) (38) (45) 

HBr 

(25), (32), (39), (46) 

Mg 

(Et0)P(0)H 

\H 22 

2 

(27), (34), (41), (48), (52) 

cl 
2 

MgBr 

(26), (33), (40), (47) 

0 Na 

(28), (35), (42), (49), (53) (29), (36), (43), (50), (54) 
I 

V 

\ 
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H20 // 
OH 

(30), (37), (44), (51), (55) 

(4-methylcyclohexyl; CH 3ý Y -- H7 Z= H) 

4-tert-butylcyclohexyl; X= (CH 
3)3 Cy Y= Hq Z= H) 

(3-methylcyclohexyl; X= Hy Y= CH 
3' Z= H) 

(3,5-dimethylcyclohexyl; X= Hý Y= CH 3' Z= CH 3) 

Scheme V 

Di(cyclohexyl)phosphinic acid (55) was prepared using the procedure 

shown in Scheme V, except that the starting material was chlorocyclo- 

hexane. Di(cyclohexyl)phosphine oxide (52) was chlorinated to 

di(cyclohexyl)phosphonyl chloride (53) which was hydTolysed to the acid 

(55) via the sodium phosphinate (54); Scheme V. 

(Cyclohexyl; X= Hq- Y= Hq Z= H) 

Di(2-methylphenyl)phosphinic acid (61) and di(3,5-diiso- 

propylphenyl)phosphinic acid (67) were prepared using a procedure 

analogous to that shown in Scheme V, except that the starting materials 

were aromatic compounds, namely, 0-bromocresol (56) and 1-bromo-3,5- 

diisopropylbenzene (62) respectively. The Grignard reagents, 2-methyl- 

magnesium bromide (57) and 3,5-diisopropylphenylmagnesium bromide (63) 

were reacted with diethyl phosphite (22) to give the corresponding 

phosphine oxides; di(2-methylphenyl)phosphine oxide (58) and 
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di(3,5-diisopropylphenyl)phosphine oxide (64). After chlorination, 

di(2-methylphenyl)phosphonyl chloride (59) and di(3,5-diisopropyl- 

phenyl)phosphonyl chloride (65) were treated with sodium hydroxide 

solution to give the sodium phosphinates (60) and (66) which were, 

finally, hydrolysed to their respective acids (61 ) and ý, 67) ; Scheme VI. 

(56), (62) 

Mg 

(EtO) 
2 

P(O)H 

(59), (65) 

ci 

cl 

NaOH (aq. ) 

(60), (66) (61), (67) 

H 

(2-methylphenyl; X= CH 3' 
Y= Hy Z= H) 

(3,5-diisopropylphenyl; X=H, Y= (CH 
3)2 

CHI, Z= (CH 
3)2 

CH) 

Scheme VI 
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Various problems were encountered in the preparaticn of the 

Grignard reagents, reactions between the Grignard reagents with diethyl 

phosphite , and, as with the phosphorochloridates , the conversion of the 

phosphonyl chlorides to the corresponding acids. The difficulties 

encountered are discussed in the following sections. 

2.2-3.1 Grignard Reagents 

The Grignard reagents were prepared using the classical method. 

that is, by reacting magnesium turnings in dry ether with a haloalkane. 

Normally bromoalkanes were ccnverted to the Grignard reagents, 

since they react more readily with magnesium than chloroalkanes. 

It was also found to be siml)ler to prepare bromoalkanes, than chloro- 

alkanes, from alcohols. 

ROH + HBr 
H2 so 4 RBr +H20 

109 

Without exception it was found that complete conversion of the 

magnesium to the organometallic compound -was not achieved. The amount 

of unreacted magnesium increased as the size of the alkyl groups 

increased from C7-C 12' 
The relative yield of cyclohexyl- 

magnesium bromide was very good but that of 4-tert-butylcyclohexyl- 

magnesium bromide was poor and that of 3,5-diisopropylphenylmagnesium 

bromide was very poor. 

It also became more difficult to initiate the reaction as the 

size of the alkyl groups increased. With the cyclohexylmethyl system 

only a crystal of iodine was required to initiate the reaction, 

whereas the other syste-ls all required some heat input or refluxing. 

1-Bromo-3,5-dissopropylbenzene required the addition of iodomethane to 

initiate the reaction with magnesium. 
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1-B-romo-3,5-diisopropylbenzene, which was prepared from 
-m- 

diisopropylbenzene via a four step reaction procedure [Section 2.2-3.4. 

would not undergo a Grignard reaction. The redistilled product when 

examined by 1Hn. m. r. , mass spectroscopy and gas chromatography 

appeared to be pure. However, when the product was examined by thin- 

layer chromatography, it was found to contain several ninor impurities. 

These impurities were isolated by thick-layer chromato,. ra-- ,, 
hy and 

analysed by 1H n. m. r. and mass spectroscopy. It was discovered that the 

distilled 1-bromo-3,5-diisopropylbenzene contained traces of amines and 

also some 1-bromo-2,4-diisopropylbenzene. Large scale purification of 

1-bromo-3,5-diisopropylbenzene was achieved by passing 200 g of the 

compound down a1 kg silica gel column; eluting with petroleum ether 

(400 
- 600). Ho:,,, ever, it still proved difficult to prepare the Grignard 

reagent which was only obtained in very low yield. 

Thus although large alkyl groups on the extractant molecule aid 

solvency of the extracted complex in the diluent, it is not a good idea 

to prepare extractants which contain alkyl groups greater than C 10 since 

the low yields of the Grignard reagents consequently mean low yields of 

the organophosphorus acids. 

103-106 
2.2-3.2 Reacticns of Grignard reagents with diethyl Dhos-phite 

In addition to the problems encountered with the preparation 

of the desired Grignard reagents, which in turn limited the yields of 

phosphinic acids obtained, it was also found that the reaction of the 

Grignard reagents with diethyl phosphite also proved difficult. It is 

suggested that the difficulties are due to steric crowding of the 

transition state, due to the size of the magnesium complex. These 

difficulties were found to be the main limiting factors which influenced 

the yields of the phosphinic acids. 
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The reaction involves three moles of the Grignard reagent and 
one mole of diethyl phosphite. The reaction scheme is as follows : 

EtO 
\ // 

0 

p+ Rmgx 
EtO H 

EtO 10 

p\ 

EtO ý MgX 

14ý- R -MgX 

-EtO 

w 
EtQ) 0 

-P-Mgx 

R-MgX 

EtO 0 

p\+ RH 

EtO m9x 

ý o- Et Dý\ 

P -mgx 
Et0 R 

Eto /ýo 

Rp 
ý\MgX 

-EtO 

Rp0 

R mgx 

H +/H20 
p lIzz 

*lý 
H 

The reaction of 2-methylcyclohexylmagnesium bromide with 

diethyl phosphite proved unsuccessful due to steric crowding in the 

transition states; the cause being the methyl group at the 2- position 

on the cyclohexyl ring. However, reaction of the almost planar 

2-methyl., aagnesium bromide with diethyl phosphite was successful. 

As the alkyl groups on the Grignard reagent increased in size, 

the reactivity with diethyl phosphite decreased. For example, 
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3,5-diisopropylcyclohexylmagnesium bromide did not react and 3,5- 

diisopropylphenylmagnesium bromide gave a very poor reaction, which 

when combined with the low yield of the Grignard reagent gave an 

overall yield of di(3,5-diisopropylphenyl)phosphinic acid of 3.2/-, '. 

It was also observed that as the alkyl groups became larger, a 

precipitate formed during the reaction of the Grignard reagent with 

diethyl phosphite. The organometallic complex which was forming was 

slightly insoluble in ether and precipitated. Tetrahydrofuran was 

investigated as an alternative solvent in some cases, but only 

resulted in a very slight increase in the yields. 

2.2-3.3 The conversion of dialkylphosphine oxides and dialkyl- 

phosphonyl chlorides to their respective acids 

The reaction between the Grignard reagent and diethyl 

phosphite yielded the dialkylphosphine oxide and the corresponding 

alkane. For example, 4-methylcyclohexylmagnesium bromide and diethyl 

phosphite gives di(4--ýmethylcyclohexyl)phosphine oxide and 4-methyl- 

cyclohexane. In all but two cases the react*on product at this stage 

was a liquid containing the dialkylphosphine oxide. It was not 

possible to isolate the phosphine oxide; even vacuum distillation 

would not remove more than 50% of the alkane by-product because of its 

entrainment in the phosphine oxide. Attempts to oxidise the diallcyl- 

phosphine oxides with bromine water or hydrogen peroxide to their 

respective acids. at this stage normally proved futile because the 

presence of alkane impurities suppressed the oxidation. 

Exceptionally, it was found that di(cyclohexylmethyl)- 

phosphine oxide, which was obtained as an oily cream coloured solid from 

the reaction of cyclohexylmethylmagnesium bromide and diethyl phosphite, 



55 

105 
could after recrystallisation from n-hexane be treated in acetone 

with bromine water to give di(cyclohexylmethyl)phosphinic acid as a 

white solid. The oxidation directly to the acid was successful 

because the di(cyclohexylmethyl)phosphine oxide could be obtained in a 

pure form. 

Di(4-tert-butylcyclohexyl)phosphine oxide was obtained as a 

white precipitate in an oily liquid. This was filtered and recrystallised 

from n-hexane to give white needles. The purified phosphine oxide 

could also be oxidised directly to the acid using bromine water or 

hydrogen peroxide. 

However, because only a small percentage of di(4-tert-butylcyclo- 

hexyl) phosphine oxide was obtained as a precipitate, the remainder was 

still dissolved in the oily liquid, it was decided to convert it to 

di(4-tert-butylcyclohexyl)phosphonyl chloride and hydrolyse the latter to 

the corresponding phosphinic acid, this method gave better yields of the 

acid. 

Apart from di(cyclohexylmethyl)phosphine oxide, all the dialkyl- 

phosphine oxides were chlorinated to give dialkylphosphonyl chlorides. 

-, --0 
R P- 2 ý-,, 

cl 
2 (g) 

2/s R P- 
-cl 

The latter were then hydrolysed to the acids via the formation 

of the sodium salt. As with the dialkylphosphorochloridates, formation 

of the sodium salt was difficult. The same conditions and procedures, 

which were used for the dialkylphosphorochloridates, were used to effect 

hydr6lysis of the dialkylphosphonyl chlorides, that is, ethanolic 

sodium hydroxide at 60 0 C. 
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2.2.3.4 Preparation of some starting materials 

The starting materials, 3,5-diisopropylphenol or 1-bromo- 

3,5-diisopropylbenzene (62), for the preparation of di(3,5-diiso- 

propylphenyl)phosphinic acid (67) were not commercially available. 

1-Bromo-3,5-diisopropylbenzene (62) was thus 

synthesized 
113-117 from m-diisopropylbenzene (68), R= CH(CH 3)29 

using the sequence of reactions depicted in Scheme VII. 

NO 
2 

96% HNO 3' 
CH 3 COOH 

(CH 
3 Co) 20 

+ 

Rýý 

+ 

NO 2 

R'**'ýý, ýR 

(68) (69) 

Pt. H2 /50-60 Atm. 

25 0c 

NH 2 

(71) 

IDeamination ')I 

Br 

(62) 

+ 

(70) 

Scheme VII 
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The nitration step was easily achieved 
113 

to give a mixture of 

2- and 4-nitro-1 3-diisopropylbenzenes in 8C%, yield. As can be seen 

from Scheme VII it was not necessary to separate the isomers. 

Three methods were Livestigated for the reduction of 2- and 

4-nitro-2,3-diisopropylbenzenes (69) to 2- and 4-amino-1 3-diisopropyl- 

benzenes (70). The first method used granulated tin and concentrated 

hydrcchloric acid to reduce the nitro compounds but this proved to be a 

very messy procedure and gave only a, 42% yield. It was very difficult 

to break the solid tin complex formed to release the free amine. 

The next method investigated was catalytic hydrogenation over 

platinum (v) oxide (Adams catalyst) at 1 atmosphere pressure. This 

method proved to be very successful and produced a pure amine in 

98 - 100% yield. The only drawback with this procedure was that it took 

5 days to reduce 39 of starting material. It was observed that the 

nitroso stage was obtained relatively quickly; 

(10( 

-ý- TT 
- 2I 

H 

RR 

I 
-H 20 

Nitroso 

The next stage, that is, conversion of the nitroso compound 

to the hydroxylamine was slower than the first stage, 

OH 
I 
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H2 

Hydroxylamine 

but it was the conversion of the hydroxylamine to the amine that took 

the largest time. 

H2 

H20 

In order to reduce the time necessary for complete reduction it 

was decided to investigate the conversion utilizing a high pressure 

autoclave. This method proved very successful and complete reduction was 

achieved in 2-3h (conditions for the reduction step are reported in 

Section 2.2-3.5). This method was adopted for the large scale reduction 

of the nitro compounds. 

2.2-3.5 High pressure catalytic hydrogenation reactions 

2- and 4-nitro-1,3-diisopropylbenzenes (69) were reduced to their 

corresponding anilines by high pressure hydrogenation. Raney nickel 

catalyst 
114 

can be used for this process but it requires pressures up to 

130 Atm. Platinium (iv) oxide which is an excellent catalyst for the 

reduction of functional groups, was used successfully in initial 

experiments to reduce nitrobenzene in ethanol to aniline at room 

temperature. Therefore, the nitro compounds (69)were dissolved in 
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ethanol and reduced at room temperature using 35-60 Atm initial 

hydrogen pressure. The yields obtained were very '-,, igh, ,, 91ý1., and it 

was shown by gas chromatography and 
'H 

n. m. r. that complete conversioi, 

was achieved. 

High pressure hydrogenation of aryl systems to give cycloalkyl 
118 

systems was also investigated. It has been reported that alkyl 

substituted phenols can be reduced to alkylcyclohexanols, in glacial 

acetic acid, using platinum catalyst at low pressures. An attempt was 

made to reduce 3,5-diisopropylphenol to 3,5-diisopropylcyclohexa: nol, a 

starting material for the attempted preparation of di(3,5-diisopropyl- 

cyclohexyl)phosphinic acid, using platinum oxide but no reduction was 

observed. 

5% rhodium on carbon has also been used as a catalyst for 
119 

hydrogenation in 80%, ethanol of alkyl substituted phenols at low 

temperatures and pressures. However, it was found that 3,5-diisopropyl- 

phenol was not reduced using rhodium on carbon as the catalyst, even 

though the pressures were increased up to 50 Atm. 

A further attempt was made to reduce the phenol to the cyclo- 
116 

hexanol but using 5% ruthenium or carbon as the catalyst The solvent 

chosen was 80% aqueous ethanol, as ruthenium is best used in neutral 

aqueous solutions. Higher temperatures, --125 
0 C, and pressures, 100 Atm, 

are required with this catalyst but it was found that complete reduction 

of the aromatic ring of 3,5-diisopropylphenol to give 3,5-diisopropyl- 

cyclohexanol was achieved. 

It has been reported earlier in this thesis that attempts to 

prepare di(2-methylcyclohexyl)phosphinic acid from diethyl phosphite 

and the Grignard reagent of 1-bromo-ý-methylcyclohexane proved futile 

due to steric hindrance at the diethyl phosphite stage*. However, it 
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was found that di(2-methylphenyl)phoslDhinic acid, which on reduction 

could yield di(2-methylcyclohexyl)phosphinic acid, could be 

prepared. 
112 

Kirsanov et al has reported the catalytic hydrogenation of 

di(phenylmethyl)phosphinic acid in 96ý-, ' ethanol to di(cyclohexylmethyl)- 

phosphinic acid over platinum at 100 0C 
and 100 - 120 Atm initial 

hydrogen pressure. An attempt was made to hydrogenate diphenyl- 

phosphinic acid using this procedure but no reduction was observed. 

The use of 5% rhodium on carbon was also investigated but again no 

reduction was observed. 

Since ruthenium worked very well with the phenol, it was 

decided to try it for diphenylphosphinic acid. The first attempt 

using 5% ruthenium on carbon, in 80% ethanol at 1250C and 150 Atms. 

initial pressure., was unsuccessful. Since it has been reported that 

120 
ruthenium works best in neutral aqueous solutions, it was inferred 

that the acidic phosphinic may have deactivated the catalyst. The pH 

of the ethanol solution, containing diphenylphosphinic acid, was 

adjusted to 7.00 using dilute sodium hydroxide solution before 

hydrogenation was attempted. The reduction was successful and 

di(cyclohexyl)phosphinic acid was obtained. 

The diphenylphosphinic acid dissolved more readily in ethanol 

when sodium hydroxide solution was used to adjust the pH to neut-ral. 

In effect, the diaryl sodium phosphinate is ý--eing formed and this does 

not deactivate ruthenium. 

Subsequently di(2-methylphenyl)phosphinic acid was successfully 

hydrogenated to di(2-methylcyclohexyl)phosphinic acid, over 57ý' 

0 

ruthenium on carbon at 125 C and 150- Atm., and using 80% aqueous 
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ethanol, adjusted to pH 7.0 with dilute sodium hydroxide solution, as 
the solvent. 

(". TT 

0 
80% EtOH, 
150 Atm. H2 

(61 ) 

2 

OH 1250C9 
Ru on carbon 

Scheme VIII 

(73) 

OH 

Itwas also found that the phosphinic acids to be hydro- 

genated had to be pure compounds containing no impurities which may 

poison or inhibit the catalyst. 

116 
It has been reported by Augustine that the quantity of 

catalyst required depends on the amount of compound to be hydro- 

genated, the greater the quantity of material, the lower the relative 

amount of catalyst required and vice versa. Thus f or about 10 g of 

comPound 91 .5g -15o% ruthenium was used and f or 50 g- 100 g of compound 

0.5g catalyst was used. For all the hydrogenations a Baskerville 

and Lindsay 1 litre high pressure autoclave was used. 

2.3 Met-hods used for the structural determination and purity 

evaluation of the organophosphorus acids 

The methods which proved to be most useful for structural 

determination were mass spectrometry, infra-red and NMR spectroscopy. 

The purity of the acids was determined by potentiometric titrations. 
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2 Mass spectrometry -3 -1 
Although many organophosphorus compounds are reported in the 

literature, there is little information about dialkylphosphorus acids of 

the general type prepared during this research project. Consequentially 

there is a scarcity of information relating to the mass spectrometry of 

such compounds. 

Xost of the information to be found in the literature relates to 

the mass-spectrometry or gas-chromatography/mass spectrometry of organo- 
121-126 

phosphorus pesticides 

During the course of this research, mass spectrometry was found to 

be less useful than the other spectroscopic techniques. Table 2 summarizes 

the mass spectrometry results obtained for the organophosphorus acids. 

Several of the organophosphorus acids, in addition to showing a 

peak which corresponded to the expected molecular ion, showed a (M + 

peak. Since there is no characteristic fragmentation pattern it is 

possible that the (M +1) peak is an artifact of the mass spectrometry 

fragmentation process. 

Two possible explanations can be put forward which could give 

rise to a (M + 1) peak. Protonation of the organophosphorus acid may have 

taken place, firstly, before ionisation or, secondly, after ionisation. 

In most cases when an (M +1) peak was obtained a correct M'+ molecular 

ion peak was a-so found to be present. 

With all the organophosphorus acids the fragmentation patterns 

suggested the loss of the first and then the second alkyl group and in 

some cases parts of the alkyl groups were lost; for example, the methyl 

groups or the tert-butyl groups. The base peaks invariably ccrresponded 

to one of these fragments. 



63 

TABLE 2 

Organophosphorus acid 

ýi(cyclohexylmethyl)phosphate 

I 

Di(2-cyclohexylethyl)phosphate 

Pi(4-inethylcyclohexyl)phosphate 
ýi(2-methylcyclohexyl)phosphate 

in/ x; Z 

290 

318 

290 

290 

Significant molecular 
ion peaks 

291 (M+lt 6.5, -! ); 195 
(M-95,12.1%) 

Base 
peak 

qq(-, ýT-l 91 ) 

Cyclohexylmethyl phosphonic ýcid 
cyclohexylmethyl ester 

ýi(cyclohexylmethyl)phosphinic 

acid 

ýi(cyclohexyl)phosphinic acid 

i(4-methylcyclohexyl)phosphinic 

cid 

i(4-tert-butylcyclohexyl)- 

phosphinic acid 

ýi(3-methylcyclohexyl)phosphinic 

lacid 

i(3,5-dimethylcyclohexyl)- 

hosphinic acid 

ýi(2-methylcyclohexyl)phosphinic 

acid 

195 (M-95,0.7%) 81 (M-209) 

195 (M-95,1 
. 2; -,, ') 1 99(M-1 91 ) 

2 74 275 (M + 1,0 . 3%) ; 179 80(M-1 94) 
(M-95,74.1%) 

258 1 258 (M, 2. ý-,, ); 176 (M-82, ! 94(M-169)1 

162 (M-96,3.7%) 

230 230 (M, 10 . 8, lfl, 
); 148 (M-82,1 83(M-1 47) 

80 . 8%) 

258 259 (M+l. 6. &/, ). - 258 97(M-l 61)1 

(M, 23.4-; ý'); 1 63(M-95,45.9j/, ), 
1 

342 342 (M, 7.7%); 327 (M-15, ý-285(M-57) 

. 
26.7%) 

1 

: 58 

286 

258 

I i 
258 M17.6%); 163 (M-95,! 162(M-96) 

I 
47.3% - 
287 (M+ 1.5.8%); 286 

(M, 16.1%); 271 (M-15, 

10.5%) 

259 (M+1? 2.4%); 258 

(M, 7.1%); 243 (M-15, 

47.6%) 

176 (M-1 00) 

55(M-203Y 

i 
I 



64 

2,3.2 Infra-red s-pectroscop 

This i). roved to be a very good analytical tool, esýecially with 

the dialkylphosphoric acids. Table 3 lists s=e of the infra-red 
127-128 

absorption frequencies of typical phosphorus bonds 

TABLE 

Assignments Frequencies in cm -1 

P OH 2750 2550 broad and shallow 

PH 2450 2240 medium 

P0 1320 1200 strong 

P Ph 1450 1425 strong 

PP 510 390 weak 

P CL 590 420 strong 

P0-P 1060 - 850 strong 

pS 750 - 550 strong 

p0-c 1060 - 950 strong 

Inf ra-red spectroscopy was particularly useful for monitoring the 

conversion of the dialkylphosphorochloridates to the phosphate analogues. 

The P=0 bond in the f ormer was quite distinct at 1300 cm -1 
, whilst 

in the latter it occurred at 1200 - 1230 cm -1 
. 

Also in all three types 

of organophosphorus acid the P-0-H absorption frequencies could be seen, 

-1-1 
as broad and shallow peaks, at 2340 - 2330 cm and at 1650 cm 

The infra-red spectrum of di(4-methylcycloliexyl)phosphoric acid, 

which is given in Figure 5,, is t-, pical of what one observes for organo- 

phosphorus acids in general. 
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2,3-3 Nuclear magnetic rdsonance spectroscopy 

This was found to be the most useful analytical technique. 

All the organophosphorus compounds prepared were examined by 1H91 3C 
and 

31 
P n. m. r. spectroscopy. 

1Hn. 
m. r. spectroscopy showed tl-, e presence in th_: ý acids of the 

hydroxyl protons (10.0 
- 11 . 0) which were exchangeable with D20. 

1Hn. 
m. r. was particularly informative for the dialkylphosphine oxides as 

it clearly showed the P-H coupling. For example, in di(cyclohexyl- 

methyl)phosphine oxide two singlets at 9.6 and 4.6 are obseTved, 

approximately corresponding to half a proton each; J P-H ý 440 Hz; 

typical of P -H coupling. Similarly for di(4-tert-butylcyclohexyl)- 

phosphine oxide, JPH"::: 435 Hz. This coupling could also be seen in a 

proton coupled 
31 

P n. m. r. spectrum. The cyclohexyl ring systems all 

occurred as complicated broad multiplets in the range 1.0 - 2.0 

31 
P n. m. r. spectroscopy (proton decoupled) provided a good 

method for checking the purity of the various organophosphorus acids; a 

single peak on the sp ectrum being indicative of a pure organophosphorus 

acid. 

However, it was observed that several of the 31 P spectra 

contained more than a single peak. Two explanations are possible: - 

(i) there is a possibility of phosphorus containing impurities 

in the acids; for example, phosphine oxides. 

(ii) that more than one conformational isomer may be present. 

For example, the 
31 

P n. m. r. spectrum of di(4-methylcyclohexyl)- 

phosphinic acid shows three distinct peaks, indicating the presence of 

three compounds. Since potentiometric titrations and microanal. i-sis 

indicated the presence of a pure mono-functional acid, it was concluded 

that three conformers of the acid were present; the more stable trans 
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equatorial conformation probably accounting for the larger of the 

three peaks. 

13 
C n. m. r. spectra provided information on P -C couplings. 

The P-C couplings of the dialkylphosphinic acids were all found to be 

approximately 90 Hz, except for di(2-methylphenyl)phosphinic acid and 

cyclohexylmethylphosphonic acid mono cyc 1 ohexylme thyl ester where the P-C 

couplings were 135.4 Hz and 140.7 Hz respectively. Long range coupling 

was seen, with the dialkylphosphates especially, in di(4-methylcyclohexyl)- 

phosphoric acid. i 
poc = 6.1 Hz and J 

pocc = 4.6 Hz. H--wever, most of 

the 13 
C n. m. r. spectra were complicated apparently showing more than the 

required number of carbons. This was due to the fact that the two 

different alkyl groups were seen as non-equivalent entities and also, to 

further complicate the spectra, the groups may exist in different 

conformations. 
13C 

distortionless enhanced polarisation transfer 

decoupled, (DEPTD), experiments were carried out and these assigned the 

different types of carbons present, that is, whether it was a methine, 

methylene, methyl or quaternary carbon. 

The 
13C 

n. m. r. spectrum of di(2-methylcyclohexyl)phosphinic acid 

(Fig. 6) was found to be extremely complex containing a very large 

number of peaks. The 
31P 

n. m. r. spectrum was also very com. clicated. 

Since di(2--methylcyclohexyl)phosphinic acid was prepared by high pressure 

hydrogenation of di(2-methylphenyl)phosphinic acid and from the various 

n. m. r. spectra obtained, it was d-1-scovered that small amounts of the 

latter were still present in the hydrogenated product. It is possible 

that some hydrogenolysis may have taken place to give alternative 

phosphorus compounds, e. g. one of the alkyl groups may have been cleaved 

to give a di-acid or ethyl ester. This theory can be supported by the 

micro-analysis results. Found: C, 63.4; H, 9.9; P, 12.0. 

C 14 
H 27 

02P requires C, 65.1 ; H, 10.5; P, 12.0o%. However, mass spectrometry 
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and potentiometric titrations sho:, ed that the main product was in fact 

di(2-m-thylcyclohexyl)phosphinic acid, 

2ý, 3.4 Potentiometric titrations 

The purity of each organophosphorus acid was determined by 

potentiometric titration. The acid (100 mg) was dissolved in ethanol 

(95%, 70 ml) and titrated against sodium hydroxide solutions (0.100 M). 

A plot of pH against titre produced titration curves (Fig. 7) from which 

it was possible to calculate the purity and, assuming the compounds 

behave as weak acýlds, the pKa of the organophosphorus acid: hence its 

relative strength. 

12 

pH 

10 

8 

6 

4 

Fig - 

-4- pKa -t 
x 

Point of inflexion (x ml) 

0123 

TITHE 

4 

If more than one point of inflexion was observed it was possible to 

calculate the amount of mono-acid [(RO) 
2 POOH] and di-acid [ROPO(OH) 

21 

present in the compound using equations formulated by the Diahachi 

129 
Chemical Company Ltd. (Fig. 8). 

5 
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I 

pH I 

ab 

TITRE (ral) 

Mono-acid Mx (2a-b) xfx 100% 
A 1000 

Di-acid Mx (b-a) xfx1 OC% 
A 1000 

Fig. 

where M is the molecular weight of the respective acids, a and b are the 

titres of 0.1 M NaOH up to the first and second points of inflexion 

respectively, A is the weight of the sample in grams and F is the 

molarity of the sodium hydroxide (0.1). 



CHAPTER 
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CHAPTER 

EXPERIMENTAL 

3.1 General 

Melting points were determined on a Reichert Kofler Hot Stage 

and are uncorrected. Infra-red absorption spectra were recorded on a 

Perkin-Elmer 681 spectrophotometer equipped with a Perkin-Elmer 
1 

55000-0149 data station; mass spectra on a AE1 MS 902 spectrometer 

equipped with a MSS data system; and nuclear magnetic resonsnce spectra 

were recorded on either a JEOL JNM-MH-100, or a JEOL FX 90Q, or a JEOL 

GX270 spectrometer. Differential scanning calorimeter measurements 

were obtained on a Perkin-Elmer DSC-2 and gas-chromatography analysis 

was carried out on a Perkin-Elmer gas chromatograph. 

Cobalt and nickel analysis was obtained using a Unicam SP90A Atomic 

Absorption Spectrophotometer. A Radiometer Copenhagen PHM-83 autocal 

pH meter was used for all pH measurements and potentiometric titrations. 

Finally a Baskerville and Lindsay 1 litre high pressure stirred auto- 

clave was used for all high pressure hydrogenations. 

3.1.1 Solvents 

All solvents used for chromatographic purposes, and extraction 

work, were purified by fractional distillation. For the Grignard 

reagent reactions, diethyl ether was dried over sodium wire, and 

tetrahydrofuran was dried by refluxing over potassium for 24h and 

recovered by fractional distillation. Benzene was dried over sodium 

wire, and dithloromethane was dried by refluxing over phosphorus 

pentoxide for 24h and recovered by fractional distillation. 
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3.1.2 Chromatography 

All chromatography columns, thick layer and thin layer plates 

were made up using silica gel; Merck Kieselgel 60 PF 254 + 366' 
Art. 7748. Thick layer chromatography plates, 20 x 20 cm. were 

prepared using silica gel (16g) per plate. 

3.2 Di(cyclohexylmethvl)phosphoric acid 

Cyclohexylmethanol (50 g, 0.438 mole) in dry benzene (100 ml) 
I 

was added dropwise, over a period of 5 h, to phosphoryl chloride 

(33.6g, 0.219 mole) in dry benzene (100 ml). Nitrogen was bubbled 

continually through the solution to remove the hydrogen chloride gas 

produced. When evolution of the latter ceased, the solution was 

transferred to a rotary evaporator and the benzene removed. Treatment 

of the residue under vacuum, 1 
.0 

Torr approximately, at room temperature, 

removed unreacted cyclohexylmethanol and phosphoryl chloride. The 
116 

-resultant 
liquid, di cycl ohexylme thylphosphorochlori date (58.2 g 

86%) was then treated with excess aqueous sodium hydroxide (1 Mý 600 ml) 

at 60 0C with vigorous stirring. (The phosphorochloridate and sodium 

hydroxide solution were added alternatively in small aliquots 
117 

When a one phase system formed, the mixture was cooled and washed with 

benzene (3 x 200 ml) to give a three phase system. The benzene 

washings were discarded. The two lower phases were then acidified with 

dilute hydrochloric acid (2 M) and extracted with dichloromethane 

(4 x 200 ml). The extract was dried over magnesium sulphate, and the 

dichloromethane removed by rotary evaporation to give an oil, which 

crystallised to give di (cyclohexylmethyl) phosphoric acid as a white 

waxy solid (34.6 g, 5Vo) , m. p. 48-52OC; purity by potentiometric 

titration 100%; pKa = 4.25; mz 291 [ (M+1 )+, 6.5ý--ý) ]; 
ý, 0V max 

(CHC 13) 

2925 9 
2858ý 2331 , 

1682 (P-OH) 
ý 1449,1218 (phosphate P=O), 1028 (P 

-0--C) 
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871 cm-1; 8H (CDC1 
3) 

11.76 (1H. s, exchangeable with D2 0), 3.8 

(4H, t1.9-0.8[22H, M ma xi ma at1.80,1-7091.2291 . 14 )I; S' 

(CDC1 
3 38-30 (dq Jpocc 7.3 Hz) (methine carbons), [72.56 (d, J 

poc 
6.1 Hz), 29.22,26-38,25.62 (methylene carbons)]; 8p (CDC1 

3' 

relative to H3 PO 4+2.2 
(3.2%), + 0.9 (96.5%)q 

- 12.4 (0.3%). 

(Found: C, 57.9; H, 9.8; P, 10.7. C 
14 

H 27 
04P requires C, 57.9; 

H, 9.4; Pq 10.7%). 

3.3 Attempted preparation of di(cyclohexylmethyl)phosphoric acid 

To phosphoryl chloride (6 
. 75 g, 0.044 mole) in dry benzene 

(20 ml) was added, dropwise, cyclohexylmethanol (10g 
, 0.088 mole) in 

dry benzene (10 ml). Nitrogen was bubbled through the solution to 

remove the hydrogen chloride gas produced. The solution was poured 

into an excess of water and the organic phase was separated and treated 

with sodium hydroxide solution 0m, 100 ml ). The aqueous phase was 

separated and heated at 100 0C for 2h to remove any pyrophosphates 

present. The solution was washed with benzene (5 x 50 ml) and then 

acidified with dilute hydrochloric. The resultant mixture was 

extracted with benzene (3 x 50 ml) and the extracts washed with hydro- 

chloric acid (1M, 2x 25 ml). The benzene was removed by rotary 

evaporation to give di(cyclohexylmethyl)phosphoric acid as a pale 

yellow viscous oil (0.31 g, 2.4%). 

Infra-red analysis showed that the majority of the product 

remained in the organic phase and did not successfully form a sodium 

salt and transfer to the aqueous phase. 
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3.4 Di(2-cvclohexvlethyl)-phosphoric acid 

Phosohorus trichloride (32.8 g, 0.24 mole) in dry dic-h-loro- 

methane (50 ml) was treated with the dropwise addition of 2-cyclo- 

hexylethanol (92g, 0.72 mole) in dry dichloromethane (150 ml). The 

solution was stirred and the addition adjusted to give gentle reflux. 

Nitrogen was bubbled through the solution to remove the hydrogen 

chloride produced. When evolution of hydrogen chloride ceased, 

chlorine gas was bubbled through the solution until it became yellow 

due to excess chlorine which was removed by refluxing the sol-Ition. 

The solvent was removed by rotary evaporation to give a red liquid 

(136.5 g ); a mixture of the phosphorochloridate and 1-chloro-2-cyclo- 

hexYlethane. The latter (36.5g, 86%) was recovered by vacuum 

distillation as a red liquid, b. p. 44-460C at 1 . 75 mm. Hg (Lit. 5 
b. p., 

82-2.50C at 22 mm. Hg). 

The residue di(2-cyclohexylethyl)phosphorochloridates, 

[(80.6 g, v 
max 

(liquid film) 1300 (phosphorochloridate P=O), 1015(P-0-C) 

cm ] was treated with ethanolic sodium hydroxide (1400 ml 11MI 

10% v/v ethanol) at 600C with vigorous stirring for 2-k h. The 

resultant white mixture was added to a solution of sodium hydroxide 

(500 ml, 0-5M) and washed with dichloromethane (2 x 200 ml). The 

washings were extracted with sodium hydroxide solution (175 ml, 0.5M) 

and three phases formed. The upper two phases were recovered and 

combined with the original aqueous phase. The mixture was acidified 

using concentrated hydrochloric acid and then extracted with dichloro- 

methane (3 x 200 ml). The extract was dried over magnesium sulphate 

and the solvent removed by rotary evaporation to give an oil (69.7 g 

Any entrained solvent was removed by heating the oil to 50 0C 
under 

high vacuum to yield di(2-cyclohexylethyl)phosphoric acid as a golden 
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brown oil (60.8g, 8&/, ); purity by potentiometric titration 97, -; 

pKa = 4.15; v 
max 

(liquid film) 2900,2300t 1690ý 1455,1230 

(phosphate P= 0), 1020 cm- 
1; 8H (CDC1 

3) 
11 

.0 
(1 H, s, exchangeable 

with D2 0), 4.5 [4 H, M (maxima at 4.10,3.94) ], 1 
. 
77-0-84 [26 H, M 

(maxima at 1 
. 
76 

91 . 
66 

91 . 
63,1 

. 
55,1 

. 
49,1 

. 
21 

,1 . 
12,1 

. 
05) 1; 8P 

(CDC1 
3' relative to H3 PO 

4)+0.7 
(78.8%), + 0.6 (13-3%)t 

- 0.2 (7.95). 

3.5 Di(4-metlýylcyclohexyl)-phosphoric acid 

To 4-methylcyclohexanol (114.19 g, 1 mole) in dry dichloro- 

methane (175 ml) was added, dropwise, phosphorus trichloride (47.65 g, 

0.33 mole) in dry dichloromethane (50 ml). The solution was heated 

to gentle ref lux and nitrogen was bubbled through for 3h to remove the 

hydrogen chloride produced. The resultant solution was cooled and 

chlorine gas was bubbled through it slowly . When the solution 

turned yellow due A the presence of e. -ý: cess chlorine, the chlorination 

process was terminated and the resultant solution was gently refluxed 

overnight to remove bxcess chlorine and hydrogen chloride, which was 

produced. The dichloromethane was removed by rotary evaporation and 

the remaining liquid was distilled under vacuum to remove most of the 

1-chloro-4-methylcyclohexane by-product (b. p. 420C at 0.5 Torr). 

The residue di(4-methylcyclohexyl)phosphorochloridatey was added 

dropwise to ethanolic sodium hydroxide (1C% ethanol 
V/v, 800 ml, 1 . 5M) 

and the mixture was refluxed with vigorous stirring. When a one phase 

system formed, the mixture was cooled and poured into sodium hydroxide 

solution (500 ml, 0.5M) - This mixture was then washed with dichloro- 

methane (3 x 150 ml) to remove the neutral components. The aqueous 

phase was then acidified with conc. hydrochloric acid and extracted 

with dichloromethane (3 x 50 ml). The dichloromethane extracts were 
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dried over magnesium sulphate and concentrated on a rotary evaporator. 
Entrained dichloromethane was pumped off under high vacuum at room 
temperature to give di(4-methylcyclohexyl) -phosphoric acid, as a light 

brown waxy solid (86-03 g, 89%); purity by potentiometric titration 

91%. Recrystallisation from aqueous methanol gave white needles, 

m. p. 141-143 0 C; purity by potentiometric titration 99%; pKa =4.70; 

V 
max 

(CHC1 
3) 

2954,2869,2340ý 1673 (P-OH), 1455ý 1375,1228 (phosphate 

P= 0) , 1205,1020 (P- 0- C), 907 cm- 
1; 8 (CDC1 ) 12.0 (1 H, s, H3 

exchangeable with D2 0) , 4.18 (2 Hý M) 2.15-0.99 [18 H, X (maximum at 2.161 

2.03,1 
. 79,1 . 64,1 

. 54,1 . 40 
ý1 . 16 

91 . 03)], 0.90 (3 H, S), 0.84 OH 
9 S); 

8C (CDC1 
3) 

[77-93 (d, Jpc=6.1 Hz), 31.42 (methine carbons)], 

[33.43,33.22,33.04 (methylene carbons)], 21 . 75 (methyl carbon); p 
(CDC1 

3' relative to H3 PO 4)-0.3. 
(Found: C, 57.50; H, 9.45; P. 10.65. c 14 H 27 04P requires C, 57.9; 

9.4; Py 10.7%). 

3.6 Attempted preparation of di(4-methylcyclohexyl)phosphoric 

acid from phosphoryl chloride 

To phosphoryl chloride (6-75g 
, 0.044 mole) in dry benzene (20 ml) 

was added, dropwise, 4-methylcyclohexanol (10 g, 0.088 mole) in dry 

benzene (10 ml). The reaction mixture was kept at OOC and nitrogen 

gas was bubbled through the solution to remove the hydrogen chloride gas 

produced. When evolution of the latter ceased, the solution was 

transferred to a rotary evaporator and the benzene removed to give a 

pale yellow liquid (12.7 g) Vmax (thin-film) 3250 (OH), 2940,2870, 

17209 1455,1375,1290 (P= 0 in phosphorodichloridate), 1250,1160, 

1030ý 1000,890,840 cm- The liquid was then treated with excess 

sodium hydroxide solution 0 50 ml, 1 M) at 60 0C and the mixture was 
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vigorously stirred. The mixture was cooled and washed with 

dichloromethane (2 x 75 ml). The aqueous phase was acidified with 

concentrated hydrochloric acid and the resultant mixture was 

extracted with dichloromethane (3 x 75 ml). The extract was dried 

over magnesium sulphate, and the dichloromethane removed by rotary 

evaporation to give a clear colourless oil (0.97g ). 8H (CDC1 
3) 

10.6 (2H s, broad exchangeable with D2 0) , 4.26 (1 H, s, broad) , 2.2 - 
1.84 [12H, m (maxima at 2.19,2.04,1.80Y 1 . 

69,1.52t 1.44,1 
. 16ý 

1.02ý 0.88ý 0.84)]. Integration ratio for OH and CH of 2: 1 suggests 

the compound is mono-4-methylcyclohexylphosphoric acid. 

3.7 Di(2-methylcyclohexyl)phosphoric acid 

To 2-methylcyclohexanol (114.19g, 1 mole) in dry dichloro- 

methane (175 ml) was added, dropwise, phosphorus trichloride (47.65 g 

0.33 mole) in dry dichloromethane (60 ml). The mixture was heated 

to gentle reflux and nitrogen was passed through the solution 

continually to remove the hydrogen chloride produced. When fumes of 

the latter ceased to evolve, the solution was cooled and chlorine gas 

was bubbled through it slowly for 2-2L h, when it became yellow due to 
109 

the presence of excess chlorine The solution was then refluxed 

overnight to remove excess chlorine and hydrogen chloride. The solvent 

was removed by rotary evaporation to leave a light brown liquid, which 

was distilled under vacuum to remove 2-chloro-l-methyl-cyclohexane, 

b. p. 58 0C at 3.0 Torr (lit., 130 
b. p. 780C at 58 Torr). The residual 

liquid was added dropwise to ethanolic sodium hydroxide (800 ml, 10%. 

V/v ethanol/1 .5 M) , then the mixture was ref luxed and stirred 

vigorously until a one phase system was produced (approx. 2h When 

the cooled mixture was washed with dichloromethane (3 x 150 ml) three 



layers formed. The bottom layer was discarded, the upper aqueous 

layer was retained and the middle oily 1-ayer was poured into sodium 

hydroxide solution (200 ml ,1M) and again washed with dichloro- 

methane. Three layers formed each time aiid the upper two layers were 

combined with the original aqueous layer from the first wash. The 

combined aqueous solution was then acidified with conc. hydrochloric 

acid and extracted with dichloromethane (4 x 150 ml). The extracts 

were dried over magnesium sulphate and then the dichloromethane was 

removed on a rotary evaporator. Finally entrained solvent was pumped 

off under high vacuum, to give di(2-methylcyclohexyl)phosphoric acid as 

a brown oil (79.97 g9 83%) purity by potentiometric titration 93 - V, 

(see Note 1); pKa = 5.00; vmax. (liquid film) 2930,28509 2310Y 1650 

(P-OH) 
, 1450y 1380y 1220 (phosphate P= 0-) , 1020Y 895 cm- 

1; SH 
, 

(CDC1 
3) 

10 . 93 (1 H, s, exchangeable with D2 0), 3.86 (2H, m), 2.24-1-11 

[18H, m (maxima at 2.11,1.91,1.64,1.20)] 1.05 OH, s), 0.98 OH, s); 

8C (CDC1 
3) 

[83.56 (dd, J=6.41 Hz), 38-52 (dd, J=6.87 Hz) 

(methine carbons)], 33.38 (d, J=1.07 Hz), 33.18 (qy J=0.76 Hz), 

25.09,24-75 (methylene carbons)], 18.62 (methyl carbon); 8P (CDC1 
3' 

relative to H3 PO 4+0.32 
(50.9%, + 0.28 (49.1%). 

(Found: C, 54.5; H, 9.0; P, 9.9. c 14 H 27 04 P-H 20 requires 

C, 54.5; H, 9.5; P, 10.1%). 

Note 1: Since the microanalytical data indicates the presence of a 

molecule of water per molecule of di(2-methylcyclohexyl)phosphoric 

acid, an allowance for the water in the potentiometric titration 

calculation gives a corrected purity of 100%. 



3.8 Attempted preparation of di(2-methylcyclohexyl)phosphoric 

acid from Phosphoryl. chloride 

To phosphoryl chloride (0.75 g, 0.044 mole) in dry dichloro- 

methane (20 ml) was added, dropwise, 2-methylcyclohexanol (10 g, 0.088 

mole) in dry dichloromethane (10 ml). The reaction mixture was 

warmed and n--, -trogen was bubbled through the solution to remove the 

hydrogen chloride gas produced. When evolution of the latter ceased, 

the solution was transferred to a rotary evaporator and the dichloro- 

methane removed to give a clear colourless liquid 0 4.6 gV max 
(thin-film) 3450 (OH), 2930,2860,1450,1290 (P=O in phosphoro- 

1 dichloridate), 1035,1000,875ý 830 cm- The liquid was then 

treated with excess ethanolic sodium hydroxide solution (1c% ethanol 

v/v, 150 ml, 1 M) - The mixture was re. ['luxed and stirred vigorously 

until a homogeneous system was formed. The sol, j. tion was cooled and 

poured into a weak solution of sodium hydroxide (200 ml). The 

mixture formed was washed with dichloromethane (3 x 75 ml). The 

aqueous phase was acidified with concentrated hydrochloric acid and the 

resultant mixture was extracted with dichloromethane (3 x 75 ml). 

The extract was dried over magnesium sulphate and the dichlororýethane 

removed by rotary evaporation to give an oil (2-45 g) which slowly 

crystallised to a white solid. Potentiometric titration showed the 

solid to be composed of di(2-m. -thylcyclohexyl) phosphoric acid and 

mono (2-methylcyclohexyl) phosphoric acid in a 78 : 22% ratio. 

The above experiment was repeated using dry benzene as the 

solvent and the phosphoryl chloride/2-methylcyclohexanol solution was 

refluxed for 8h to give a clear colourless liquid (12.2 g) V 
max 

(thin-film) 3300 (OH), 2930,2860,1450,1290 (P= 0 in phosphorodi- 

1 
chloridate), 1015,985,875 cm- The liquid was hydrolysed to give 
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on work-up a clear colourless liquid (3.47 g), which potentiometric 

titration showed to be composed of di(2-methylcyclohexyl)phosphoric 

acid (75%, ), mono (2-methylcyclohexyl) 
phosphoric acid (17%) and non- 

acidic organics (8r. ). 

-1 3.9 
_Cyclohexylmethyl phosphonic acid monocyclohexyl- 

methyl ester 

To phosphoryl chloride (75.0 g, 0.49 mole) in dry benzene 
I 

(150 ml) was added, dropwise, cyclohexylmethanol (50g, 0.44 mole) in 

dry benzene (100 ml). Nitrogen was bubbled through the mixture which 

was gently stirred and kept at 00C. The solution was then allowed to 

reach room temperature and stirred, until hydrogen chloride had ceased 

to evolve (approx. 2 h). The benzene was then removed by rotary 

evaporation. When the resultant liquid was purged under high vacuum, 

in order to remove excess phosphoryl chloride and any entrained benzene, 
1 

cyclohexylmethylphosphorodichloridate was obtained as a red brown oil 

(96.89g 95%); vm, ax 
(CDC1 

3) 2920ý 2220,16607 1450ý 1305 (phosphorodi- 

chloridate P= 0), 1025 (P- 0- C) , 845 cM- 
1 

To magnesium turnings (10.69g, 0.44 mole) in dry ether (100 ml) 

was added dropwise cyclohexylmethyl bromide (78g, 0.44 mole) in dry 

ether (100 ml) (a crystal of iodine was added to initiate the reaction). 

Once the reaction commenced the cyclohexylmethyl bromide solution was 

added at such a rate that the stirred mixture refluxed gently. It was 

necessary occasionally to cool the reaction vessel in an ice/water bath 

to moderate the reaction. When addition was complete the mixture was 

refluxed for 2h and then allowed to cool affording cyclohexylmethyl- 

magnesium bromide as a grey cloudy solution. 
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The dropwise addition of the cyclohexylmethylmagnesium 

bromide solution to the cyclohexylmethylphosphorodichloridate in dry 

ether (150 ml) resulted in an exothermic reaction. When the latter 

subsided the solution was refluxed for -zIh, then cooled to 00C and 

treated, very carefully, with excess dilute hydrochloric acid (2M) to 

break the magnesium salt. The ether layer was separated and the 

aqueous layer was extracted with dietljyl ether (4 x 200 ml). The 

combined ether phases were then washed with dilute hydrochloric acid 

(1 My 200 ml), dried over magnesium sulphate and then the ether 

removed by rotary evaporation to give' a clear yellow liquid (104.5 g 

The latter was then treated with excess sodium hydroxide solution 

(1 Mý1 .3 
IL) ; the liquid and the sodium hydroxide being added 

alternatively in small aliquots. The mixture was stirred vigorously 

at 60 0C 
until a one phase system was obtained. The mixture was then 

cooled and washed with benzene (3 x 200 ml); the benzene wash was 

discarded. The aqueous phase was acidified with dilute hydrochloric 

acid and then extracted with dichloromethane (4 x 200 ml) The extract 

was dried over magnesium sulphate and the dichloromethane was removed 

by rotary evaporation to give cyclohexylmethyl phosphonic acid 

monocyclohexylmethyl ester as a yellow oil which slowly crystallised to 

a pale brown solid (15.65 9,13%) - Recrystallisation from aqueous 

methanol gave white needles; m. p. 50-51 0 C; m/z 2.75 [(M+ 1 )+, 0.3%], 

179 (74-1); purity by potentiometric titration 10C%; pKa = 5.16; 

V max 
(CDC1 

3) 2931 , 2851 , 23249 1159 (P-0 -H), 1449,1232,1192 

(phosphonate P= 0) , 1025 (P -0- C), 981 , 901 , 851 cm-1 ; 8H (CDC1 
3) 

11 . 78 (1 H, s, exchangeable with D 20), 3.78 (2 H, t) ,1 . 94-0.90 

[24H 
,m 

(maxima at 1 . 79,1 . 74,1 . 70,1 . 21 ,1 . 15)]; 8C (CDC 13) [38.42 

(d, J=6.4 Hz), 32.60 (d, J=3.7 Hz) (methine carbons)], [69.65, dq 
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ipoc =7 Hz), 34-72,34.25,33-35 (dy J 
PC 

140.7 Hz), 29-36,29.89 

26.429 26-079 25.67 (methylene carbons]; p 
(CDC1 

3' relative to 

H3 PO 4)+ 34.6 (89%), + 1.1 (11.0%). 

(Found: C9 61 . 0; H9 10.2; P, 11.4. C 14 H 27 03P requires C. 61.3 

9.9; Py 11.3%). 

3.10 Di(cyclohexylmethyl)phosphinic acid 

To magnesium turnings (15-36g, 0.64 mole) in dry ether (130 ml) 

was added, dropwise, cyclohexylmethyl bromide (100g, 0.57 mole) in dry 

ether (50 ml). A crystal of icdine'was added to initiate the reaction. 

Once the reaction commenced the cyclohexylmethyl bromide solution was 

added at such a rate t' at the stirred mixture ref luxed gently. 

When addition was complete, the solution was ret'luxed for 15 min. 

The dark grey solution was cooled to room temperature and a further 

50 ml of dry ether was added. The solution was stirred vigorously and 

then diethyl phosphite (26 g, 0.19 mole) in dry ether (100 ml) was 
103 

added dropwise -The resultant sclution was refluxed for 30 min, 

then cooled in an ice/water bath and treated with dilute hydro- 

chloric acid (300 mly 10%). The gelatinous solid which initially 

formed was stirred into solution. The ether phase was separated 

and washed with dilute hydrochloric acid (2 x 200 ml). The aqueous 

phase was extracted with ether (2 x 100 ml) and the combined ether 

phases were dried over magnesium sulphate. The ether was removed 

on a rotary evaporator to leave a cream coloured solid, which was 

recrystallised from n-hexane to give di(cyclohexylmethyl)PhosDhine 

oxide as white needles (44.0g, 96%), m. p. 103-106 0 C; m /z 242 (M'*+, 

2.0%), 160 (10.4), 78 (100); vmax (CHC 13 ) 3352 (P- 0- H), 2983,2931, 

2858,2331 ý 
1449,1399,1258,1242 9 

1168,1152,971 , 895 cm- 
1; 
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8H (CDC1 
3)7.06 

(1H9 d'j P-H = 441.9 Hz), 1.75-1.00 [26H, m (maxima 

at 1.80,1.64,1.19)]; 8C (CDC1 
3) 

[32.52,32-34 (methine carbons)], 
[36.98, dy J 

PC = 65.01 Hz),, 35.28,34.86,34.31,33.98,26.07,26.04, 

25.96 (methylene carbons)]; 8p (CDC1 
3' relative to H3 PO 4)+ 27.2 (s). 

(Found: Cy 69.6; Hp 11.55; Pý 12.6. C 14 H 27 OP requires C, 69.4; 

HI 11.2; P9 12.8%). 

When di(cyclohexylmethyl)phosphine oxide was dissolved in 

acetone (350 ml) and treated with bromine water (4 1 ), a cream/white 

solid formed which was filtered and dried over silica gel. The 

filtrate was treated with bromine water until no more solid 

precipitated out. Di(cyclohexylmethyl)phosphinic acid was thus 

obtained as an of f -white solid (32.7 g, 67%) 
, m. p. 99-101 Oc (lit. 112 

100-101 0 C); purity by pctentiometric titration 100%, pKa = 6.639- 

m /Z (M' +, 2. &/, ), 176 (8-3)9 162 (3-7), 94 (100); V 
max 

(CDC1 
3) 

2925, 

2851 
ý 

2374,1666 (P-0-H), 1449,1402,1262,1172,1148 (phosphinate 

P =0,951,895 Cm -1 ;8H (CDC1 
3) 

12-36 (1H s, exchangeable with 

D2 0) , 0.9-1 . 92 (26 H, m) ;8C (CDC1 
3) 32.10 (1C, d, J 

PCC= 
3.7 Hz, 

methine carbon), [37.66 (1C, d, J 
PC= 

90-33 Hz), 35-11,34-73,26.14, 

26.06 (methylene carbons)]; 8P (CDC1 
3' relative to H3 PO 4)+ 59.0 (s). 

(Found: C, 65.3; H, 10.9; Pý 12.2. C 14 H 27 02P requires C, 65.1; 

Hý 10.5; P, 12.0%). 

3.11 Dicyclohexylphosphinic acid 

To magnesium turnings (15.36g, 0.64 mole) in dry ether 

130 ml) was added, dropwise, chlorocyclohexane (67.64 g, 0 . 57 mole) in 

dry ether (50 ml). The reaction was initiated by adding a crystal of 

iodine and gently heating the mixture. An exothermic reaction was 

observed and the mixture was gently stirred. When addition of 
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chlorocyclohexane was complete, the mixture was refluxed for 15 min. 

The resultant dark grey solution was stirred vigorously, cooled to 

room temperature, and then diethyl phos--hite (26.0g, 0.19 mole) in 

dry ether (100 ml) was added dropwise 
103 

The resultant sol-tion was 

refluxed for 15 min, then cooled in an ice/water bath and treated with 

dilute hydrochloric acid (10%), until a clear two phase system 

resulted. The aqueous phase was separated and extracted with ether 

(2 x 50 ml). The combined ether phases were washed with dilute 

hydrochloric acid (1 M9 1x 100 ml), water (2 x 150 ml), dried over 

magnesium sulphate, and concentrated to give a pale yellow liquid 

(34-34 g) which contained dicyclohexylphosphine oxide. The latter 

was dissolved in dry dichloromethane (150 ml) and chlorine gas was 

bubbled through the solution, until the exothermic reaction ceased and 

the solution became yellow due to excess chlorine. The solution was 

then refluxed to remove the excess chlorine and hydrogen chloride. 

The dichloromethane was removed by rotary evaporation and the 

residual pale yellow viscous oil treated with aqueous sodium hydroxide 
11 

OM, 300 ml) at 600C with vigorous stirring-'. When a one phase 

system formed, the mixture was cooled and washed with dichloromethane 

(2 x 50 ml). The aqueous phase was then acidified with concentrated 

hydrochloric acid and extracted with dichloromethane (2 x 75 ml). 

The dichloromethane extract was dried over magnesium sulphate, and the 

dichloromethane removed by rotary evaporation to give dicyclohexyl- 

phosphinic acid as a cream coloured solid (18-59g, 43%), m. p. 134-39OC; 

purity by potentiometric titration 97%. Recrystallisation of a 

sample from ethanol (9V,, ) gave long white needles, m. p. 143-144 0C 

(lit. 11 143 0 C)p purity by potentiometric titration 10C%, pKa = 7.37; 

7 

m /z 230 (M* +y 10. &/, ). 148 (80.8)t 83 (100); vmax (CDC1 
3) 

2998,2938, 
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2858,2337 (w, broad), 1646 (P-0-H, w, broad), 1449,1278,1148 
(phosphinate P=O, 11189 1008,948,898 cm-1; 8H (CDC1 

3) 11 . 89 
(1 H, s exchangeable with D 20), 1.80-1.20[22H, m (maxima at 1.79, 

1 . 27) 18C (CDC1 
3) 35-05 (dq J 

PC = 91.25 Hz) methine carbons), 
[26.53,25.99,25.92ý 24-75,24.60 (methylene Carbons)]; p 

(CDC1 
Y 

relative to H3 PO 4)+ 61.0 (s). 

3.12 Di(4-methylcyclohexyl)-phosphinic acid 

To magnesium turnings (33 g, 1.36 mole) in dry ether (230 ml) 

was added, dropwise, 1 -bromo-4-methylcyclohexane (240 g, 1 . 36 mole) 

in dry ether (120 ml). The reaction was initiated by adding a 

crystal of iodine and gently heating the mixture. When addition of 

1-bromo-4-methylcyclohexane was complete, the mixture was refluxed for 

20 min. The resultant dark grey solution was stirred vigorously, 

cooled to room temperature, and then diethyl phosphite (62.4 g 
103 

0.45 mole) in dry ether (200 ml) was added dropwise The 

resultant sclution was refluxed for 30 min, then cooled in an ice/ 

water bath and treated with water (200 ml) and hydrochloric acid (2M), 

until a clear two phase system resulted. The other phase was then 

separated and the aqueous phase was extracted with ether (2 x 75 ml). 

The combined ether phases were then washed with dilute hydrochloric 

acid (2 x 50 ml) , water (2 x 100 ml), dried over magnesium sulphate, 

and concentrated to give a pale yellow liquid (115.42 g) which 

contained di(4-methylcyclohexyl)phosphine oxide. The latter was 

dissolved in dichloromethane (400 ml) and chlorine gas was bubbled 

through it, until the exothermic reaction ceased and the solution 

became yellow due to excess chlorine. The solution was then 

refluxed to remove the excess chlorine and hydrogen chloride. 
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The dichloromethane was removed by rotary evaporation and. the 

residual liquid t--eated with aqueous sodium hydroxide (1 My 21 
108 

at 600C with vigorous stirring . When a mobile system formed, the 

mixture was cooled and washed with dichloromethane (2 x 200 ml). 

Three phases formed and the top aqueous phase was recovered. The 

middle phase was separated and washed again with dichloromethane 

(2 x 50 ml). It was then combined with the top aqueous phase, and the 

mixture was acidified with concentrated hydrochloric acid. The 

acidic mixture was then extracted with dichloromethane (3 x 200 ml), 

the extract was dried over magnesium sulphate, and the dichloro- 

methane removed by rotary evaporation to give a cream coloured solid. 

Finally, entrained solvent was pumped off under high vacuum (0-5 Torr/ 

60 0 C) to yield di(4-methylcyclohexylphosphinic acid as a pale brown 

solid (68.02 g, 58%), m. p. 98-1 020C and 11 4-120OC; purity by 

potentiometric titration 98%. Recrystallisation of a sample from 

aqueous methanol gave white crystalline plates, m. p. 123-125 0 C; 

purity by potentiometric titration 100%; pKa = 6.50; m/z 259 

[(M+ 1 )+, 6. W, ], 258 (M*+, 23.4), 97 (100); V 
max 

(CDC1 
3) 

2931,2865, 

2331 9 1629 (P- OH) , 14499 1238,1152 (pho8phinate P=0) , 1128,961 , 

938,881 cm- 
1H (CDC1 

3) 
11 . 40 (1 H, s, exchangeable with D2 0) 

1 . 80-0.80 [26 H, m (maxima at 1 . 78,1 . 59,1 . 29 90 . 94,0.91 , 0.88, 

0.84) 1; 8C (CDC1 
3) 

[37.25,37-09,36.83,36.68,33.21,33-04, 

32.93,32.62,32-33,32-17,32.10 (methine carbons)], [35-13,34-51 

32-76,32-729 26.51 9 25.869 24.73,24.61 , 24.469 24.26,24.12 

(methylene carbons)]g [22.80,22.74,22.63 (methyl carbons)]; 8P 

(CDC1 
39 relative to H3 PO 4)+ 

61 . 65 (26%) 
9+ 

61 . 18 (4S%) 
9+ 60-72 (2V, ) 

. 

(Fcund: C, 65.0; HI 10.7; P, 11.8. C 14 H 
27 

02P requires C, 65 .1 

H9 10.5; P, 12.0%). 
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3.13 Di(4-tert-butylcyclohexyl)phosphinic acid 

To magnesiun turnings (14.42 g, 0.59 mole) in dry ether 

(80 ml) was added, dropwise, 1-bromo-4-tert-butylcyclohexane in dry 

tetrahydrofuran (130 ml). The reaction was initiated by adding a 

crystal o" iodine and gently heating the mixture. Once the reaction 

commenced the 1-bromo-4-tert-butylcyclohexane solution was added at 

such a rate that the stirred mixture re-fluxed gently. When addition 

was complete, the solution was refluxed for 1h . The resultant dark 

grey solution was stirred vigorously, cooled to room temperature, and 
103 

then treated with the dropwise addition of diethyl phosphite (27-34 g 

0.198 mole) in dry tetrahydrofuran (150 ml). An exothermic reaction 

was observed and the resultant solution was ref luxed for 1h, then 

cooled in an ice/water bath and treated with hydrochloric acid (lo%, 

350 ml), until a clear two phase system resulted. The aqueous phase 

was separated and extracted with ether (1 x 100 ml). The combined 

organic phases were washed with dilute hydrochloric acid (1 M, 1x 75 ml), 

water (2 x 100 ml), dried over magnesium sulphate and concentrated to 

give a slurry containing a white crystalline solid (74.4 g). A small 

portion of the solid was recrystallised from n-hexane to give 

di(4-ýlert-butylcyclohexyl)phosphine oxide as short white needles, 

m. p. 136 0C and 196 0C (major peak) by differential scanning calorimetry; 

V 
max 

(CDC1 
3) 

3352,2965,28589 2304,14799 1449,1365, a 12389 11829 1155, 

1095,978,911 cm -1 ;8 (CDC1 )6 
. 31 (1 H, d, J= 433.3 Hz), 2.00- 

H3 P-H 

1 . 00 [20H, m (ma-. -ima at 1 . 91 ,1 . 54.1 . 10,1 . 03)], 0.85 (18 H, s, strong); 2ý 

C 
(CDC1 

3) 
[47.40,47-33,34.96 (1C, d, J 

PC = 64.7 Hz) (methine carbons], 

[27.43,27-30,26.80,26.71 9 26.53,26.47,25 . 51 , 25-38, (methylene 

carbons)], 27.39 (methyl carbons), [32.48,32.42 (quaternary carbons)]. 

8P (CDC1 
3' relative to H3 PO 4+ 49.7 (S9 JP-H = 435 Hz). 
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(Found: C, 73.5; Hy 12.5; Py 9.2. C 20 H 
39 

OP requires C, 73.6; 

Hy 12.0; P, 9.5%). 

The di(4-tert-butylcyclohexyl)phosphine oxide slurry was 

dissolved in dry dichloromethane (150 ml) and chlorine gas was bubbled 

through it until the exothermic reaction ceased and the solution became 

yellow dllie to the excess chlorine. Nitrogen was then bubbled through 

the solution to remove the excess chlorine and hydrogen chloride 

(approx 
-3h The dichloromethane was removed by rotary evaporation 

and the residual white solid (82.24 g) was treated with ethanolic sodium 

hydroxide (1 M9 20% ethanol v/v, 400 ml) at 600C, with vigorous stirring, 
108 

for 3h A cloudy solution was obtained which was cooled, poured 

into water (400 ml) and washed with d-ichloromethane (2 x 75 ml). The 

dichloromethane wash was extracted with water (1 x 50 ml), sodium 

hydroxide (1 M, 2x 50 ml) and three phases formed. The lower dichloro- 

methane phase was discarded and the middle organic phase was separated 

and washed with dichloromethane (3 x 50 ml). The organic phase was 

then combined with all the aqueous phases and the mixture was acidified 

with concentrated hydrochloric acid, extracted with dichloromethane 

(3 X 100 ml) , dried over magnesium sulphate, and the dichloromethane 

removed by rotary evaporation to give a pale yellow viscous liquid. 

This was dissolved in ethanol (95c%, 20 ml) and crystallisation occurred 

after a few minutes. Di(4-tert-butylcyclohexyl)phosphinic acid was 

obtained as long white needles (22.5 g, 3ý%), m-P. 1630C by differential 

scanning calorimetry; purity by potentiometric titration 100ý1,, 

PKa = 6.37; m/z 342 (M* +, 7-7%). 327 (26-7), 285 (100); Vmax (CDC1 
3 

2945,2865,2331 , 
(w, broad), 1646 (P-0-H, broad), 1449,1392,1365t 

12389 1145 (phosphinate P=O) 1 1021 , 951 9 888 cm- 
1; 8H (CDC1 

3) 
11 -37ý 
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11 
- 10 

p 
(1 H, broad 

, ezchangeable wi-Ih D2 0) ,1 . 90-0.90 [ 20 H, m (maxima 

at 1 . 88,1 
. 51 

1,1 . 00) 
p 0.83 (18 H, s, strong) ; 8C (CDC1 

3) 
[48.23 

47.68p 47.499 47.43P 35.47 (dy i 
PC = 90.94 Hz) , 35.16 (d 

9J PC = 

91 
. 25 Hz) 

, 35 . 07 (d 
pJ PC = 90.95 Hz) (methi----. e carbons)], [27-03,26-799 

26-37P 25.23p 25.08,24.81 
p 24'. 67 (methylene carbons)], 27.43 (methyl 

carbons), [32.76,32.69,32.47,32.41 (quaternary carbons)]; 8p 

CDC1 
3' relative to H3 PO 4+ 61 

.7 
(37.4%) 

p+ 
61 

.6 
(62.6o%) 

. 
(Found: Cp 69.9; HI 11.9; pq 91 

'C 20 H 39 02P requires C, 70.1 

H9 11.5; P, 9.1%). 

3.14 Di(3-methylcyclohexyl)phosphinic acid 

To magnesium turnings (26.0 g, 1 . 07 mole) in dry ether (150 ml) 

was added, dropwise, 1 -bromo-3-methylcyclohexane (190 g, 1 . 07 mole) in 

dry tetrahydrofuran (200 ml). The reaction was initiated by adding 

a few ml of the bromo-compound neat, a crystal of iodine and gently 

heating the mixture. Once the reaction commenced the 1-bromo-3- 

methylcyclohexane solution was added at such a rate that the stirred 

mixture refluxed gently. When addition was complete, the solution 

was refluxed for 1h The resultant dark grey solution was cooled to 

room temperature, stirred vigorously, and then treated with diethyl 

103 
phosphite (49-72 g, 0.36 mole) in dry tetrahydrofuran (200 ml). 

An exothermic reaction was observed and the resultant solution was 

ref luxed for 1h, then cooled in an ice/water bath and treated with 

hydrochloric acid (1 C%, 350 ml) , until a clear two phase sys tem 

resulted. The organic phase was separated and the aqueous phase was 

extracted with et-'-er (2 x 100 ml). The combined organic phases were 

washed with hydrochloric acid (2ý76,2 x 100 ml) , water (2 x 100 ml) 

dried over magnesium sulphate and concentrated down to give a yellow 
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liquid (79-13g ) which contained di(3-methylcyclohexyl)phosphine 

oxide. The liquid was dissolved in dichloromethane (250 ml) and 

chlorine gas was bubbled through it. An exothermic reaction was 

observed and a steady temperature of 42 0C 
was achieved. When the 

exotherm. subsided and the solution became yellow with excess chlorine, 

chlorination was terminated. Nitrogen was then bubbled through the 

solution to remove the excess chlorine and hydrogen chloride. The 

dichloromethane was removed by rotary evaporation and the residual 

pale yellow liquid (98-31 g) was treated with ethanolic sodium 

hydroxide (1 M, 20, ýr/, ethanol v/v, 650 ml) at 600C, with vigorous 

stirring, until a homogeneous system formed. The solution was 

cooled, poured into water (300 ml) and washed with dichloromethane 

(2 x 150 ml). The aqueous layer was separated, acidified with 

concentrated hydrochloric acid, extracted with dichloromethane (3 x 

150 ml) , dried over anhydrous magnesium sulphate, and the dichloro- 

methane removed by rotary evaporation to give a pale brown liquid 

which slowly crystallised. This was pumped under high vacuum to 

(0.1 mm Hg) , to remove entrained dichloromet'--ane, to give 

di(3-methylcyclohexyl)phosphinic acid as a creamy solid (55.23 g, 

-; -stallised to yield white needles 59 Some of this solid was Tecr. 

m. p. 118-131 0 Cý 118-132 0C by differential scanning calorimetry; 

purity by potentiometric titration 100%, pKa = 6.60; m/z 258 

(M. + 
9 17.6-/o), 163 (47.3), 162 (100); V max 

(CHC1 
3) 

2991 1 2925,2858, 

2331 (w, broad), 1639 (P-0-H, broad), 1459,14499 1375t 1235,1148 

(phosphinate P=O), 1125,981,961,935 cm- 
1; 8H (CDC1 

3)8.88 

(1H, s, exchangeable with D2 0) ý1 . 90-0.96 [20 H, m (maxima at 1 . 81 

1 . 76 ý1 . 34,1 . 31 ) 1,0.92-0.87 [6H, m (maxima at 0.92,0.90,0.89, 

0.87)1; 8C (CDC1 
3) 

[35-11 (d, ipc= 91.4 Hz), 34.93 (d, Jpc= 91.3 Hz), 
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34.68 (dý J 
PC = 91 .3 Hz) , 34-52 (d 

9J PC= 
91.3 Hz), 32-73,32.52 

9 
32-13 (methine carbons)], [34.88,34.67,34-56,32-76,32.65,32-55, 

32.47,26.26t 26.04,24.69,24.64,24.589 24-50ý 24.45,24-349 24-319 

24.23,24-17,24.12 (methylene Carbons)], [22.81,22-71 (methyl carbons)]; 
8p (CDC1 

3 relative to H3 PO 4)+62 .7(4.7%) 9+ 61 .9(8.4%) ,+ 6-1 .5 
(40.7%) + 61 .0 

(46.2%) 
. 

(Found: C9 65 . 5; H, 11.1; Pý 11-7. 

C 14 H 27 02P requires C, 65.1; Hy 10.5; P9 12.0%. 

3.15 Di(3.5-dimethylcyclohexyl)phos-phinic acid 

To magnesium turnings (21.64 g, 0.89 mole) in dry ether 

(150 ml) was added, dropwise, 1-bromo-3,5-dimethylcyclohexane (170g 
, 

0.89 mole) in dry tetrahydrofuran (200 ml). The reaction was 

initiated by adding a few ml of the bromo compound neat, a cryatal 

of iodine and gently heating the mixture. Once the reaction 

commenced the 1-bromo-3,5-diemethylcyclohexane was added at such a rate 

that the stirred mixture refluxed gently. When addition was complete, 

the solution was refluxed for 1 h. The resultant dark grey solution was 

cooled to room temperature, stirred vigorously, and tiien treated with 
103 

diethyl phosphite (41.43 g, 0.30 mole) in dry tetrahydrofuran (200 ml). 

An exothermic reaction was observed and the resultant solution was 

refluxed for 1 h, then cooled in an ice/water bath and treated with 

hydrochloric acid (10%, 300 ml), until a clear two phase system 

resulted, The aqueous phase was extracted with ether (2 x 100 ml). 

The combined organic phases were washed with hydrochloric acid 

(i x 100 mi), water (1 x 100 ml), dried over anhydrous magnesium 

sulphate and concentrated to give a yellow liquid (74.65 g) which 

contained di(3,5-dimethylcyclohexyl)phosphine oxide. The liquid was 

dissolved in dry dichloromethane and chlorine gas was bubbled through 
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it until the exothermic reaction ceased and the solution became 

yellow due to excess chlorine. Nitrogen was then bubbled throuEh the 

solution to remove the excess chlorine and hydrogen chloride. The 

dichloromethane was removed by rotary evaporation and the residual 

creamy solid (94.45 g) was treated with ethanolic sodium hydroxide 

(1 Ný 20% ethanol V/v, 600 inl) at 600C, with vigorous stirring, until a 

mobile system formed. The mixture was then cooled, poured into water 

(300 ml) and washed with dichloromethane (2 x 150 ml). Three phases 

formed and the dichloromethane phase was discarded. The remaining 

two phases were acidified with concentrated hydrochloric acid, 

extracted with dichloromethane (3 x 150 ml) , dried over anhydrous 

magnesium sulphate, and the dichloromethane removed by rotary evaporat- 

ion to give di(3,5-dimethylcyclohexyýphosphinic acid as a cream 

coloured solid (39.2g, 46%). Some of this solid was recrystallised 

from aqueous ethanol to yield translucent plates, m. p. 203-5 0C by 

differential scanning calorimetry; purity by potentiometric titration 

100%, pKa = 6.65, m/z 287 [ (M +1)+, 5.8%1,286 (M*+, 16.1), 271 (10.5), 

176 (100); v 
max 

(CHC1 
3) 

2998,2951,29189 2871Y 2331 (w, broad), 1639 

(broad), 1455,1379,1315,12329 1152 (phosphinate P=O), 1132,988,955, 

945,891 cm- 
1; 8H (CDC1 

3)9.67 
(1 H, s, exchangeable with D2 O)t 

1 . 90-0-97 [16 H, m (maxima at 1 . 81 ,1 . 79,1 . 
689 1 . 

63,1 
. 44,1 . 00,0.97) 

0.93 (6 H, s) , 
0.91 (6111, s), 0.86-0.64 [2H 

, m, maxima at 0.69,0.64)1; 

8C (CDC1 
3) 

[35.16 (d, J 
PC = 91 .4 Hz) , 32.79,32 . 57,30 . 13,28-79 9 

27.60,27.41.26.18,25.98 (methine carbons)] [43.63,40.27,32-52, 

29.86 (methylene carbons)], [22.89,22.81 
, 18.11 (methyl carbons)]; P 

(CDC1 
3+ 

62.8 (2.1%) + 62.0 (31-9%), + 60.9 (66.0%). Found: C, 67.2; 

Ht 11.4; p? 10.6. C 
16 

H 
31 

02P requires C, 67.1; H, 10.9; P, 10. &/, ). 
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3.16 Di(2-methylcyclohexyl)phosphinic acid 

To magnesium turnings (21-32 g, 0.88 mole) in dry ether (150 ml) 

was added , dropwise 
, 2-bromotuoluene (150 g, 0.88 mole) in dry tetra- 

hydrofuran (100 ml). The reaction was initiated by adding a crystal 

of iodine, a small amount of undiluted 2-bromotoluene and gently 

heating the mixture. An exothermic reaction was observed and the 

mixture was slowly stirred. When addition of 2-bromotoluene was 

complete, the mixture was refluxed f9r 1h. The resultant dark grey 

solution was stirred vigorously, cooled to room temperature and diethyl 
103 

phosphite (38.53 9,0.29 mole) in dry tetrahydrofuran (150 ml) was 

added dropwise. The resultant solution was refluxed for 1h then 

cooled in an ice/water bath and treated with hydrochloric acid (1 
0) C% 

until a clear two phase system resulted. The organic phase was 

separated and the aqueous phase was extracted with benzene (2 x 100 ml). 

The combined organic phases were washed with sodium thiosulphate 

solution (5%, 2x 150 ml), water (2 x 100 ml), dried over magnesium 

sulphate and concentrated to give a pale yellow slurry. Filtration 

followed by washing with die thyl ether gave di(2-methylphenyl)- 

phosphine oxide (45 g, 67%) as a white solid. 

Recrystallisation of a sample from ethanol/petroleum ether 

(b. p. 40-600C) gave crystalline plates, m. p. 145-147OC; m/z 230 

(M*+, 30.6%), 229 (30.2), 215 (100); vmax (CHC1 
3) 3065,2998,23319 

16509 15969 1569,1475,1452,1282,1167,1143,1087,945,808,7139 

699 cm- 
1; 8 (CDC1 ) 8.18 (1 H, d, J 476 Hz), 7.68-7-77 (2 H, m) , H3PH 

7.44-7.50 (2H, m), 7.22-7-35 (4H, m), 2.37 (6H, s); 8C (CDC1 
3 

El 32.57,132.52,132-33,131 . 29,131 . 15,130.96,126 . 15,125.96 

(methine carbons)], 
[20.20,20.11 (methyl carbons)], [141 

. 
14,141 . 00, 

129.15 (1c, d, J 
PC = 99.9 Hz) (quaternary carbons)]; 

8P (CDC1 
3' 

relative to H3 PO 
4)+ 

17.7 (j 
P-H + 476 Hz). 
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3.16.1 Di(2-methyl-ohenyl)phosphine oxide (42.0g, 0.18 mole) was 

dissolved in dry dichloromethane (300 ml) and chlorine gas was slowly 

bubbled through the solution until it became yellow with excess 

chlorine. Nitrogen was then bubbled through the solution to remove the 

excess chlorine and hydrogen chloride. The dichloromethane was 

removed by rotary evaporation to yield di(2-methylphenyl)phosphonyl 

chloride (47-51 g, 99%) as a pale yellow viscous liquid The liquid 

was treated with sodium hydroxide (10%, 600 ml) at 600C with vigorous 

stirring until a homogeneous solution was formed. The solution was 

washed with diethyl ether (2 x 100 ml). The aqueous phase was 

acidified using concentrated hydrochloric acid and extracted with 

dichloromethane (3 x 200 ml). The dichloromethane solution was washed 

with dilute hydrochloric acid (1 x 200 ml), water (1 x 200 ml), dried 

over magnesium sulphate and concentrated to yield di(2-methylphenyl)- 

phosphinic acid as a cream coloured solid (36.0 g, 50.5%) - 

Recrystallisation of a sample from ethanol/petroleum ether (b. p. 40- 

60 0 C) gave a white solid, m. p. 174-50C 
77 

, purity by potentiometric 

titration 99.3%, pKa = 5.28; m/z 246 (M* +, 26.2%), 231 (100), Vmax 

(CHC13)3085,3038,2985,29519 2724 (broad), 2351,1669,1606,1462, 

1392 9 1289,1252,1282,1172,1152, (phosphinate P=O) 1098,951,821,771 

728,711 cM- 
1; 8H (CDC1 

3)9.48 
(1H, s, exchangeable with D2 0), 7.92- 

7.84 (2 H, m) , 7.39-7-34 (2H 
, m) , 7.23-7-10 (4H, in), 2.29 (6 H, s); 

8C 

(CDC1 
3) 

[133.20,133.049 132-03,132.00,131-19,131-00,125.40, 

125.21 (methine carbons)], [21.15,21.09 (methyl carbons], [141.449 

141 . 29,130-91 (d, J 
PC = 135.4 Hz) (quaternary carbons)]; 

8P (CDC1 
3' 

e 

relative to H3 PO 4) + 34.8. 
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3.16.2 Di (2-methylphenyl)phosphinic acid (13 g) in aqueous ethanol 

(80-,, /,, 150 ml) was treated with dilute sodium hydroxide until pH 7.00 
112 

was obtained. The solution was hydrogenated over 5ý6 ruthenium on 

carbon 
120 (1 

.5 g) for 24 h, with stirring, at 150 Atms. initial hydrogen 

pressure and 5 oc. The mixture obtained was filtered and most of the 

ethanol was removed by rotary evaporation. The remaining liquid was 

acidified and extracted with dichloromethane (2 x 100 ml). The 

solution was dried over magnesium sulphate and on rotary evaporation 

yielded di(2-methylcyclohexyl)phosphinic acid (11 
.8g, 86%) as a very 

viscous and colourless/cloudy liquid. Purity by potentiometric 

titration 10C%, pKa = 6.67; m/z 259 [ (M +1) +9 2.4%], 258 (Pl*+, 7 .1 

243 (47.6), 55 (100); V 
max 

(CHC1 
3) 2931,2858,23319 1626 (broad), 

1449,1278,1232,1148 (phosphinate P=O), 1035,965,935 cM- 
1; 8H 

(CDC1 
3) 

10.86 (1H, s, exchangeable with D2 0), 2.59-0.90 [26H, 

m(maxima at 2.21 , 2.07,1 . 99,1 . 57.1 . 46,1 . 19,1 . 15,1 . 14,1 . 12 f1 . 10 

1.08)] 
; 

8C (CDC1 
3) 

[142.50-141.62 (m), 140-30,140.16,133-77-130.85 

125-39-125-13 W (methine carbons on residual aromatics)], [44.88- 

37.96 (m, complex), 32-52-31-75 (m), 29.06-27-38 (m) (methine carbons)] 

[36.48-35.97 (m), 34.25-33.47 (m), 30.47-30-10 (m), 27.32-25.49 (m), 

22-54,22.30,20-39-18.99 (m), 17.62-17-11 (m) (methylene carbons)], 

[22.57,22.47,22.22-20.47 (m), 15.28-14.24 W (rnethyl carbons)]; 

8P (CDC1 
3' relative to H3 PO 4) 

[63.64,63-37,62.49,62.29,61.729 61.28], 

[52.57,51.52,51.42,51.02,50.92,50.18,49.97,49-571, [39.04,38.73, 

38-39,36.85,36.45,35.94,35.231. 
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3.17 The attempted preparation of di(2-methylcyclohexyl)pho 

acid from 1-bromo-2-methylcyclohexane 

S hinic 

To magnesium turnings (1.39 g, 0.057 mole) in dry ether (10 ml) 

was added . dropwise, 1 -bromo-2-methylcyclohexane (10 g, 0 . 057 mole) in 

dry ether (5 ml). The reaction was initiated by adding a crystal of 

iodine and gently heating the mixture. An exothermic reaction was 

observed and the mixture was gently stirred. When addition was 

complete, the solution was cooled and treated with diethyl phosphite 

(2.62 g, 0.019 mole) in dry ether (10 ml) The resultant solution was 

refluxed for 30 mins., then cooled in an ice/water bath, treated with 

water (25 ml) and hydrochloric acid (2M, 50 mi), until a clear two 

phase system resulted. The aqueous phase was extracted wL 'th ether 

(2 x 25 ml). The combined ether phases were washed with dilute hydro- 

chloric acid (2 x 25 ml), water 0x 25), dried over anhydrous magnesium 

sulphate and concentrated down to give a clear colourless liquid 

(2.23 g)- IH n. m. r. data showed that no phosphine oxide was present 

(characteristic P-H peak, J 
P-H 

- 440 Hz, absent). Further invest- 

igation was not carried out. 

3.18 Dicyclohexylphosphinic acid 

Diphenylphosphinic acid (10 g) in aqueous ethanol (100 ml, 8&%) 

was treated with dilute sodium hydroxide until pH 7.00 was obtained. 
112 120 

The solution was hydrogenated over 56% ruthenium on carbon 1 .5g 

for 24h, with stirring , at 150 Atm, initial hydrogen pressure and 

1250C. The mixture obtained was filtered and most of the ethanol was 

removed by rotary evaporation. The remaining liquid was acidified and 

extracted with dichloromethane (2 x 100 ml). The solution was dried 

over magnesium sulphate and on rotary evaporation yielded a cream 

coloured solid. IH n. m. r. analysis shoý,: ed that no aryl compound was 

present and that dicyclohexylphosphinic acid was obtained. 



95 

3.19 Attempted catalytic reduction of diphenylphosphinic 

112 
acid using platinum (IV) oxide 

Diphenylphosphinic acid 00g) in ethanol 0 50 ml . 96%) was 

placed over platinum (IV) oxide (0.25 z ), at 120 Atm. initial hydrogen 

pressure and at 15 OC in a stirred autoclave for 24h . The mixture 

was cooled and filtered through a pad of magnesium sulphate to remove 

the catalyst. On rotary evaporaticn. a cream coloured solid was 

obtained. IH n. m. r. showed this to be the starting material. No 

reduction of the phenyl ring had taken place. 

3.19.1 Attempted catalytic reduction of diphenylphosphinic 

acid using rhodium on carbon 

The above procedure was repeated except that 5% rhodium on 

carbon was used at 95 Atm. initial hydrogen pressure and at 75 0 C. 

IHn. m. r. again showed that no reduction had taken place. 

3.20 Nitration of 1,3-diisopropylbenzene 
I 

113,114 

Fuming nitric acid (96%, 150 ml) was added dropwise to a 

stirred solution of 1 3-diisopropylbenzene (325g, 2 mole) in glacial 

acetic acid (1 1) and acetic anhydride (240 ml), whilst the temperature 

was maintained at 45-50 0 C. The solution was then stirred at room 

temperature for 2zh, excess water was added to the solution and the 

mixture was extracted with petroleun ether (b. p. 40-600C, 4x 350 ml). 

The extracts were washed with dilute sodium hydroxide solution (3 x 200 ml)p 

water (2 x 200 ml) and dried over magnesium sulphate. Thesolvent was 

removed by rotary evaporation to give a clear yellow liquid (408 g ). 

Distillation of the liquid under reduced pressure gave a mixture of 2- 

and 4-nitro-1 , 3-diisopropylbenzene (331 g, 8(y, ) 113, b. pt. 110-11 90C/ 

o. 9 mmHg. 
m /z 207 (M*+. 2.3%), 190 (100); V max 

(Neat) 2960,2870,1605, 

1585,1520v 1465,1350,1190,1070,925,860,835.765,718 cm- 
10 

14 
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3.21 The catalytic reduction of a mixture of 2- and 4- 

nitro-1.3-diisopropylbenzenes 

A mixture of 2- and 4-nitro-1,3-diisopropylbenzenes (100 g) 

in absolute ethanol (300 ml) was hydrogenated over platinum (IV) oxide 

(0.5 g) in a stirred autoclave at 50-60 Atms. initial hydrogen 

pressure and at room temperature. 
116 

The reaction was complete after 

2 h. The solution was filtered to reii1ove the p- atinum catalyst, 

dried over magnesium sulphate and concentrated to give a mixture of 2- 
113 

and 4-amino-1 3-diisopropylbenzene (84.2 g, 9E%) as an orange 

liquid. V 
max 

(neat) 3460,3370,3220,3020,2960,2870,1620ý 15209 

1505,1460,1430,1382,1362,1320,1275,1190,930,890,820 cm- 
1; 

8H (CDC1 
3)7- 

00 (1 HId9J=2.01 Hz) , 
6.90 (1 H, dd, J=8.06 Hz) , 

6 
. 34 (1 H9 d9 J=8.06 Hz) , 3.57 (2H 

, s) 2.87 (2H, m) ,1 . 26 (6H 
, d, 

J=6.96 Hz) ,1 . 22 (6H9 d9J=6.96 Hz) 

3.22 Tin/hydrochloric acid reduction of a mixture of 2- and 

4-nitro-1,3-: -diisopropylbenzenes 

Concentrated hydrochloric acid (10 ml) was added to granulated 

tin (16g ). Whena reaction was observed the mixture of 2- and 4- 

nitro-1 3-diisopropylbenzenes (8g, 0.04 moles) was added followed 

by concentrated hydroqhloric acid (25 ml) in 5 ml portions over a 

period of 30 min. The mixture was heated in a boiling water bath and 

ethanol (20 ml) was added to improve the solubility of the nitro 

compounds. The mixture was heated until no upper oily layer 

remained. The mixture was cooled and made alkaline with sodium 

hydroxide solution (40%). The resultant mixture was steam 

distilled until no more oily droplets appeared in the distillate. 

-ed with sodium chloride and extracted with The distillate was saturat 
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dichloromethane (3 x 100 ml). The extract was dried over magnesium 

sulphate and on rotary evaporation yielded a brown liquid, which was 

distilled under reduced pressure, 89-94 0 C/0-15 mmHg to give a 

mixture of 2- and 4-amino-1,3-diisopropylbenzenes as a pale yellow 

liquid (2.83 g, 42%). m/z 213 (5.6%), 196 (32-3), 177 (47.6), 

162 (100); v 
max 

(CHC1 
3) 

3460,3375,321,0,3010,2960,2875,1625,1509, 

1465,1430,1385,1365,1325,1275,1190,1165,1050,930,890,8239 

740,710,635 cm- 
1; 8 (CDC1 ) 6.97 (1 H. dýJ=2 Hz) , 

6.88 (1 H, d, H31 
J=8 Hz) , 

6.58 (1 H, d, J=8 Hz), 3.24 (2H 
, s), 2.84 (2H, m) , 

1 . 22 (6H, d, J=4 Hz) ,1 . 14 (6H, d, J=4 Hz) . 

3.23 The catalytic reduction of a mixture of 2- and 4- 

nitro-1 3-diisopropylbenzene at 1 atmosphere pressure 

A solution of 2- and 4-nitro-1 3-diisopropylbenzenes (3 g) in 

tetrahydrofuran (50 ml) containing platinum (IV) oxide catalyst (50 m6 

was stirred under hydrogen, at atmospheric pressure and room 

temperature. When the hydrogen uptake ceased, 5 days, the solution 

was filtered through a pad of magnesium sulphate. The solvent was 

removed by rotary evaporation to leave a mixture of 2- and 4-amino- 

1 3-diisopropylbenzenes as a light brown liquid (2.55 g, 99%). 

m/z 190 (9.2%), 178 (12.2), 177 (100); Vmax (CHC1 
3 3460,3370,3L. 20 

3010Y 29609 2870Y 1625y 1525y 1505,1460y 1428,1382,1363,1320,1275y 

1190t 1165,930,890,820,632 cm -1 ;8H (CDC1 
3)6.85 

(1H, d, J=2 Hz), 

6.75 (1 H, d, J=8 Hz) , 
6.47 (1 H, d, J=8 Hz) , 3.36 (2H, s), 2.80 

(2H 
, m), 1 . 22 (6 H, d, J=4 Hz), 1 . 14 (6H)y dý J=4 Hz) . 
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3.24 The high pressure catalytic reduction of nitrobenzene 

Nitrobenzeile (25g ) in ethanol (150 ml) was reduced over 

platinum (IV) oxide catalyst at 12.5 Atm. initial hydrogen pressure in 

a stirred autoclave. The reduction was complete in 30 min. The 

solution was removed and filtered through a pad of magnesium sulphate, 

The solvent was removed by rotary evaporation to leave aniline as a 

pale yellow liquid (18.5 g, 98%), V max 
(CHC1 

3) 3430,3350,3210,3070, 

3030,3010,1618,1603,1500,1468,1310,1275,1173,1152,1050,1025ý 

995,870,750, '693 cm -1 
- The infra-rea spectra was identical to 

that of commercially available aniline. 

3.25 Bromination of a mixture of 2- and 4-amino- 

1,3-diisopropylbenzenes 

Bromine (14 ml) was added dropwise to a stirred solution of 

2- and 4-amino-1 3-diisopropylbenzene (50 g, 0.28 mole) in methanol 

(140 ml) and glacial acetic acid (28 ml). The temperature was kept 

below 15 0 C. The solution was then stirred for 2h at room temperature. 

The solvent was removed by rotary evaporation to leave a light brown 

solid which was treated with excess sodium hydroxide solution (4 M) 

to release the amine. The mixture was extracted with diethyl ether 

(3 x 150 ml); the extract dried over magnesium sulphate and on 

rotary evaporation yielded a dark red liquid (71 
.1g, 98% crude) . 

This was distilled under reduced pressure to give a mixture of 1-bromo- 

4-amino- and 1 -bromo-2-amino-3,5-diis opropylbenzene (61 
.7g, 8V, ) 

113 

as a red/brown liquid, b. p. 11 8-120OC/0 .3 mm Hg .8H 
(CDC1 

3)7.17 

1H, d, J=1 . 83 Hz) , 
6.94 (1 H, d, J=1 . 83 Hz ), 4.12 (2 H, s) , 2.86 

(2 H, m) ,1 . 26 (6 H, d, J=6.96 Hz), 1 . 20 (6H, d, J=6.59 Hz) . 
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3.26 1 -Bromo-3,5-diisopropylbenzenel, 
13 

A mixture of 1-bromo-4-amino- and 1-bromo-2-amino-3,5-diiso- 

propylbenzene (43.5 g) in glacial acetic acid (300 ml), water (200 ml) 

and concentrated hydrochloric acid (60 ml) was diazotized by the dropwise 
115,117 

addition of sodium nitrite (12.5 g) in water (75 ml) . The solution 

was stirred and the temperature maintained between 5-80C. The clear 

yellow diazonium salt solution was added to hypophosphorus acid (30%, 

300 ml) and the mixture was kept in a fridge for 3 days and then at room 

W temperature for 3 days. The mixture was extracted with diethyl ether 

(3x 100 ml) and the ether extracts were washed with dilute sodium 

hydroxide solution until slightly alkaline, and water until neutral. 

The ether extract was dried over magnesium sulphate and on rotary 

evaporation gave a red/brown liquid. This was distilled under reduced 

pressure to give 1-bromo-3,5-diisopropylbenzene (34.2 g, 85%) as a clear 

pale yellow liquid, b. p. 89-93 0 C/0.2 mia Hg (lit. 11 
,3 72.5 - 74 0 C/1 mm Hg). 

m/z 242 [(M + 2) .+, 39.4%1,240 (M*+, 38-7)y 225 (100); V 
max 

(CHC1 
3) 

2960t 2930Y 28709 1605,1570,1465,1440,1385y 1363,1315,1265,1243, 

1188,998,890,860,778,705 cm- 
1; SH (CDC1 

3)7.18 
(2H 

9dýJ=1 . 65 Hz) , 

6.99 (1 H, s), 2.85 (2H, m), 1 . 23 (12 H, d, J=6.96 Hz) . 

The above analytical data, especially a high resolution H n. m. r. 

with excellent integration ratios, suggested that the product obtained 

was 1-bromo-3,5-diisopropylbenzene. However, as a result of difficulties 

encountered in converting 1-bromo-3,5-diisopropylbenzene into a Grignard 

derivative further investigation of the compound was carried out using 

thin-layer chromatography, which showed that the distilled compound 

contained four components. These components were isolated by thick- 

layer chromatography using petroleum ether (b. p. 400- 600C) as the 

chromatographic solvent. 
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Baseline fraction - 
m/z 352 (1 

. 3%), 337 (1 
ý, 3), 325 (1 

. 4), 299 (1 
. 0), 

283 (1 
-3), 241 W-0) 

. 148 (13-5), 43 (100) ; SH (CDC 13)7.43 (s), 

2.61 (s), 1 . 99 (s), 1 . 59 (s) 
,1 . 57 (s), 1 . 30 -1 . 23 (m, maxima at 1 00, 

1.29,1.28,1.27, %25,1.24,1.23), 0.96 (s); 0.94 (s), 0.88 (s). 

This data suggested that the fraction contained several 

components. 

Lower fraction -m 
/z 265 (0.8%), 242 (1.1), 240 (1.2), 225 (8.2), 

190 (22.8), 71 (35.8), 43 (100); 8 
H' 

(CDC1 
3)7.68 

(d, J=8.42 Hz), 

7.29 (s), 7.27 (s). 7.24 (s), 7.16 (s), 3.62 (s, broad), 3.38 (S), 

3.34 (s), 2.36 (s), 2.32 (s), 2.04 (s). 1.99 (s), 1.48 (m), 1.31 (s), 

1.28 (s), 1.25 (s), 1.24 (s), 1.13 (s), 1.10 (s), 0.96 (s), 0.93 (s), 

0.88 (s), 0.85 (s), 0.81 (S). 

Again, this probably contained several components. 

Middle fraction - 
M/ z 331 (3.7y, ), 225 (1-0), 190 (53.2), 132 (32.4), 

71 (40.0), 43 (100); 8H (CDC1 
3)7.38 

(1 H, dy J=8.43 Hz), 7.25 (1Hs), 

7.24 (1HY dy J=7.70 Hz), 2.82 (2HY m), 1 . 25 (12 H, d, J=6.60 Hz). 

The 1Hn. 
m. r. data suggests that this fraction is 1-bromo- 

2,4-diisopropylbenzene. 

Top fraction - 
m/z 242 [(M + 2), 22. V, ]2 240 (M*+, 25.9)ý 

227 (51.4)v 225 (58.0), 57 (25), 43 (100); (CDC1 ) 7.18 (2Hp dq H3 

J=1 . 47), 6.97 (1 H, s) , 2.85 (2 H, m) ,1 . 23 (12 H, d2J=6.96 Hz) 

This fraction, which moved with the solvent front, was the major 

component of the mixture and the spectroscopic data showed clearl.., that 

the compound was 1-bromo-3,5-diisopropylbenzene. 

The latter was isolated from the mixture by column chromatography 

over silica gel using petroleum ether (b. p. 400 - 600C) as the eluent. 
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The first fraction was collected and >85% recovery was obtained. 

This purified compound did form a Grignard derivative. 

3.27 Di(3.5-diisopropylphenvl)phos-phinic acid 

To magnesium turnings (8.07 g), 0.33 mole) in dry ether (50 ml) 

was added dropwise 1-bromo-3,5-diisopropylbenzene (80.0 g, 0.33 mole) 

in dry ether (100 ml). The reaction was initiated by addin:: - a crystal 

of iodine, a few drops of iodomethane and gently heating the mixture. 

When addition of 1-bromo-3,5-diisopropylbenzene was complete, the mixture 

was refluxed for 172 h. The resultant mixture was stirred vigorously, 
103 

cooled to room temperature, and diethyl phosphite (15.28 g, 0.11 mole) 

in dry ether (80 ml) was added dropwise. 

-L The resultant solution was refluxed for 12- h, cooled to OOC 

and treated with dilute hydrochloric acid. The ether phase was 

separated and the aqueous phase was extracted with ether (1 x 200 ml). 

The combined ether phases were washed with dilute hydrochloric acid 

(1 x 100 ml), water (2 x 100 ml), dried over magnesium sulphate and on 

rotary evaporation gave a brown liquid. This liquid was dissolved in 

dry dichloromethane (250 ml) and chlorine gas was bubbled through it 

until the exothermic reaction ceased and the solutio n became yellow due 

to excess chlorine. Nitrogen was then bubbled through the solution to 

remove the excess chlorine and hydrogen chloride. The dichloromethane 

was removed by rotary evaporation and the residual liquid treated with 

ethanolic sodium hydroxide (10% ethanol, 
v/v, 800 ml, 1 .0 M) at 60 0C 

with 

vigorous stirring for 16 h. The mixture was then washed with dichloro- 

methane (2 x-100 ml). The aqueous phase was separated and acidified 

with concentrated hydrochloric acid. The acidic mixture was extracted 

with dichloromethane (2 x 200 ml). The extract was dried over-magnesium 
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sulphate, and the dichloromethane removed by rotary evaporation to give 

di 5-diisoprop, Nrlphenyl)phosphinic acid (1.35 g, 3.2-! ) as a dark brown /0 

viscous liquid. Purity by potentiometric titration 96%. 

M/z 3E6 (M .+, 4V,, ), 371 (54), 231 (87), 43 (100); v 
max 

(CHC1 
3) 

2965, 

29319 2878,23319 1712ý 15969 1465,1385,1362,11629 1075,1038,9559 881ý 

821,708 cm -1 ; 5H (CDC1 
3)7.88 

(m exchangeable with D 20), 7.51 - 7.44, m 
(maxima at 7.45,7.44), 7.23 - 6.96, m (maxima at 7.23,7.19,7-13)v 

4.02 (in), 3.72 (M), 2.93 - 2.83, m (maxima at 2.91,2.88), 1.65 - 1.31, m 
(mazima at 1.56,1.31), 1.29 - 1.06 tm 

(maxima at 1.25,1.24t 1.23t 1.22t 

1.19,1.77); SC (CDC1 
3) 

[133-17,133-019 131.309 131-13,131.08 (dt 

J 
pc = 159 Hz), 129-17,128.79t 128-55t 128.00 (d, Jp. 

C= 
159.1 Hz), 127.86- 

128.02 (m) 
, 125.50 t 125-31 t 124-76 t 124.20.123.87,123.06,114.06,113,73 

t 
34-14t 33-99,33.87t 30.85 - 29.98 (m) (methine carbons)], [24.85 - 23-51 

(m), 22.53 (m), 21.16,17.96,16.02t 15.96 (methyl carbons)], [155.22, 

149.24,149.13,149-07 
t 148-93,148.88,147.60,146.76 

t 145.24 9 141 . 52 

141-35 (quarternary carbons)]. 

3.28 3,5-Diisopropylcyclohexanol 

3,5-Diisopropylphenol (10 g) in aqueous ethanol (80%, 100 ml) 
116 

was hydrogenated over ruthenium on carbon (V, ), in a stirred auto- 

clave, for 16 h, at 100 Atms initial hydrogen pressure and at 125 0 C. 

The catalyst was removed by filtration and the solution was concentrated, 

extracted into dichloromethane, dried over magnesium sulphate and on 

rotary evaporation gave 3,5-diisopropylcyclohexanol as a clear colourless 

liquid (10.1 g, 98ý, ). 8H (CDC1 
3)3.60 

(1 H, m), 1.98 -1 . 
65 

[2 H, m (maxima at 1.97,1.92,1.73,1.65)19 1.62 (1 H, s, exchangeable 

with D2 0) 91 . 61 - 1.40 [3H, m (maxima at 5.27,7.88)], 1.27 - 1.09 

(2 H, m (maxima at 1 . 24 91 . 189 1 . 16,1 . 14) ], 0.89 (6 H, d, J=2.75 Hz) . 

0.87 (6 H, d, J=2.75 Hz), 0.72 - 0.58 [ 1H, m (maxima at 0.67,0.63)]. 
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3.29 Attempted catalytic reduction of 3.5-diisopropylphenol 

, 
using platinum IToxide 

3,5-Diisopropylphenol (10 g) in glacial acetic acid (150 ml) was 

placed over platinum (IV) oxide (0.2 g) at an initial hydrogen pressure 

of 30 Atm. and room temperature, in a stirred autoclave. After 18h 

the mixture was filtered through a pad of magnesium sulphate to remove the 

catalyst and the glacial acetic aci-d was removed by rotary evaporation to 

leave a colourless liquid. 1Hn. 
m. ý. showed that no reduction had taken 

place. 

3.29.1 Atte=, ýted catalytic reduction of 3.5-diisopropylphenol using 

rhodium on carbon 

The above procedure was repeated except that 5% rhodium on 

carbon (0.5 g) was used at an initial hydrogen pressure of 50 Atm. and at 

50 0 C. 
1Hn. 

m. r. again showed that no reduction had taken place. 

3.30 The attempted preparation of di(3,5-diisopropylcyclohexyl)- 

phosphinic acid 

To magnesium turnings (0.9 g, 0.04 mole) in dry ether (10 ml) 

was added, dropwise, 1-bromo-3,5-diisopropylcyclohexane (10 g, 0.04 mole) 

in dry ether (10 ml). The reaction was initiated by adding a crystal of 

iodine, one drop of iodomethdne and gently heating the mixture. The 

mixture was then stirredýand refluxed for 1 h. The resultant solution 

was cooled to room temperature and diethyl phosphite (1.89 g, 0.013 mole) 

in dry ether (10 ml) was added dropwise. The resijltant solution was 

I 
refluxed for 2h, then cooled in an ice/water bath, treated with water 

(25 ml) and hydrochloric acid (2 M, 50 ml), until a clear two phase 

system resulted. The ether phase was retained and the aqueous phase 
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was extracted with ether (2 x 25 ml). The combined ether phases were 

washed witi-I dilute hydrochloric acid (1 x 25 ml), water (1 x 25 ml), 

dried over magnesium sulphate and on rotary evaporation gave a pale 

yellow liquid (3.53 g). 
1H 

n. m. r. data showed that no phosphine oxide 

was present (characteristic P-H peaks, J 
P-H 

' 440 Hz, absent). 

Further investigation was not ca--ried out. 

109 
3.31 Alkyl bromocyclohexanes prepared from commerciall 

available cyclohexanols 

To hydrobromic acid (48%, 368 g) was added, in small portions, 

concentrated sulphuric acid (60 ml) with swirling. To this was then 

added the alkylcyclohexanol (1.75 mole) followed by concentrated 

sulphuric acid (48 ml). The solution was refluxed for 2-T' h and a 

coloured oily layer formed. The mixture was c6oled and the organic 

layer was separated and washed successively with water (3 x 75 ml), 

concentrated hydrochloric acid (2 x 100 ml) sodium bicarbonate solution 

(5%, 2x 100 ml) and water (2 x 100 ml). The resultant oil was then 

dissolved in dichloroinethane, dried over anhydrous magnesium sulp1hate 

and the dichloromethane removed by rotary evaporation to give a brown 

liquid. Fractional distillation under reduced pressure gave the alkyl 

bromocyclohexane as a mixture of cis and trans isomers, which were not 

separated. 

1-Bromo-4-methylcyclohexane 
131 (71%) 

A clear colourless liquid, b. p. 31.5 0 C/0-35 Torr; v max 
(neat) 2930,2860, 

1720 (weak), 1450,1380,1255,1245,1192,965,850 CM- 
1 

1-Bromo-4-t-butylcyclohexane 
132-134 (60%) 

A clear colourless liquid. b. p. 56-58 0 C/0.01 Torr; v 
max 

(neat) 2950,2870, 

1720 (weak), 1482,1449,14429 1395,1369,1260,1205,1025,1000,907, 

900 cm-1 
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1-Bromo-3-methylcyclohexane (62%) 

clear colo,, rless liquid, b. p. 43 - 44 0 C/1.0 Torr; v (neat) 
max 

2930,2855,1710 (weak), 1452,1442,1375,1250,1240,1214,1186, 

1 11869 1135,1032,960,852,842,692,682,660 cm- . 

1-Bromo-3,5-dimethylcyclohexane (53%) 

U4 A clear colourless liq 
-Ldq 

b. p. 46 - 490C/0.7 Torr; v max 
(neat) 

2945,2920,2865,1710 (weak), 1450,1375,1252,1190,1170,1145, 

9729 850Y 695 cm- 
1. 

1-Bromo-2-methylcyclohexane (53%) 

A clear colourless liquid, b. p. 30 - 320C/0.7 Torr; v 
max 

(neat) 

29409 2870ý 1720 (weak), 1450,1380,1252,1195,1142,1088,968, 

9509 860,7709 690 cm- 
1. 

- 
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CHAPTER 

HYDROMETALLURGICAL EXTRACTIONS 

4.1 INTRODUCTION 

In order to evaluate the hydrometallurgical extraction 

properties of an extractant it is necessary to appreciate the factors 

which can affect its performance. These factors include diluents, 

modifiers, aqueous feed solutions, extractant concentrations, metal ion 

concentrations, hydrogen ion concentrations (pH), phase ratios, 

temperature and stoichiometries of extracted species. Most of these 

factors will affect the distribution coefficient and therefore it is 

very important, when doing comparative studies, to use identical 

conditions for each test. It is also important to state exactly the 

conditions used. For example, Fig. 4 shows the extraction of various 

metals using Cyanex 272. The solvent contained 18-5g/l Cyanex 272 in 

a diluent called Kermac 470B with 10% nonylphenol as the modifier. 

The feed solution c.. ontained 0.015 M metal as the sulpha-'I-e; the phase 

ratio was 1 and the temperature was 323 K. If these values were not 

defined then the distribution curves would be purely qualitative. 

In this study a series of extraction tests were undertaken to- 

evaluate the extraction properties of a family of organophosphoric and 

organophosphinic acids for the removal, and separation, of cobalt and 

nickel from acid sulphate solutions. In addition, for comparative 

purposes, tests were made under identical conditions on two commercially 

available extractants; namely D2EHPA and CL-anex 272. In order to 

establish optimum conditions for extraction it was necessary to study 

the effects of different solvent systems, aqueous phase solutions, etc. 
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4.2 Effects of diluent com-Position 

The effects of difluents on the form in which the extractant 

exists in the organic phase have received particular attention, 
134-138 

especially in the case of organophosphate extractants 

Generally it is observed that extractants are polymerised or self- 

associated in non-polar reagents. 

In the case of organophosphate extractants, the mono-alkyl; 

acids can be polarised to a large degree if the diluent is non-polar. 

In polar liquids such as methanol and acetic acid, these extractants 

exist as monomers. However, as the polar nature of the diluent is 

decreased, the average degree of polymerisation (n) can become large; 

for example, for mono-n-octylphosphoric acid, n ranged from 12 to 92 

in wet benzene 

Di-alkylphosphoric acids, on the other hand, while existing 

as the monomeric species in polar liquids , rarely e. --ceed the tetramer 

in non-polar solutions 
139 

Danesi et al 
140 

have found that 

dialkylphosphorus acids in toluene at 25 0C are dimeric even at low 

concentrations (10-3 M). 

It has been reported that the presence of polymeric forms of an 

extractant in a solvent will affect the distribution of the extractant 

between the aqueous and organic phases, and this distribution can 

effect the equilibrium distribution of the metal between the two 

phases 
134,135,141 

. Aggregation of extractants in the solvent phase 

may lead to a lowering of the availability of the form of extractant 

available for complexation of a metal to produce the extractable 

species. This will depend, of course, on the relative stabilities 

of the aggregate and the metal-extractant species. 
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The degree of aromatic or aliphatic character of a diluent 

can have rather surprising, although not easily explainable, effects 

on the extraction of metals by dif-ferent extractant/solvent systems. 

Increasing aromatic content of a diluent has been shown to decrease 

the Co/Ni ratio in the extraction of cobalt from cobalt-nickel liquors, 

using D2EHPA at pH 6, from about 15 at 100% aliphatic to 8 at 100, ý, 6' 
142 

aromatic content 

The polar nature of a diluent can also influence the 

extraction of metals. For example, in the extraction of rare earths 

with Aliquat 336 a decrease in the extraction of metals was noted when 

the polar nature of the diluent was increased. 

4.2.1 Modifiers 

The addition of a modifier to overcome the problems of third 

phase and emulsion formation in a solvent system is common practice 

in solvent extraction processes. The four most widely used reagents 

are 2-ethylhexanol, isodecanol, tri-n-butylphosphate and 
-2-nonyl- 

phenol. As with diluents and extractants, modifiers should be very 

soluble in the organic phase, insoluble in the aqueous phase, be 

readily available and relatively cheap. Usually tiie amount of 

modifier required in a solvent is 2-5 vol. percent, but some systems 

may require 2'---' and even more. Some solvent systems such as 

carboxylic acid-kerosene and chelating extractant-diluent mixtures 

143 
do not usually require the addition of a modifier 

The extractive properties of a solvent can be affected by 

modifiers; for example, in the extraction of rare earths using D2EHPA, 

it is seen that modifiers have a depressant effect on the extraction 
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coefficient, the order being 2-ethylhexanol > isodecanol > TBP. 

The Ni-Co separation increases in the absence of isodecanol from a 
67 xylene/Cyanex CNX solvent system at 500C 

Results obtained for the extraction of nickel using Cyanex 272 

in toluene, in the presence and absence of 20%, isodecanol, at 298K and 

323K are shown in Fig. 9 and Fig. TO respectively. It can be seen from 

the graphs that at both temperatures a de-creased 
extraction coefficient 

is obtained in the absence of isodecanol, that is lower pH 0.5 values. 

4.2.2 Choice of diluent and modifier 

There is not sufficient basic knowledge about the mechanisms 

by which diluents and modifiers influence the extraction of metals, and 

from which the best system can be decided upon from a theoretical point 

of view. Consequently, selection of the best diluent and modifier 

for a particular solvent extraction process can only be obtained from 

experimental evidence. 

The effects of a modifier and a dil-uent in the extraction stage 

can differ greatly from their effects in the scrubbing and stripping 

stages, both on mass transfer and kinetics, and also on phase 

disengagement and solvent entrainment. The rate of phase disengagement 

may, in the final analysis, be the determining factor in the selection 

of a diluent and modifier for a particular process. A choice cannot 

be made on the basis of physical properties of the diluent or modifier. 

It is necessary to conduct a number of tests before the diluent or 

modifier is chosen. 

During the course of this research the scrubbing and stripping 

stages were not investigated. Experiments were carried out to find a 

good diluent/modifier system which would give good solvency of the 
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extracted metal-complex species and good phase disengagement. 

Extraction of cobalt at 298K was investigated using D2EHPA in 

different diluent/modifier systems (Figs. 11-15); the results are 

shown in table 3. 
TAB LE 

Diluent Modif ier Phase I 

Disengagementý 
Co pH 0.5 Fig. 

Toluene lOo-1. isodecanol Modest 5.00 11 

TolueiýLe 20% isodecanol Good 4.89 12 

Kerosene 20% isodecanol Poor 4.36 13 

Toluene 2 C% TBP V. Poor i 5.37 14 

Xylene 2 C% isodecanol Good 4.84 15 

A diluent comprising toluene/20ý,, /, isodecanol (V/v) was selected 

as this gave both good solvency and good phase separation. Toluene/ 

10% isodecanol gave only modest phase separation. Kerosene/20% 

isodecanol gave a lower pH 0.5 value, but unfortunately, the phase 

disengagement was poor. Toluene/20% TBP gave a high pH 0.5 value and 

very slow phase sep aration. Xylene/2C% isodecanol gave similar results 

to toluene/20% isodecanol but was excluded on the basis of relative cost. 

4.3 Effects of aqueous phase composition 

The type and concentration of anionic species present in the 

aqueous phase effects the extraction of metals and it car, generally be 

expected that where a metal complex in the aqueous phase has a stability 

greater than that of the metal-extractant complex in the diluent phase, 

it will not be extracted. For example, hydrolysed and ion-associated 

metal species can drastically affect the extraction of a metal by some 

extractants. This is illustrated in Fig. 16 where the extraction of 

cobalt and nickel by D2EHPA from ammoniacal solution is shown to be 
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affected by the concentration of sulphate ion in the aqueous phase 

100 

Ext. 
co 

Fig. 16 
50 

\\ 

Ni 

40 86 1 ýo 

[so 
4 

2- kgm m-3 
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The formation of ion-associated ccmplexes, such as [Co(NH 
3)6 * 

so 4] 
+9 

inhibits metal extraction because the stability of such complexes is 

greater than those of the extractable cobalt and nickel complexes. 

This particular effect is reversible so that, if the anion concentration 

is decreased by dilution, metal extraction is increased 
145 

Experiments were carried out to see how sulphate concentration 

affected the extraction of nickel by Cyanex 272. Aqueous solutions 

containing 5 g1l and 50 g1l sulphate were used at both 298K and 323K. 

The results are shown in Fig. 17 and 18 respectively. In both cases it 

can be seen that increasing the sulphate concentration decreases the 

extraction of nickel by Cyanex 272; the pH 0.5 values increase. 

The extraction of metals by neutral extractants can be enhanced 

by increasing the metal salt concentration, probably as a result of a 

salting-out effect in which the dissociation of the extractable neutral 

species (to form charged species) is depressed. 
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Complexation of a metal in the aqueous phase can be used to 

advantage in the separation of metals. In a process for the 

separation of zirconium and hafnium, neutral metal thiocynate 

complexes are formed by the addition of ammonium thiocynate 
, which 

allows the extraction of hafnium from zirconium by methyl isobutyl 

ketone (MIBK). In general, if complexation of a metal in the aqueous 

phase produces a neutral species, it will not be extracted by an anionic 

or cationic extractant, and the formation of a non-extractable metal- 

anion or ion-association complex in the aqueous phase is dependant on 

the anion and on its concentration. 

0 
Other aqueous effects involve hydrolysis of the metal ion in 

the aqueous phase. This effect is particularly noticed at alkaline pH 

values. In all the distribution curves obtained it is seen that the 

percentage metal extracted reaches a maximum (- 100% f or Co and --, 10 0 Oý 

for Ni) and then falls rapidly, especially when nickel is involved. 

This occurs when there is excess base (OH-) in the aqueous phase, and 

the following reaction takes place - 

Mn, + OH- 
X 

'- [MOH] 
(n-1 )+ 

.......... 16 
(aq) (aq) (aq) 

This reaction competes with the extraction, 

Din+ + nHX MX 
n+ 

nH + 
.......... 

3 

and the net result is that the latter equilibrium moves to the left and 

the complex MX 
n 

breaks down. Exactly when hydrolysis occurs depends 

on various factors which include, extractant and metal concentrations, 

aqueous phase composition, temperature, etc. 
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4.4 Effects due to changes in extractant concentration 

For a given metal ion concentration in the aqueous phase, the 

extraction coefficient will increase with an increase in extractant 

concentration, other factors being constant, and vice versa. As the 

extractant concentration is increased, then the distribution curve for 

a metal, as a function of pH, will shift towards lower pH values as 

predicted by equation 17 
11 

-log[H+] -= pH =- log D- 71 log K- log [HX] 
.......... 17 

Conversely, a decrease in extractant concentration will shift the curve 

towards higher pH values. 

If the oxidation state of a metal ion involved in the extracted 

species is known, the shift in pH expected on changing the extractant 

concentration can be calculated. Plots Of extractant concentration 

versus D generally show a linear relationship provided that the 

concentration of metal is not too high. The slope of the line is equal 

to the number of extractant molecules, n, associated with the metal atom 

in the extracted species. This number may or may not be an integer; 

the latter case may arise, for example, when the extractant solvates the 

extracted species, or when two different metal complexes are extracted. 

In a plot of extractant concentration versus D the slope gives 

the value of n, since 

le+ nHX M. nX + nH 

K= 

At constant pH, 

[-M. nX]. [H+ ]n 

Ejj+j 
, 

EHX]n 

KD 
[HX] 
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and 

D= K[HX]n 

log D=n log [HX] + constant 

which is the equation of a straight line of slope n. 

4.5 Effects due to changes in metal ion concentration 

The concentration of free extractant at equilibrium ' 
ýHXIF' 

is given by: 

EHX'F = [HX],, - [M. nX] 

where [HX] 
T represents the total concentration of the extractant and 

[m. nx] the concentration of the extractant associated with the extracted 

species. 

If the metal ion concentration in the system is increased, all 

other conditions remaining constant, [M. nX] will increase with the 

result that [HX]F will decrease with a relative decrease in the 

distribution coefficient. For the extreme situation where extraction 

of a metal results in complete, or almost complete loading of the 

solvent, it is evident that for the same system and conditions, 

increasing the metal ion concentration will result in a decrease in the 

0 
value of D because the concentration of metal in the solvent will 

remain almost constant, whereas that in the aqueous phase will increase. 

Experiments were carried out using Cyanex 272 to extract 

nickel at both 298K and 323K. Feed solutions containing 100 ppm and 

1000 ppm nickel respectively were used; other factors remained 

constant. Figs. 19 and 20 show the curves obtained at 298K and 323K 

respectively. In both cases it can be seen that increasing the metal 

concentr, itions results in higher pH 0.5 values, that is, a decrease in 

the distribution coefficient. This is, in effect, a result of a 
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decrease in free extractant concentration. As expected the change in 

pH 0.5 values is approximately the same at 298K and 323K; 0.43 and 0.44 

pH units respectively. 

4.6 Effect of pH 

All extractants of the chelating or acidic types used in solvent 

extraction processes liberate hydrogen ions on the extraction of a metal: 

Pin+ + nHX mK + nH .............. n 

and the greater the amount of metal extracted (that is, the higher the 

solvent loading) the more hydrogen ions are produced. This results in 

a decrease in pH of the system and consequently a decrease in the amount 
17 

of metal extracted. From equation it follows that the 

pH =1 log D-1 log K- log [HX] 
............. 17 

nn 

higher the equilibrium pH of the system, the lower will be the extractant 

concentration needed to achieve a given per cent metal extraction, and 

vice versa. At constant extractant concentration, D will increase as 
I 

the pH is raised unless, of course, other factors such as metal 

complexation or hydrolysis occur in the aqueous phase. 

The pH of the system affects both the metal ion and the 

extractant. For example, if the pH is increased, the metal will 

eventually hydrolyse and will not extract. Decrease in pH may result 

in the formation of non-extractable metal species as a result of 

complexation with components of the aqueous phase. Also all 

extractants suffer protonation as the pH of the system decreases: 

H+ H+ + 
x_ 

ý-ý HX 'K'- 
'H2X 

11ý: 
H 
-+ 

H+ 

if the extractant is unable to ionise as a result of the concentration 
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of hydrogen ions, it will not be able to form a complex with a metal 

ion, and hence extraction will not occur. Fig. 21 illustrates the 

general effect of pH : 

Metal 
T 

Extracted 

pH 

Fig. 21 

At low pH values, extraction decreases as a result of protonation of 

the extractant, and at high pH values, extraction decreases as a result 

of hydrolysis of the metal. It car, be seen from Fig. 21 that best 

extraction occurs at a pH just below that at which hydrolysis takes 

place. The range over which the extraction occurs will depend on the 

extractant and the pH at which the metal hydrolyses. 

4.7 Phase ratios 

The value of D depends also on the phase (A/0) ratio. Very 

little can be said about the effects of varying the phase ratio except 

that increasing its value from say 1/2 to 10/1 significantly decreases 

the value of D. For example, the distribution coefficient for D2EHPA 

can vary from about 100 down to -2 by changing the phase ratio by the 

values stated above, respectively. 
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4.8 Temperature effects and therffochromism 

Thermochromism is a phenomenon which describes the 

temperature dependant variability of structure of a metal complex 

which causes variation in the d-d absorption bands 
146. 

Specific 

mechanisms differ from case to case. In some cases it a,,. -. pears that 

there are only relatively small relocations of ligands within a 

qualitatively fixed type of symmetry, whereas in others f, ross changes 

in coordination geometry occur. For example, certain complexes 

exhibit reversible thermochromism and are octahedral at low temperatures 

and tetrahedral at higher temperatures. 

This phenomenon plays a very important role in selectivity 

of cobalt over nickel by organophosphorus acid extractants. Barnes, 
147 

Sý!, tchfield and Williams have found that D2EHPA forms a complex with 

cobalt which is octahedral at low temperatures and tetrahedral at high 

temperatures. The octahedral stereochemistry of the nickel complex 

was found to be virtually temperature independent. 

The thermochromism exhibited by cobalt can be explained by 

the equilibrium 

Co(D2EHPA) * (H 0) 
Heat 

\ (D2EHPA) + 2H 0 .......... 18 222 "ý'- C022 
cool 

Pink Blue 

The above equilibrium forms the basis of a simple explanation both for 

a 
the selectivity of D2EHPA for tetrahedrally coordinated metals over 

octahedral and of the temperature effect (increased distribution 

coefficient for cobalt as the temperature increases). The transform- 

ation from octahedral to tetrahedral cobalt species is entroptCOM 

favoured (because of the loss of two water molecules from the 

coordination sphere). 
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In the familiar expression 

AG = AH -T AS 

as T increases the term TZýS becomes a more important contributor to AG 

and the distribution coefficient (D) increases. 

The selectivity for the exchange reaction between aqueous 

cobalt and organic nickel phases shows a similar temperature 

dependance: 

[Co(H 
2 0) 6 

f+ 
+ Ni(D2EHPA) 2 

(H 
2 0)? v- Co(D2EHPA) 2+ 

[Ni (H 
2 0) 6] 

2+ 
+ 2H 20 

The major thermodynamic effect working against tetrahedral complex 

formation for nickel ions is the difference in liEand field 

stabilisation energy. The energy difference is much greater for nickel 

than it is for cobalt and therefore nickel requires much higher 

temperatures before it will exhibit thermochromism. 

However, the thermochromic effect is not restricted to organo- 

phosphoric acids, such as D2EHPA, but is also observed in organo- 

phosphinic acid complexes. 

Cyanex 272 is found to form a complex with cobalt which is 

predomizately tetrahedral at room temperature In fact all the 

phosphinic acids studied in this research project were found to form 

blue tetrahedral complexes with cobalt at room temperature. This 

suggests that the type of ligand affects the ease with which cobalt 

exhibits thermochromism. For example, di(cyclohexylmethyl)phosphoric, 

di(2-methylcyclohexyl)phosphoric and di(4-methylcyclohexyl)phosphoric 

acids, Figs. 23,25 and 26 respectively, do not form any visibly 

significant blue tetrahedral cobalt complexes at 298K. However, at the 

same temperature, their phosphinic acid analogues do form predominantly 
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blue tetrahedral complexes with cobalt (Figs. 29,31 and 39 

respectively). 

It is therefore reasonable to suggest that the phosphinic 

acids could also influence nickel in the same way as cobalt, that is, 

make it easier for octahedral nickel complexes to lose water to 

produce tetrahedral complexes, especially at the higher temperature of 

323K. With most of the phosphinic acids studieA it was seen that 

nickel exhibited some degree of temperature dependance, that is, the 

distribution coefficient increased as the temperature increased from 

298K to 323K. However, this temperature dependance was smaller than 

that shown by ccbalt and it is probable that the equilibrium 

Ni(R 2 Poo) 2 
(H 

2 0) 2' 
1ý Ni(R 2 Poo) 2+ 2H 20............ 19 

Octahedral Tetrahedral 

is predominantly octahedral, even at the higher temperature of 323K. 

4.9 Stoichiometries of cobalt and nickel complexes 

As discussed earlier in section 4.2, organophospho-rus 

extractants do not exist as simple monomeric species in non-polar 
II 

solvents but, in the majority of cases, they exist as dimers 

For example, with D2EHPA 

RO /0 
OR 

RO 0 -Ht%mmwiO OR 

where R= CH 3 CH 2 CH 2 CH 2 
CHCH 2 
c2H5 

The ge----eral equation, for extraction, previously written as 

Mn+ + ............ nHX mx 
n+ nH 
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can be more accurately represented for a divalent metal as 

X2+ + nH X M(HX (H X+ 2H . ............ 20 22 2)2 2 2)n-2 

and the equilibrium constant can be defined as: 

[M(HX ) (H X) -1 -H +-12 
K=_2222 

Jn-2 JLj............ 
21 

[m 2+ ] [H x 

and hence the following expression can be derived: 

log D-2 pH =n log [H 
2x 21 + log K ............ 22 

By calculating the distribution coefficients as a function of 

extractant concentration and plotting log D-2 -pH against 

log [H 
2x2]a curve of sloce n is obtained. It has been reported that 

n=2 for cobalt and n3 for nickel However, depending on the 

relative concentrations of the extractant and metal ions, n=2 or 

n=4 can be obtained in the case of nickel. 

The molecular formula for cobalt extraction is therefore 

2+ 
+2H2X2Co (HX 

2)2 + 2H ............ 
23 

and the structure of the blue tetrahedral complex can be shown as 

I 

x / '1, 
I, 

'I 

I, 
I/I, 

Co 

x 

H 

where X=R2 POO 

H ��� 
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There are eight alkyl (R) groups around the cobalt atom. 

The molecular formula for nickel is 

Ni 2+ 
+ 3H X Ni(HX ) (H X)+ 2H . ............ 24 222222 

and the probable octahedral structure would be 

HX 

HX HX =R2 POOH 

The nickel atom is surrounded by twelve alkyl (R) groups. At low 

extractant concentrations and high metal ion concentrations the nickel 

structure may be hydrated; H20 replacing HX. 

Depending on the relative extractant/metal concentrations 

therefore, the structures suggest that, because of the numbers of 

groups surrounding the metal atoms, it should theoretically be easier 

to extract the cobalt complex species than the nickel species. This 

suggests that the selectivity of cobalt over nickel is increased 

because of the stoichiometries of complex formation. 
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4.1o The conditions used 

In order to compare the hydrometallurgical properties of one 

extractant with another, it has been emphasized in this chapter that, 

the conditions used for each extraction test must be kept constant. 

As previously mentioned, the diluent used was toluene/2C% isodecanol. 

The extractant concentration chosen was 0.05 M. The aqueous feed 

solution contained the metal at a concentration of 1 g1l (100 ppm) in 

5% sodium sulphate solution. The phase ratio (A/o) was 1 and the 

extraction work was carried out at 298K and 323K. 



CHAPTER 
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CHAPTER 5 

DISCUSSION 

5.1 Introduction 

An investigation of the bietal extraction properties 

of the organophosphoric and organophosphinic acids showed that 
I 

they behaved differently. Their difference in behaviour can be 

attributed to selectivity, for cobalt over nickel, and acid 

functionality. 

Cyclohexylmethyl phosphinic acid monocyclohexylmethyl 

ester (Section 3-9) was not evaluated as a metal extractant 

because an insufficient quantity of the product was available. 

A greater emphasis was placed on the organophosphinic 

acids as these proved to show the best extractant 

characteristics. 

5.2 Selectivit 

It was seen throughout the evaluation of the organo- 

phosphorus acids, as potential extractants, that the organo- 

phosphinic acids exhibited significantly better selectivity, 

for cobalt over nickel, than the organophosphoric acids. 
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For example, di(cyclohexylmethyl)phosphoric, di(2-methyl- 

cyclohexyl)phosphoric and di(4-methylcyclohexyl)phosphoric acids 

(Figs. 23,25 and 26 respectively) give pH 0.5 
(Ni-Co) separations 

of 0.15,0.30 and 0.15 respectively. The corres-conding organo- 

phosphinic acids (Figs. 29,39 and 31 respectively) give pH 0.5 
'(Ni-Co) separations of 0.87,1 . 90 and 1 . 11 respectively. 

The main reason for the difference in selectivity of the 

two types of organophosphorus acids can be explained by the fact 

that, in the case of the organophosphoric acids the alkyl groups 

are attached to the phosphorus atoms through an oxyen atom, and 

not directly as in the organophosphinic acids. As will be 

discussed in more detail later, the greater the d--*stance between 

the alkyl groups and the phosphorus atom, the poorer the 

selectivity. 

However, good selectivity is not simply a measure of 

pH differences, of cobalt and nickel, but is more accurately 0.5 

expressed by separation factors which in turn are dependant on 

the distribution coefficients. 

5.2.1 Separation factors 

In order to extract cobalt preferentially over nickel, it 

is necessary to achieve a high distribution coefficient for cobalt 

and a low distribution coefficient for nickel at a given pH. 

This would give a high se. paration factor (c--). 
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In the case of the organophosphoric acids the distribution 

coefficients are, at a given pH, of approximately the same order,, 

Tables 57 - 61 (Chapter 6) show that the separation factors are 

predominately less than 2. This means that as far as a single contact 

extraction is concerned, the organophosphoric acids will be inefficient 

at separating cobalt from nickel, Figs. 22 - 26 show this graphically. 

The organophosphinic acids, on the other hand, give excellent 

separation factors. Di(4-methylcyclohexyl)phosphinic acid at 500C 

(Fig. 32) gives a value of 2120.00; di(4-tert-butylcyclohexyl)phosphinic 

acid at 500C (Fig. 34) gives 612.88; di(3-methylcyclohexyl)phosphinic 

acid at 50 0C (Fig. 36) gives 228.00; 420.00 for di(3,5-dimethylcyclo- 

hexyl)phosphinic acid at 250C (Fig. 37); and di(2-methylcyclohexyl)- 

phosphinic acid (Fig. 40) at 500C shows approximately 80/7,1 cobalt 

extraction before any nickel is extracted. 

5.2.2 Alkyl group effects 

The selectivity of cobalt over nickel is also dependant on the 

structure of the alkyl groups attached to the phosphorus. The results 

show that steric crowding of the phosp'laorus atom by the alkyl groups 

improves the selectivity of the extractant. For example, the 

selectivity of the organ6phosphinic acids, at 25 0 C, increases in the 

order Cyanex 272 <di(cyclohexylmethyl)phosphinic acid <di(4-tert- 

butylcyclohexyl)phosphinic acid < di(4-methylcyclohexyl)phosphinic 

acid < di(3-methylcyclohexyl)phbsphinic acid /, ' di(3,5-dimethylcyclo- 

hexyl)phosphinic acid < di(2-methylcyclohexyl)phosphinic acid. 

This selectivity/structure relationship is not observed in the 

organophosphoric acids because of the oxygen link. This makes it much 

more difficult to produce steric crowding of the phosphorus atom by 
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the alkyl groups, and therefore the selectivity is poor and of 

virtually the same magnitude for all the organophosphoric acids 

studied. 

With the organophosphinic acids, small changes in the structure 

of the alkyl groups show significant changes in the selectivity of the 

extractant (Tables 62 - 75; Chýapter 6). 

Di(cyclohexylmethyl)phosphinic acid was the first organo- 

phosphinic acid prepared and it showed very good selectivity, at 25 0 Cy 

compared to Cyanex 272. The selectivity was greatly improved by moving 

the methyl group to the 4-position, on the cyclohexyl ring; di(methyl 

cyclohexyl)phosphinic acid.. Further improvement was sought by examining 

the effects of a larger substituent at the same position on the cyclo- 

hexyl group, so di(4-tert-butylcyclohexyl)phosphinic acid was prepared. 

This, however, behaved very similarly to the 4-methyl analogue and 

further improvement in the selectivity of cobalt over nickel was not 

achieved. 

The next step involved moving the methyl group to the 3-position 

and this improved the selectivity significantly, and a greater percentage 

of cobalt was extracted before any nickel was extracted. This result 

then provided the incentive to prepare di(3,5-dimethylcyclohexyl)phosphinic 

acid which although it gave slightly better results at 25 0 C, gave poorer 

results at 50 0 C. 

The most exciting result was obtained when di(2-methylcyclo- 

hexyl)phosphinic acid was evaluated as an extractant. The selectivity 

at both temperatures was excellent and by far the best obtained. 

The results show that as the methyl group is moved from 

position 4, on the cyclohexyl ring, through position 3 and to position 2, 

the selectivity for cobalt over nickel increases. This increase in 
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selectivity as the steric crowding of the phosphorus atom is 
ILIC 

enhanced, has also been observed by Danesi et al 

5.2.3 Temperature effects 

As discussed before in Section 4.8, the thermochromic 

phenomenon has an important role to play in the selectivity of cobalt 

over nickel. The temperature dependant variability of the structure of 

a cobalt complex was not visually apparent when each class of organo- 

phosphorus acid was studied. This was because the organophosphoric 

acids were only evaluated at 25 0C and at this temperature the cobalt 

predominately exists in its pink octahedral form. Barnes and 
147 

Setchfield have shown that organophosphoric acids will form blue 

tetrahedral complexes with cobalt at higher temperatures; 50 0C for 

instance. The organophosphinic acids, on the other hand, produced the 

blue tetrahedral cobalt complex at both 25 0C and 50 0 C. 

Although a blue solution is formed when a cobalt/organophosphinic 

acid complex is formed, it does not necessarily suggest that all the 

cobalt is in its low spin tetrahedral form. An equilibrium situation 

is produced, that is, 

HEA T- 
Co(R 2 Poo) 2 

(H 
2 0) 2(org. ) ' COOE 

Co(R 2 Poo) 2( org) 
+2H20 (aq. ) 

2b 

Pink Octahedral Blue Tetrahedral 

and, with the organophosphinic acid ligandsp is shifted to the right even 

at 250C. It is therefore reasonable to assume that at 50 0C the 

equilibrium is shifted further to right. 

Because the tetrahedral cobalt complex is more entropy favoured 

than the octahedral complex, cobalt shows better distribution 

coefficients at 50 0C than at 25 0 C. This can be seen as a shift in the 
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cobalt extraction curves, to lower pH 0.5 values. 

From the results in Table 56, there is no correlation between 

the magnitude of the pH 0.5 shifts for cobalt at 50 0C 
and the steric 

crowding of the phosphorus atom by the different alkyl groups. For 

example, di(2-methylcyclohexyl)phosphinic acid, which gave the best 

. selectivity at 25 0 C, may have been expected to show the largest pH 0.5 

shift, for cobalt, at 50 0 C, and Cyanex 272 the smallest. The reason 

why no correlation is seen is probably because the octahedral/tetrahedral 

equilibrium will differ for each complex formed, at 25 0 C. Di(2-methyl- 

cyclohexyl)phosphinic acid may have formed a complex at 250C, which is 

predominately tetrahedral and hence the increase in temperature did not 

produce a significant change in the distribjtion coefficient. 

Di(4-tert-butylcyclohexyl)phosphinic acid, which produced the 

largest pH 0.5 shift, may have produced a cobalt complex at 25 0 C, -which 

contained significant amouzits of the octahedral form, which on increasing 

the temperature to 50 0C became mainly or even completely tetrahedral, 

and this is reflected in the improvement in the distribution 

coefficient. 

Nickel with its high ligand field stabilisation energy should 

not, theoretically, show any temperature dependance between 25 0C and 

50 0 C. The results, however, suggest otherwise, with some of the nickel 

complexes produc-ing better distribution coefficients at 50 0 C. Nickel 

too shows an equilibrium between the octahedral and tetrahedral 

structures, i. e. 

Ni(R2 Poo) 2 
(H 

2 0) 2 
COOL 

-MA-T-7 Ni(R 2 POO) 2+2H20 

octahedral 
tetrahedral 

but at room temperature exists predominately as the octahedral high spin 

form. It is possible, therefore, because of the nature of the ligands, 
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that nickel forms some tetrahedral species at 500C. 

Di(cyclohexylmethyl)phosphinic and di(4-methylcyclohexyl)- 

phosphinic acids gave an anomalous result in that the pH 0.5 nickel 

shift at 50 0C is actually to higher pH values, i. e. poorer distribution 

coefficients. Exactly why nickel should become less accessible, to the 

above two ligands at the --ýigher temperature, is as yet unknown. 

5.3 Acid functionality 

The pH at which extraction occurs depends on several factors 

which include aqueous feed and extractant concentrations, type of 

diluent used, etc. If all these components are kept constant, then it 

is possible to see how each different extractant affects the acid 

functionality. 

From the results in Table 56, it can be seen that, in general, 

the dialkylphosphoric acids exhibit superior acid functionality than 

the dialkylphosphinic acids, and within each class of organophosphorus 

acid a difference in . structure also produces a change in the acid 

functionality. In order to try and shed some light on the variation 

in the acid functionality of an extractant, several factors can be 

considered. 

5.3.1 pKa dependance 

The results obtained for the dialkyl phosphoric and phosphinic 

acids, with one exception, suggests that the acid functionality of each 

class, is dependant on the pKa. In general the pKa range for the 

dialkyl phosphoric and phosphinic acid is between 4-5 and 6-7 

respectively. The exception is di(2-methylcyclohexyl)phosphoric acid 

which, with a pKa of 5.0, only shows a marginally better acid 
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functionality, for cobalt extractiong than some of the organophosphinic 

acids. Its pH 0.5 cobalt value is 5.65 and at the same temperature, 

di(3-methylcyclohexyl)phosphinic ay-. d di(2-methylcyclohexyl)phosphinic 

acids both give a pH 0.5 cobalt result of 5.75. At 500C several of 
the organophosphinic acids actually exhibit better acid functionality 

for cobalt than di(2-methylcyclohexyl)phosphoric acid at 250C. 

When each class of organophosphorus acids is considered, no 

correlation between pKa and acid functionality, for both cobalt and 

nickel extraction., can be found unless large changes in the pKa are 

observed. For example, if the pKa values are similar then no 

correlation is observed but if the pKa values for each acid differ by 

0.5 units, then some correlation is found, that is, a high pKa 

produces poor acid functionality. Di(2-methylcyclohexyl)phosphoric 

acid has a significantly poorer acid functionality compared to the 

other organophosphoric acids studied. Di(cyclohexyl)phosphinic 

acid, with a pKa of 7.37, extracts less than 50% cobalt before 

hydrolysis takes place and hardly extracts any nickel at all (Fig. 41). 

5.3.2 Relationship between the type of hydrocarbon group 

attached to phosphorus and acid functionality 

Di(cyclohexyl)phosphinic acid with its pKa of 7.37 gives a 

much poorer acid functionality than the other phosphinic acids which 

have pKa values ranging between 6.35 - 6.95: this can be expected. 

However, di(2-methylphenyl)phosphinic acid (Fig. 42) wilth a relatively 

low pKa of 5.28 should theoretically exhibit much better acid 

functionality but is found to exhibit an acid functionality comparable 

to the other phosphinic ac-ds. 
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Small changes in structure can alter the pKa of the organo- 

phosphinic acids considerably, for example, addition of a methyl group 

onto any position -n the cyclohexyl ring of di(cyclohexyl)phosphinic acid 

produces extractants with significantly lower pKa values and better 

acid functionality. However, better acid functionality is not simply 

achieved because the pKa values are lower but because the structure of 

the alkyl groups also has an effect. 

This can be seen when we consider di(2-methylphenyl)phosphinic 

acid which, with a low pKa, shows poor acid functionality because of the 

structure of the hydrocarbon group. Di(2-methylcyclohexyl),: hosphinic 

acid has a considerably higher pKa but exhibits comparable acid 

functionality; however, its extraction characteristics are superior than 

its aryl analogue (Figs. 39 and 42 respectively). 

It is most probable that the acid functionality is dependant on 

a combination of the pKa of an organophosphorus acid, and the structure 

of the hydrocarbon groups. 

The organophosphinic acids, with the exceptions of di(cyclo- 

hexylmethyl)phosphinic acid and Cyanex 272 which give a poor acid 

functionality for cobalt, all exhibit similar pH 0.5 values for cobalt 

(Table 56). The pH 0.5 values for nickel are also similar except for 

di (2-me thy lcyclohexyl) phosphinic acid which gives a significantly 

higher value. As a result it is reasonable to assume that the poor 

selectivity shown by Cyanex 272 and di(cyclohexylmethyl)phosphinic acid, 

at 25 0 C. is due to the poor acid functionality for cobalt, and the 

excellent selectivity shown by di(2-methylcyclohexyl)phosphinic acid 

is primarily due to the poor acid functionality for nickel. The 

steric crowding of the phosphorus atom, by the methyl group at the 

2-position on the cyclohexyl ring, does not, to any great extent, effect 
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the extraction of cobalt but makes it significantly more difficult 

to extract nickel. 

5.5.3 Tem-oerature effects 

The increase in acid functionality, shown by the organophosphinic 

acids, as the temperature of extraction is increased from 25 0C to 50 0 CY 

in cobalt extractions and in some cases nickel extractions is primarily 

attributable to a thermochromic effect as discussed in Section 5.2-3. 

5.4 Conclusions 

The hydrometallurgical extractions were very successful and 

provided data from which several inferences can be made - 

The organophosphinic acids show a much greater selectivity 

for cobalt over nickel, than the organophosphoric acids, but 

the acid functionality is poorer. 

2. No definite correlation between pKa and acid functionality 

was found with either type of acid. 

Changes in the structure of the alkyl groups produced 

marked changes in the pKa and acid functionality of the 

extractants. 

Steric crowding of the phosphorus atom by the alkyl groups. 

produces increased selectivity for cobalt over nickel 

The thermochromic effect was shown by cobalt and possibly 

also by nickel. 

Di(2-methylcyclohexyl)phosphoric acid gave a better pH 0.5 

nickel-cobalt separation than the commercially available 

D2EHPA but the acid functionality was poor. 
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7. All the organophosphinic acids, except di(cyclohexylmethyl)- 

phosphinic acid at 50 0 C, gave better selectivities than the 

commercially available Cyanex 272; a market leader for 

transition metal extractions. Of all the extractants studied, 

di(2-methylcyclohexyl)phosphinic acid was superior as far as 

selectivity for cobalt over nickel was concerned. 

8. Both the organophosphoric and organophosphinic acids showed 

good solubility and very go. od phase separations. 

The organophosphinic acid extractants developed during this 

research project are the subject of a UK Patent Application. 

5.5 Future developments 

For further continuation of this research it would be of interest 

to synthesise and evaluate extractants with even more sterically crowded 

phosphorus atoms; for example 

R 

where R= Me. Et, iPr. 

A synthetic route similar to t. hat used for di(2-methylcyclohexyl)- 

phosphinic acid could be employed. 

In order to exploit the extractants described in this thesis 

commercially for use on an industrial scale, in particular di(2-methyl- 

cyclohexyl)phosphinic acid, several factors require further investigation; 

for example - 
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The hydrometallurgical properties of each extractant need 

to be studied at typical industrial concentrations, e. g. 

1-2 molar. 

2. The toluene/20%,,, isodecanol diluent system used in this research 

project is by no means an ideal system for industrial 

applications. A better diluent system needs to be found for 

several reasons-. - 

a) The phase modifier, isodecanol, needs to be replaced, 

since one of the consequences of using isodecanOl- 

modified solvents is to reduce selectivity by suppressing 

cobalt extraction and increasing nickel recovery at a 

given pH. 

b) The diluent must be able to dissolve higher concentrations 

of the extractant. 

C) A diluent which improves the acid functionality of the 

extractants must be found; pH 0.5 values between 6-7 for 

cobalt are not economically feasible for industrial 

scale operations. 

The diluent used commercially for Cyanex 272,10% nonylphenol in 

Kermac 470 B. would be an obvious system to investigate. 

The extractions also need to be evaluated at temperatures, other 

00 
than 25 C and 50 C, in order to determine the optiiiium temperature 

for optimum selectivity for cobalt over nickel. 



CHAPTER 6 
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CHAPTER 6 

RESULTS 

6.1 Procedure used for extraction tests 

The extractant was dissolved in a diluent to make a 0.05M 

solution. Although various diluent systems were examined 

(tables 4-7), using D2EHPA as the extractant, the one chosen for all 

the comparative tests was toluene/2C% isodecanol. 

Cobalt and nickel aqueous solutions (100 ppm each) were used 

and these were made up as follows: - 

Co aq. soln. - 0.1 g Co (0.4770 g CoSO 4* 7H 2 0) and 50 g 

Na 
2 

so 4'1 OH 
20 made up to 1 litre with distilled water. The pH was 

adjusted to approx. 1.30 using conc. H2 so 4' 

Ni aq. soln. - 0.1 g Ni (0.4784 g NiSO 4' 7H 2 0) and 50 g 

Na 2 so 4* 10H 20 made up to 1 litre with distilled water. The pH 

adjusted to approx. 1.30 using conc. H SO 2 4* 

The general procedure was the same for every extraction test. 

The solvent (200 ml) and the aqueous feed solution (200 ml) were 

placed in an extraction vessel (Appendix 1) and vigorously stirred. 

A pH meter (Radiometer PHM83 autocal) was used to record the pH and 

temperature. The two temperatures used were 298K and 323K and these 

were obtained by pumping water, at the required temperature, through 

the jacket of thle extraction vessel. When the pH equilibrated a 

5 ml sample was taken and the pH of the extzaction vessel contents 

was adjusted by between 0.5 and 0.8 pH units using ainmonia solution 

(0.88). The pH was again allowed to equilibrate and a further 5 ml 

sample was taken. This process was repeated until the end of the 
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test (usually around pH 9.0). The aqueous phase (1 mi), lower 

layer, was taken from each of the 5 ml samples an d made up to 10 ml 

using distilled water. An atomic absorption spectrophotometer 

(Perkin Elmer SP90A) was used to obtain absorbance readings for the 

foliowing solutions: 

Standard Co and Ni solutions, 1,3,5,7,10 and 12 ppm, made up 

with 0.5% sodium sulphate solution. 

(2) Initial aqueous feed soluti6n (1 ml) made up to 10 ml with 

distilled water. 

(3) Samples obtained from extraction tests. 

6.2 Calculations 

A calibration graph, ppm vs. absorption, for the standard 

metal solutions was plotted. The ppm metal in each sample was 

obtained of the calibration curve. The percentage metal extracted 

was calculated using the formula: 

% Ext. = ppm metal in feed - ppm metal in sample x 100 ppm 

metal in feed. 

A curve of % Ext. vs. pH was plotted. A value of pHO 
.5 

was 

then obtained off the curve. The distribution coefficient was also 

calculated for all the samples. All the plotting and calculations 

were carried out by computer; the programme is given in Appendix 2. 

Results for the extraction of cobalt and nickel by various 

extractants, at 298K and 323K, are tabulated below. The pH, 

absorption, ppm metal, % extraction and distribution coefficient 

values are shown. The atomic absorption spectrophotometer had to be 

calibrated each Itime and two sets of calibration coordinates 
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corresponding to each set of results are given at the foot of each 

table. Unless otherwise stated, the diluent used was toluene/20% 

isodecanol. The metal aqueous feed solution absorbance value is the 

same as that at 0% extracGion. 
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Table 4. - Ext. of Co using D2BWA at 298K. 

Diluent = Toluene/10% isodecanol. 

PH 

1.37 
2.24 
3.12 
4.16 
4.92 
5.53 
6.23 
7.18 
8.19 
9.15 
9.96 

Absorption 

0.350 

0.350 

0.345 

0.325 

0.195 

0.045 

0.010 

0.008 

0.005 

0.012 

0.040 

PPM 

10.55 
10.55 
10.40 
9.79 
5.88 
1.36 
0.30 
0.24 
0.15 
0.36 
1.21 

Extraction 

0 

0 

1 . 43 
7.14 

44.29 
87.14 
97.14 
97.71 
98.57 
96.57 
88.57 

I Dist. Coef. i 

0.015 

0.077 

0.795 
6.776 

33.965 

42.668 
68.930 

28.155 

7.749 

A. A. calibration coordinates (0,0; 12,0-398) Fig. 11 

Table 5. - Ext. of Co. using D2EHPA at 298K. 

Diluent = Kerosene/20% isodecanol. 

PH Absorption ppm % Extraction Dist. Coef. 

1. -33 P-320 10.39 0 - 
1.91 0.320 10-39 0 - 
2.55 0.320 10.39 0 - 
3.15 0.320 10-39 0 - 
3.78 0.295 9.57 7.81 0.085 

4.48 0.135 4.38 57.81 1.370 

5.15 0.027 0.88 91-56 10.848 

5.91 0.010 0.32 96-87 30.949 

6.91 0.006 0.19 98-13 52.476 

7.85 0.007 0.23 97.81 44.662 

8.66 0.010 0.32 96.87 30.949 

9.49 0.030 0.97 90.62 9.661 

(0,0; 12,0 370) Fig. 13 
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Table 6. - Ext. of Co using D2EHPA at 298K. 

Diluent = Xylene/2C% isodecanol. 

pH Absorption 1! 1% Extraction PPM 

1.31 0.335 10.09 
1.86 0.335 10.09 
2.60 0.335 10.09 
3.28 0.335 10.09 
3.94 0.315 9.48 
4.62 0.225 6.77 

5.33 0.050 1.51 
6.33 0.012 0.36 

7.29 0.012 0.36 

8.24 0.008 0.24 

( Oý0; 12,0.399) 

0 

0 

0 

0 

5.97 
32.84 

85-07 
96.42 
96-42 
97.61 

Table 7. - Ext. of Co using D2EHPA at 298K. 

Diluent = Toluene/20% TBP 

Dist. Coef.! 

0.064 

0.489 

5.698 

26-933 

26-933 

40.841 

Fig. 15 

pH Absorption PPM % Extraction Dist. Coef. 
1 

1 

. 30 0.035 10.41 0 
2.03 0.330 10.25 1 . 49 0.015 

2.72 0.315 9.79 5.97 0.064 

3.28 0.310 9.63 7.46 0.081 

4.02 0.305 9.48 8.96 0.098 

4.6o 0.300 9.32 10.45 0.117 

5.19 0.215 6.68 35.82 0.558 

5.84 0.052 1 . 62 84.48 5.443 

6.63 0.015 0.47 95.52 21 . 321 

7.51 0.015 0.47 95.52 21 . 321 

8.46 0.020 0.62 94-03 15-750 

(0,0; 12,0.386) Fig. 14 
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Table 8. - Ext. of Co using D2EHPA at 298K. 

pH 

1 . 44 

2.01 

2.57 

3.13 

4.17 

4.74 

5.50 

6.52 

7.47 

8.49 

9.46 

Absorption ppm 

0.350 9.69 
0.350 9.69 
0.350 9.69 
0.350 9.69 
0.335 9.27 
0.218 6.03 

0.035 0.97 
0.010 0.28 
0.005 0.14 
0.007 0.19 
0.015 0.42 

(090; 129 0.434) 

Extraction I Dist. Coef. 

0 

0 

0 

0 

4.29 

37-71 

90.00 

97.14 

98-57 

98.00 

95-71 

0.045 
0.605 

9.000 
33.965 
68-930 

49.000 
22-310 

Fig. 12 

Table 9. - Ext. of Ni using D2EHPA at 298K 

pH Absorption 

1 . 48 0.340 

2.28 0.335 

3.01 0.330 

3.69 0.330 

4.39 0.320 

4.95 0.210 

5.49 0.060 

6.12 0.018 

7.06 0.010 

8.06 0.015 

8.96 0.029 

PPI12 

10-51 

10-36 

10.20 

10.20 

9.89 

6.49 

1 . 85 

0.56 

0.31 

0.46 

0.90 

Extraction Dist. Coef. 

0 

1 . 47 

2.94 

2.94 

5.88 

38.24 

82-35 

94-71 

97.06 

95-59 

91 . 47 

0.015 
0.030 
0.030 

0.063 

0.619 
4.666 

17.904 

33.014 
21 . 676 

10.723 

(0,0; 12,0.388). Fig. 22 
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Table 10. - Ext. of Co using di(cyclohexylmethyl)phosphoric acid 
at 298K. 

pH 
I Absorptionj 

I 
PPM % Extraction 

I-- 
Dist. Coef. 

1.21 0.330 10-39 0 - 
2.01 0.320 10.08 3.03 0.031 
2.72 0.320 10.08 3.03 0.031 
3.42 0.315 9.92 4.55 0.048 
4.09 0.295 9.29 10.61 0.119 
4.65 0.190 5.98 42.42 0.737 
5.23 0.060 1.89 81.82 4.500 
6.01 0.020 o. 63 93.94 15-502 
7.00 0.018 0.57 94-55 17-342 
7.68 0.020 o. 63 93.94 15-502 
8.41 

L- 

0.022 o. 69 93-33 13-993 

(0ý0; 12ý 0.381) Fig. 23 

Table 11 Ext. of Ni using di (cyclohexylmethyl) phosphoric acid 

at 298K 

pH Absorption PPM % Extraction Dist. Coef. 

1.52 0.370 10.63 ýO 
2.39 0.370 10.67 0 - 
3.25 0.365 10.49 1.35 0.014 

4.00 0.350 10-05 5.41 0.057 

4.67 0.255 7.33 31-08 0.451 

5.27 0.075 2.15 79-73 3.933 

5.97 0.025 0.72 93.24 13-793 

7.47 0.020 0.57 94-59 17.484 

8.25 0.025 0.72 93.24 13.793 

8.96 0.070 2.01 81.08 4.285 

(0,0; 12,0.418) Fig. 23 
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Table 12. - Ext. of Co using di (cyclohexylethyl) phosphoric acid 
at 298K. 

PH ! Absorption 
i 

1 . 43 

2.02 

2.77 

3.55 

4.30 

4.99 

5.71 

6.53 

7.40 

8.10 

8.78 

9.39 

0.370 

0.370 
0.370 

0.3 
0.335 

0.125 

0.025 

0.018 
0.015 

0.015 
0.025 
0.060 

(0,0; 12,0.433) 

PPM % Extraction Dist. Coef. 

10.25 

10.25 

10.25 

10.11 

9.28 

3.46 

0.69 

0.50 

0.42 

0.42 

o. 69 

1 . 66 

0 
0 

0 

. 35 
9.46 

66.22 

93.24 
95.14 
95-95 

95-95 
93.24 
83-78 

0.014 

0.105 

1 . 960 

13-793 

19.576 

23.691 

23.691 

13.793 

5.165 

Fig. 24 

Table 13. - Ext. of Ni using di (cyclohexylethyl) phosphoric acid 

at 298K 

pH Absorption % Extraction Dist. Coef. PPM 

1.39 0.370 10.16 0 

2.27 0.370 10.16 1 0 

3. o6 0.370 10.16 0 

3.81 0.365 10.02 1 . 35 0.014 

4.49 0.330 g. o6 10.81 0.121 

5.10 0.120 3.29 67-57 2.084 

5.93 0.030 0.82 91.89 11-331 

6.81 0.025 o. 69 93.24 13.793 

7.58 0.030 0.82 91.89 11-331 

8.42 0.055 1.51 85.14 5.729 

(0,0; 12,0.437) Fig. 24 
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Table 14. - Ext. of Co usin--- di (2-methylcyclo. he.: QF1) phosphoric acid 

at 298K. 

1.18 

1 . 90 

2.62 

3.32 

4.15 

4.87 

5.62 

6.32 

7.04 

8.00 

I 

Absorption ! PPM 

I 

Extractant, Dist. Coef. 

0.385 

0.385 

0.375 

0.375 

0.375 

0.335 

0.200 

0.105 

0.085 

0.089 

10-75 
10-75 

10.47 

10.47 
10.47 

9.36 
5.59 
2.93 
2.37 
2.49 

0 

0 

2.60 

2.60 

2.60 

12.99 

48.05 

72.73 

77.92 

76.88 

(OPO; 12,0.430) Fig. 25 

Table 15. - Ext. of Ni using di(2-methylcyclohexyl)phosphoric acid 

at 298K. 

pH 
I Absorption 

1 . 44 

2.12 

2.95 

3.75 

4.44 

5.09 

5.77 

6.46 

7.15 

7.99 

8.92 

0.355 

0.355 

0.355 

0.355 

0.355 

0.310 

0.200 

0.130 

0.110 

0.115 

0.180 

(0,0; 12,0.407) 

PPM 

10.47 

10.47 

10.47 

10.47 
10.47 

9.14 

5.90 

3.83 

3.24 

3.39 
5.31 

Extraction 

0.027 

0.027 

0.027 

0.149 

0.925 

2.667 

3.529 

3.325 

Dist. Coef. 

0 

0 

0 

0 

0 

12.68 0.145 

43.66 0.775 

63-38 1 . 731 

69.01 2.227 

67.61 2.087 

49.30 0.972 

Fig. 25 
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Table 1 6. - Ext. of Co using di (4-methylcyclohexyl) phosphoric acid 

at 298K. 

pH 
i 

Absorption PPM I % Extraction Dist. Coef. 
i 

1.19 0.370 10-33 0 

. 2.01 0.370 10-33 0 
2.70 0.370 10-33 0 - 
3.50 0.360 10.05 2.70 0.028 

4.13 0.295 8.24 20.27 0.254 

4.78 0.193 5.39 47.84 0.917 

5.50 0.060 1.68 83-78 5.165 

6.28 0.028 0.78 92.43 12.210 

7.18 0.045 1.26 87.84 7.224 

7.82 0.045 1.26 87.84 7.224 

8.51 0.065 1.82 82.43 4.692 

(0,0; 12,0.430) Fig. 26 

Table 17. - Ext. of Ni using di (4-methylcyclohexyl) phosphoric acid 

at 298K. 

pH 

1 . 45 

2.24 

2.94 

3.79 

4.51 

5.23 

5.97 

6.59 

7.26 

7.92 

8.61 

Absorption 

0.335 
0.335 
0.335 

0.330 

0.260 

0.118 

0.035 

0.025 
0.028 

0.035 
0.055 

PPM 

10.06 

10.06 

10.06 

9.91 

7.81 

3.54 

1 . 05 

0.75 

0.84 

1 . 05 

1 . 65 

Extraction I Dist. Coef. 

0 

0 
0 

1 . 49 

22-39 

64-78 

89-55 

92.54 

91 . 64 

89-55 

83.58 

0.015 

0.289 

1 . 839 

8.569 

12.405 

10.962 

8.569 

5.090 

I 

(0,0; 12,0.400) Figý 26 
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Table 18. - Ext. of Ni using Cyanex 272 at 298K 

Diluent = Toluene 

pH 
'Absorption 
1 PPM % Extraction 

IDist. 
Coef. 

1 

1.33 0.310 10-34 0 
2.38 0.310 10-34 0 

3.48 0.310 10-34 0 

4.41 0.310 10-34 0 

5.00 0.310 10-34 0 

5.73 0.310 10-34 0 

6.38 0.310 10-34 0 

7.01 0.285 9.51 8.06 0.09 

7.77 0.095 3.17 69-35 2.26 

8.20 0.030 1.00 90-32 9.33 

8.87 0.135 4.50 56.45 1.30 

(0? 0; 129 0.360) 

Table 19. - Ext. of Ni using Cyanex 272 at 323K 

Diluent = Toluene 

Fig. 

pH Absorption PPM % Extraction Dist. Coef. 

5.50 0.310 10-41 0 
6.23 0.310 10.41 0 - 
6.85 0.255 8.57 17-74 0.22 

7.55 0.060 2.02 80.65 4.17 

8.17 0.075 2.52 75.81 3.13 

8.74 0.225 7.56 27.42 0.38 

9.22 0.260 8.73 16-13 0.19 

(0,0; 12,0.357) Fig. 10 
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Ta'ýle 20. - Ext. of Ni using Cyanex 272 at 298K. 

5 g1l sodium sulphate solution. 

pH Absorption PPM % Extraction Dist. Coef. 

4.18 0.268 13.54 0 - 
5.18 0.255 12.88 4.85 0.05 

5.84 0.250 12.63 6.72 0.07 

6.57 0.220 11 . 11 17.91 0.22 

7.25 0.090 4.55 66.42 1.98 

8.07 0.015 0.76 94.40 16.87 

8.96 0.035 1.77 86.94 6.66 

(0,0; 12,0.238) 

Table 21. - Ext. of Ni using Cyanex 272 at 323K. 

5 g1l sodium sulphate solution. 

Fig. 17 

pH Absorption ppm % Extraction Dist. Coef. 

3.98 0.240 12.12 0 - 

4.93 0.235 11.87 2.08 0.02 

5.65 0.240 12.12 0 - 

6.38 0.205 10.35 14-58 0.17 

7.09 0.090 4.55 62-50 1.67 

7.82 0.022 1 . 11 90-83 9.91 

8.47 0.039 1.97 83-75 5.15 

(0,0; 12,0.238) Fig. 18 
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Table 22. - Ext. of Ni using Cyanex 272 at 298K. 

1000 ppm Ni feed solj. tion 

pH Absorp tion ppin % Extraction Dist. Coef. 

4.96 0.295 10.04 0 

5.65 0.295 10.04 0 - 
6.33 0.285 9.70 3.39 0.04 
6.98 0.218 7.42 26.10 0.35 
7.68 0.125 4.25 57.63 1.36 

8.43 0.095 3.23 67.80 2.11 

(OYO; 12,0.353) 

Table 23. - Ext. of Ni using Cyanex 272 at 323K. 

1000 ppm Ni feed solution 

Fig. 1 

pH Absorption PpIn 
i 

% Extraction ! Dist. Coef. 

4.68 0.290 10-54 0 

5.34 0.285 10-36 1.72 0.02 

5.91 0.280 10.18 3.45 0.04 

6.60 0.245 8.90 15-52 0.18 

7.28 0.148 5.38 48.97 o. 96 

7.95 0.103 3.74 64.48 1.82 

8.48 0.122 4.43 57-93 1.38 

(OtO; 129 0.330) Fig. 20 
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Table 11 24. - Ext. of Co using di(cyclohexylmethyl)phosphinic ac-j: -d 
at 298K. 

Ii 
pH Absorption PPM Extraction Dist. Coef. 

1 

. 43 0.390 10.25 0 
2.03 0.390 1 10.25 0 
2.76 0.390 10.25 0 
3.43 0.390 10.25 0 
4.34 0.390 10.25 0 
5.57 0.365 9.59 6.41 0.068 
6.14 0.200 5.26 48-72 0.950 
6.81 0.035 0.92 91 . 03 10-148 

7.51 0.009 0.24 97.69 42.290 

8.23 0.011 0.29 97.18 34.461 
I 

8.98 0.040 1 . 05 89-74 i 8.747 

(0,0; 129 0.457) Fig. 29 

Table 25- - Ext. of Ni using di(cyclohexylmethyl)phosphinic acid 

at 298K 

I 

pH 
lAbsorption 

PPM % Extraction Dist. Coef. 

1.44 0.365 10.49 0 

2.45 0.365 10.49 0 
3.41 0.355 10.20 2.74 0.028 

4.50 0.355 10.20 2.74 0.028 
5.36 0.355 10.20 2.74 0.028 
5.99 0.355 10.20 2.74 0.028 
6.61 0.300 8.62 17.81 0.217 
7.26 0.130 3.74 64-38 1.807 
8.06 0.065 1.87 82.19 4.615 

8.68 0.135 3.88 63-01 1.703 
9.42 0.280 8.05 23.29 0.304 

(0,0; 12,0.418) Fig. 29 
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Table 26 . - Ext. of Co using di(cyclohexylmethyl)phosphinic acid 
at 323K. 

pH Absorption I 
PPM % Extraction Dist. Coef. 

1.66 0.340 10.35 0 
2.61 0.340 10-35 01 
3.58 0.340 10.35 0 - 
4.65 0.335 10.19 1 . 47 0.015 
5.29 0.320 9.74 5.88 0.063 
5.96 0.200 6. og 41.18 0.700 
6.64 0.055 1.67 83.82 5.181 
7.34 0.015 0.46 95.59 21.675 
7.89 0.011 0.33 96-76 29.864 
8.47 0.035 1.07 

1 89.71 8.718 

(OYO; 129 0.394) Fig. 30 

Table 27. - Ext. of Ni using di(cyclohexylmethyl)phosphinic acid 

at 323K. 

pH Absorption 
. 

PPM 
11 

% Extraction Dist. Coef. 

-, 
1.49 0.380 10.40 0 - 
2.47 0.370 10.12 2.63 0.027 

3.46 0.360 9.85 5.26 0.056 

4.42 0.360 9.85 5.26 0.056 

5.24 0.360 9.85 5.26 0.056 

6.07 0.360 9.85 5.26 0.056 

6.92 0.220 6.02 42.11 0.727 

7.63 0.079 2.16 79.21 3.810 

8.24 0.100 2.74 73.68 2.799 

8.80 0.200 5.47 47-37 0.900 

(0,0; 12,0.439) Fig. 30 
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Table 28. - Ext. of Co using di(4-methylcyclohexyl)phosphinic acid 
at 298K. 

pH Absorption PPM % Extraction Dist. Coef. 

1.48 0.385 10-35 0 - 
2.49 0.385 10-35 0 - 
3.30 0.385 10-35 0 - 
4.44 0.385 10-35 0 - 
5.25 0.385 9.81 5.19 0.055 

5.87 0.220 5.91 42.86 0.750 
6.53 0.047 1.26 87-79 7.190 

7.18 0.010 0.27 97.40 37.460 

8.02 0.008 0.22 97.92 47-007 

8.82 0.035 0.94 90.91 10.001 

(010; 129 0.446) Fig. 31 

Table 29. - Ext. of Ni using di(4-methylcyclohexyl)pliosphinic 

acid at 298K. 

pH Absorption PPM % Extraction Dist. Coef. 

1.50 0.355 10.26 0 - 
2.56 0.355 10.26 0 - 
3.43 0.355 10.26 0 - 
4.44 0.355 10.26 0 - 
5.28 0.355 10.26 0 - 
6.03 0.355 10.26 0 - 
6.65 0.290 8.38 18-31 0.224 

7.43 0.115 3.32 67.61 2.087 

8.27 0.105 3.04 70-42 2.381 

9.04 0.238 6.79 33 -'-ýýO 0.511 

(0,0; 12,0.415) Fig - 31 
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Table 30. - Ext. of Co using di(4-methylcyclohexyl)phosphinic 

acid at 323K. 

pH Absorption PPM % Extraction Dist. Coef. 

1.42 0.430 10-30 0 
2.36 0.430 10-30 0 

3.13 0.430 10-30 0 
3.88 0.430 10-30 0 

4.66 0.430 10-30 0 - 
5.37 0.345 8.26 19.77 0.246 

6. og 0.115 2.75 73.26 2.740 

6.95 0.016 0.38 96.28 25.882 

7.87 0.010 0.24 97.67 41.918 

8.61 0.085 2.04 80.23 4.058 

(0,0; 12,0.501). Fig. 32 

Table 31. - Ext. of Ni using di(4-methylcyclohexyl)phosphinic 

acid at 323K 

pH Absorption PPM Extraction I Dist. Coef. 

1.38 0.400 10.49 0 

2.35 0.400 10.49 0 

3.20 0.400 10-49 0 

4.18 0.400 10.49 0 

5.11 0.400 10.49 0 

5.86 0.400 10.49 0 - 

6.66 0.370 9.70 7.50 . 081 0 

7.44 0.145 3.80 63-75 1.759 

8.10 0.130 3.41 67.50 2.077 

8.81 0.315 8.26 21.25 0.270 

(0,0; 12,0.458) Fig. 32 
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Table 32 - Ext. of Co using di(4-t-butylcyclohexý, 1)phosphinic 

acid at 298K. 

pH Absorption ppm % Extraction Dist. Coef. 

1.43 0.390 11.06 0 
2.57 0.390 11.06 0 
3.27 0.380 10.78 2.56 0.03 
3.96 0.380 10.78 2.56 0.03 
4.76 0.380 10.78 2.56 0.03 
5.22 0.360 10.21 7.69 0.08 
5.72 0.260 7.38 33-33 0.50 
6.22 0.095 2.70 75.64 3.11 
6.9o 0.012 0.34 96.92 31.50 
7.52 0.000 0.00 100.00 
8.13 0.000 0.00 100.00 
8.72 L 0.005 0.14 98-72 76.9Q, 

(0,0; 12,0.423) Fig. 33 

Table 33. - Ext. of Ni using di(4-t-butylcyclohexyl)phosphinic 

acid at 298K. 

PH Absorpticn PPM % Extraction Dist. Coef. 

1.43 0.380 13-83 0 

2.48 0.380 13.83 0 

3.43 0.380 13.83 0 

4.38 0.380 13.83 0 

5.18 0.380 13.83 0 - 
5.79 0.365 13.28 3.95 0.04 

6.41 0.335 12.19 11.84 0.13 

7.06 0.180 6.55 52.63 1 . 11 

7.71 0.042 1.53 88-95 8.05 

8.31 0.018 0.65 95.26 20.11 

8.94 0.033 1.20 91-32 10.52 

(0,0; 12,0.330) Fig. 33 
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Table 34. - Ext. of Co using di(4-t-butylcyclohexyl)phos-'-, 
-4- n 

acid at 323K. 

pH Absorption PPM % Extraction Dist. Coef 

1.34 0.435 11.78 0 - 
2.32 0.435 11.78 0 - 
3.38 0.435 11.78 0 - 
4.25 0.435 11.78 0 - 
4.89 0.400 10.83 8.05 0.09 
5.55 0.180 4.88 58.62 1.42 
6.18 0.033 0.89 92.41 12.18 
7.01 0.000 0.00 100.00 - 
7.65 0.000 0.00 100.00 - 
8.28 0.007 0.19 9E. 39 61 . 14 

(OyO; 0.443) Fig - 34 

Table 35. - Ext. of Ni using di(4-t-butylcyclohexyl)phosphinic 

acid at 323K. 

pH Absorption ppm % Extraction Dist. Coef. 

1.41 0.395 12.88 0 

2.46 0.395 12.88 0 

3.46 0.395 12.88 0 

4.44 0.395 12.88 0 

5.28 0.395 12.88 0 - 
5.97 0.365 12-37 7.59 0.04 

6.59 0.275 9.08 30-38 0.42 

7.24 0.085 2.71 78.48 3.75 

7.96 0.026 1.02 94.94 11.67 

8.50 0.075 2.54 81 . 01 4.07 

9.05 0.195 6.61 50.63 0.95 

(090; 12,0.354) Fig. 34 
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Table 36. - Ext. of Co using di(3-methylcyclohexyl)phosphinic 

acid at 298K. 

pH 
1 

Absorption PPM 
7 

% Extraction Dist. Coef. 

1.44 0.350 10.42 0 
2.37 0.350 10.42 0 
3.21 0.350 10.42 0 
3.90 0.350 10.42 0 
4.72 0.350 10.42 0 

5.32 0.300 8.93 14.29 0.17 
5.93 0.123 3.66 64.86 1 . 85 
6.52 0.026 0.77 92.57 12.46 

7.16 0.005 0.15 98.57 69.00 

7.94 0.008 0.24 97-71 42-75 

8.65 0.032 0.95 90.86 9.94 

(010; 12ý 0.403) Fig - 35 

Table 37. - Ext. of Ni using di(3-methylcyclohexyl)phosphinic 

acid at 298K. 

pH Absorption PPM % Extraction Dist. Coef. 

1.44 0.285 10.26 0 

2.35 0.285 10.26 0 - 

3.26 0.285 10.26 0 - 

4.12 0.285 10.26 0 - 

5.10 0.285 10.26 0 - 

5.71 0.277 9.97 2.81 0.03 

6.33 0.255 9.18 10.53 0.12 

6.97 0.168 6.05 41.65 0.70 

7.69 0.080 2.88 71-93 2.56 

8.30 0.098 3.53 65.61 1.91 

8.81 0.165 5.94 42.11 0.73 

(0,0; 12,0.333) Fig. 35 
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Table 38. - Ext. of Co using di(3-methylcyclohexyl)phosphinic 

acid at 323K. 

pH Absorption PPM % Extraction Dist. Coef. 

1.62 0.330 10.70 0 

3.22 0.330 10-70 0 

3.90 0.330 10-70 0 - 
4.61 01-320 10-37 3.03 0.03 

5.19 0.258 8.36 21.82 0.28 

5.80 0.088 2.85 73-33 2.75 

6.99 0.015 0.49 95.45 21.00 

7.20 0.005 0.16 98.48 65-00 

7.89 0.005 0.16 98.48 65-00 

8.50 0.028 0.91 91.52 10-79 

(OtO; 12,0.370) Fig - 36 

Table 39 Ext. of Ni using di(3-methylcyclohexyl)phosphinic 

acid at 323K. 

pH Absorption PPM % Extraction Dist. Coef. 

1.62 0.290 10.28 0 - 
3.20 0.290 10.28 0 - 
4.11 0.290 10.28 0 - 

5.14 0.290 10.28 0 - 

5.71 0.290 10.28 0 - 

6.31 0.270 9.57 6.9o 0.07 

6.92 0.178 6.31 38.62 0.63 

7.63 0.073 2.59 74.83 2.97 

8.20 0.148 5.25 48-97 o. 96 

8.64 0.230 8.15 20.69 0.26 

(0ý0; 12,0.339) Fig. 36 
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Table 40. - Ext. of Co ussing di(3,5-dimethylcyclohexyl)phosphinic 

acid at 298K. 

pH Absorption PpIn % Extraction Dist. Coef. 

1.46 0.335 10-36 0 

3.39 Q-335 10-36 0 - 
4.15 0.330 10.20 1 . 49 0.02 

4.92 0.322 9.95 3- ýý-S 0.04 

5.49 0.270 8.35 19.40 0.24 

6.13 0.080 2.47 76.12 3.19 

6.82 0.005 0.15 98.51 66.00 

7.61 0.002 0.06 99.40 166.47 

8.43 0.002 0.06 99.40 166.47 

(0,0; 12,0.388) Fig - 37 

Table 41 Ext. of Ni using di(3,5-dimethylcyclohexyl)phosphinic 

acid at 298K. 

pH I Absorption 

1 . 45 

3.37 

4.55 

5.26 

6.01 

6.64 

7.24 

7.85 

8.58 

PPM 

0.285 10-35 

0.285 . 
10-35 

0.285 10-35 

0.285 10-35 

0.280 10-17 

0.240 8.71 

0.142 5.16 

0.050 1 . 82 

0.041 1 . 49 

Extraction 

0 
0 

0 

0 

. 75 

15-79 

50.18 

82.46 
85.61 

Dist. Coef. 

0.02 

0.19 

1 . 01 

4.70 

5.95 

(0,0; 12,0.330) Fig. 37 
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Table 42. - Ext. of Co using di (3,5 
-dime thyl cyc 1 ohexyl) phos. ýh_, 

4 

acid at 323K. 

pH Absorption 1 Extraction Dist. Coef. 

1.63 0.340 10.40 0 
3.42 0.340 10.40 0 
4.00 0.340 10.40 0 
4.65 0.340 10.40 0 
5.26 0.288 8.81 15.29 0.18 
6.00 0.070 2.14 79.41 

-3-5.86 
6.67 0.008 0.24 97.65 41-50 
7.33 0.002 0.06 99.41 168.97 
8.00 0.004 0.12 98.82 83-99 
8.55 0.020 o. 61 94.12 1 16.00 

(0.0; 12f 0.392) Fig. 38 

Table 43. - Ext. of Ni using di(3,5-dimethylcyclohexyl)phosphinic 

acid at 323K. 

pH Absorption I PPM % Extraction Dist. Coef. 

1.64 0.285 10.18 0 

3.18 0.285 10.18 0 

4.10 0.285 10.18 0 

5.20 0.285 10.18 0 

5.81 0.285 10.18 0 

6.43 0.255 9.11 10-53 0.12 

7.03 0.165 5.89 42.11 0.73 

7.73 0.050 1.79 82.46 4.70 

8.44 0.066 2.36 76.84 3.32 

(0,0; 12,0.336) Fig. 38 
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Table 44. - Ext . of Co using di(2-methylcyclohexyl)phosphi ic n 

acid at 298K. 

pH Absorption PPM % Extraction Dist. Coef. 

1.16 0.340 10-74 0 
2.33 0.340 10-74 0 

3.11 0.340 10-74 0 
3.90 0.330 10.42 2.94 0.03 
4.68 0.310 9.79 8.82 0.10 

5.27 0.286 9.03 15.88 0.19 

5.91 0.128 4.04 62-35 1.66 

6.64 0.015 0.47 95-59 21.67 

7.41 0.005 0.16 98-53 67-00 

8.30 0.013 0.41 96.18 25-15 

(0,0; 12,0.380) Fig - 39 

Table 45. - Ext. of Ni using di(2-methylcyclohexyl)phosphinic 

acid at 298K. 

pH Absorption PPM % Extraction Dist. Coef. 

1.15 0.340 11.89 0 - 

2.49 0.340 11.89 0 - 

3.28 0.340 11 . 89 0 - 

4.20 0.340 11.89 0 - 

5.04 0.340 11.89 0 - 

5.84 0.340 11.89 0 - 

6.47 0.318 11.12 6.47 0.07 

7.15 0.230 8.04 32-35 0.48 

7.96 0.155 5.42 55 4-41 1.19 

8.75 0.250 8.74 26.47 0.36 

(0,0; 12,0.343) Fig. 39 
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Table 46. - Ext. of Co using di(2-methylcyclohexyl). phosphinic 
acid at 323K. 

pH Absorption i 
ppm Extraction Dist. Coef. 

1.51 0.345 10.86 0 
2.41 0.345 10.86 0 
3.13 0.345 10.86 0 
3.85 0.345 10.86 0 - 
4.63 0.340 10.70 1 . 45 0.01 
5.24 0.280 8.81 18.84 0.23 
5.75 0.140 4.41 59.42 1.46 
6.42 0.028 0.88 91.88 11-32 

7.09 0.005 0.16 98-55 68.00 

7.78 0.000 0.00 100.00 - 
8.48 0.020 0.63 94.20 16.25 

(0,0; 12,0.381) Fig. 40 

Table 47. - Ext. of Ni using di(2-methylcyclohexyl)phosphinic 

acid at 323K. 

pH Absorption PpIn % Extracti-on Dist. Coef. 

1.52 0.340 12-38 0 - 

3.01 0.340 12-38 0 - 

4.02 0.340 12-38 0 - 

4.86 0.340 12-38 0 - 

5.55 0.340 12-38 0 - 

6.16 0.340 12-38 0 - 

6.88 0.284 10-34 16.47 0 . 20 

7.52 0.163 5.93 52.06 1.09 

8.10 0.176 6.41 48.24 0.93 

8.70 0.270 9.83 20.59 0.26 

c- (0,0; 12,0.330) FilD. 40 
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Table 48. - Ext. of Co using Cyanex 272 at 298K. 

pH Absorption PPM % Extraction Dist. Coef. 

5.16 0.340 9.93 2.86 0.03 

5.91 0.280 8.18 20.00 0.25 
6.68 0.069 2.01 80.29 4.07 

7.28 0.011 0.32 96.86 30.82 

8.09 0.005 0.15 98.57 69.00 

8.83 0.007 0.20 98.00 49-00 

(0,0; 12,0.411) 

Table 49. - Ext. of Ni using Cyanex 272 at 298K. 

Fig. 27 

pH Absorption PPM % Extraction Dist. Coef. 

4.97 0.310 10.44 0 - 
5.74 0.300 10.10 3.23 0.03 

6.53 0.265 8.92 14-52 0.17 

7.28 0.103 3.47 66-77 2.01 

8.1-. 6 0.020 0.67 93.55 14-50 

8.90 0.040 1.35 87.10 6.75 

(0,0; 12,0.356) Fig. 27 
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Table 59. - Ext. of Co using Cyanex 272 at 323K. 

pH Absorption PPM % Extraction Dist. C-ef. 

4.68 0.350 10.22 0 - 
5.29 0.320 9.34 8.57 0.09 

5.86 0.175 5.11 50.00 1.00 

6.61 0.025 0.73 92.86 13-00 

7.31 0.005 0.15 98-57 69.00 

7.98 0.000 0.00 100.00 - 

(0,0; 12,0.411) 

Table 51. -- Ext. of Ni using Cyanex 272 at 323K. 

Fig. 28 

pH Absorption ppin % Extraction Dist. Coef. 

4.81 0.310 10.44 0 - 

5.65 0.300 10.10 3.23 0.03 

6.32 0.280 9.43 9.68 0.11 

6.98 0.135 4.55 56.45 1.30 

7.83 0.025 0.84 91.94 11.40 

8.68 0.080 2.69 74.19 2.87 

(0,0; 12,0.356) Fig. 28 
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Table 52. - Ext. of Co using di(cyclohexyl)phosphini-- 

acid at 298K. 

pH Absorption Extraction PPM 1 /0 Dist. Coef. 

1 . 24 0.395 10 -99 1 0 
2.14 0.395 10.99 0 
2.87 0.395 10.99 0 
3.74 0.390 10.85 1 . 27 0.01 
4.54 0.390 10.85 1 . 27 0.01 
5.14 0.365 10.16 7.59 0.08 
5.59 0.310 8.63 21 . 52 0.27 
6.28 0.217 6.04 45.06 0.82 
7.04 0.265 7.37 32.91 0.49 
7.71 0.350 9.74 11 . 39 0.13 

(0,0; 12,0.431) 

Table 53. - Ext. of Ni using di(cyclohexyl)phosphinic 

acid at 298K 

Fig. 41 

pH Absorption PPM % Extraction Dist. Coef. 

1.28 0.385 12.65 1.28 0.01 

2.76 0.385 12.65 1.28 0.01 

4.14 0.385 12.65 1.28 0.01 

4.75 0.385 12.65 1.28 0.01 

5.40 0 -380 12.49 2.56 0.03 

6.12 0.380 12.49 2.56 0.03 

6.87 0.380 12.49 2.56 0.03 

7.67 0.370 12.16 5.13 0.05 

8.41 0.370 12.16 5.13 0.05 

8.97 0.380 12.49 2.56 0.03 

(0,0; 12,0.365) Fi-c--. 41 
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Tal le 54. - Ext. of Co using di(2-methylphenyl)phosphinic 

acid at 298K. 

pH Absorption PPM % Extractiýýn Dist. Coef. 

1.19 0.335 10.47 0 
2.34 0.335 10.47 0 
3.08 0.335 10.47 0 
3.80 0.335 10.47 0 
4.42 0.325 10.16 2.99 0.03 
4.99 0.255 7.97 23.88 0.31 
5.64 0.177 5.53 47-16 0.89 
6.24 0.135 4.22 59.70 1.48 
7.14 0.080 2.50 76.12 3.19 
7.72 0.058 1.81 82.69 4.78 
8.50 0.058 1.81 82.69 4.78 
9.24 0.075 2.34 77.61 3.47 

(090; 12,0.384) Fig. 42 

Table 55. - Ext. of Ni using di(2-methylphenyl)phosphinic 

acid at 298K. 

pH Absorption PPM % Extraction Dist. Coef. 

1.20 0.350 12.21 0 - 
2.44 0.350 12.21 0 - 
3.36 0.350 12.21 0 - 
4.00 0.350 12.21 0 - 
4.80 0.340 11.86 2.86 0.03 

5.59 0.305 10.64 12.86 0.15 

6.29 0.290 10.12 17.14 0.21 

7.04 0.238 8.30 32.00 0.47 

7.66 0.230 8.02 34.29 0.52 

8.35 0.245 8.55 30-00 0.43 

9.00 0.265 9.24 24.29 0.32 

(0,0; 12,0.344) Fig. 42 
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Separation factors (a) for Co and Ni were calculated for each of the 

extractants at various pH levels. The results are tabulated bel3w: 

Table 57. - D2EHPA at 298 0 K. (Fig. 22) 

pH % Ext. Co 7�' Ext. Ni D 
Co D Ni a 

4.50 20.2 8.50 0.25 0.09 2.78 

5.00 58.4 41.8 1.40 0.72 1.94 

5.50 90.0 82.6 9.00 4.75 1.90 

Table 58. - Di(cyclohexylmethyl)phosphoric acid at 2980K. (Fig. 23) 

PH % Ext. Co %Ext. 1,1 ii DC0 DNi a 

4.00 9.1 5.40 0.10 0.06 1 . 67 

4.50 32.6 22.90 0.48 0.30 1 . 60 

5.00 69. o 59.90 2.23 1 . 49 1 . 50 

Table 59. - Di(cyclohexylethyl)phosphoric acid at 2980K. (Fig. 24) 

pH % Ext. Co % Ext , Ni D Co 
D 

Ni a 

4.00 4.6 2.5 0.05 0.03 1 . 67 

4.50 21 0 10.9 0.27 0.12 2.25 

5.00 66.2 6o. 5 1.96 1.53 1.28 

5.50 89.3 83.6 8.35 5.10 1.64 
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Table 60. - Di(2-methylcyclohexyl)phosphoric acid at 2980K. (Fig. 25) 

pH % Ext. Cc, % Ext. Ni D Co D 
Ni 

5.00 17-00 10.0 0.21 0.11 1 . 91 

5.50 42-50 31.5 0.74 0.46 1.61 

6.00 63.4 51.5 1.73 1.06 1.63 

Table 61. - Di(4-methylcyclohexyl)phosphoric acid at 298 0 K. (Fig. 26) 

1 

pH % Ext. Co % Ext. Ni D Co 
D 

Ni 

1 
a 

4.00 15.5 4.3 0.18 
1 

0.05 3.6o 

4.50 35.3 22.1 0.55 0.28 1.96 

5.00 6o. o 51.4 1.50 1.06 1.42 

5.50 83.8 75.8 5.17 3.13 1.65 

Table 62. - Cyanex 272 at 298 0 K. (Fig. 27) 

pH % Ext. Co 
1 

% Ext. Ni D 
Co 

1 
D Ni 

1 
a 

6.00 16.0 4.8 0.19 0.05 3.80 

6.50 55.0 7.4 1 . 22 0.08 15.25 

7.00 85.3 32.8 5.80 0.49 11 . 84 

7.50 96. o 66.0 24.0 1 . 50 16.00 
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Table 63. - Cyanex 272 at 323 0 K. (Fig. 28) 

pH % Ext. Co 
1 

% Ext. Ni 
1 

D 
Co D 

ni a 

5.50 10.8 0 0. l'2 

6.00 30.0 0 0.43 - 
6.50 71 l 315 2.46 0.04 6.50 

7.00 89.9 29.0 8.90 0.41 21 . 71 

7.50 96. o 63.0 24.0 2.33 1 10.30 

Table 64. - Di (cyclohexylmethyl) phosphinic acid at 2980K. (Fig. 29) 

pH 

1% 
Ext. Co % Ext. Ni jD 

Co D 
ni a 

5.50 5.5 2.7 0.06 0.03 2.00 

6.00 36.5 2.7 0.58 0.03 19.33 

6.50 76. o 14.0 3.17 0.16 19.81 

7.00 93.2 47.0 13.71 0.89 15.40 

Table 65. - Di(cyclohexylmethyl)phosphinic acid at 3230K. (Fig. 30) 

pH % Ext. Co % Ext. Ni 
i 

D i Co Ni a 

5.50 12.4 5.3 0.14 0.06 2.33 

6.00 43.0 5.3 0.75 0.06 12.50 

6.50 77.1 18.2 2.46 0.22 11.18 

7.00 91.0 45.6 10.11 0.84 12.04 
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Table 66. - Di(4-methylcyclohexyl)phosphinic acid at 2980K. (Fig. 31) 

pH % Ext. Co % Ext. Ni D! D Co Ni a 

5.00 2.5 C) 0.03 

5.50 15.3 0 0.18 

6.20 69.1 1 .8 2.24 0.02 112.00 

6.50 86.5 12.3 6.41 0.14 45.79 

7.00 96. o 43.6 24.0 30.77 31.17 

Table 67. - Di(4-methylcyclohexyl)phosphinic acid at 323K. (Fig. 32) 

pH 
1 

% Ext. Co % Ext. Ni 
1 

D Co 

1 
D Ni 

1 
2 

5.00 5.5 0 0.06 

5.50 26.7 0 0.36 

6.00 67.9 0.1 2.12 0.001 2120.00 

6.50 87.5 5.0 7.00 0.05 140.00 

7.00 96. o 30.0 24.00 0.43 55.81 

Table 68. 
- Di(4-t-butylcyclohexyl)phosphinic acid at 2980K. (Fig. 33) 

pH % Ext. Co % Ext. Ni D 
Co 

1 
D Ni a 

5- CO 4.0 0 0.04 - 

5.50 19.0 1 .5 0.24 0.02 12.00 

6.00 58.0 5.9 1.38 0.06 23.00 

6.50 87.0 15.0 6.69 0.18 37.17 

7.00 97.5 48.0 39 C, 0.92 42.39 

7.50 99.8 81 0 499 U 4.26 177.14 
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Table 69. - Di(4-t-butylcyclohexyl)phosphinic acid at 3230K. (Fig. 

pH % Ext. Co Ext. Ni DD 
Co Ni a 

5.00 12.2 0 0.14 0 . 005 
5.50 57.0 0.5 3510.04 266.00 
6.00 86.0 4. o 

i 
6.14 0.32 153-00 

6.50 96.5 24.0 27.57 1 . 
63 86.10 

7.00 99.9 62.0 999.0 3.08 612.88 
7.50 100.0 75.5 - - 

Table 70. - Di(3-methylcyclohexyl)phosphinic ac--d at 2980K. (Fig. 35) 

pH % Ext. Co 11 % Ext. Ni D 
Co 

iD 
Ni 1 

1 
(X 

5.00 3.70 0 0.04 - 
5.50 25.5 1 -3 0.34 0.01 34.00 
6.00 69. o 5.5 2.23 0.06 37.17 
6.50 92.0 16.0 11 .5 0.19 60.53 

7.00 97.9 42.0 46.62 0.72 64.75 

7.50 98. '0 67.3 49.00 2.06 23.79 

Table 71 .- Di(3-methylcyclohexyl)phosphinic acid at 3230K. (Fig. 36) 

pH % Ext. Co % Ext. Ni D Co 
D 

Ni a 

5.00 13.1 0 0.1 5 

5.50 47.0 0 0.89 - 
6.00 82.0 2.0 4.56 0.02 228.00 

6.50 95.5 13.5 21 . 22 0.16 132.63 

7.00 98.0 43.0 49.00 0.75 65.33 

7.50 98.0 82.0 49.00 4.56 10.75 
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Table 72. - Di(3,5-dimethylcyclohexyl)phos--chI (Fig-37) 'nic acid at 2980K. 

pH % Ext. Co 
.% 

Ext. Ni D 
Co D 

Ni a 

5.00 5.0 0 0.05 - 
5.50 29.5 0.1 0.42 0.001 420.00 
6.00 66.0 1.8 1 . 94 0.02 97.00 
6.50 92.2 1 1.2 11 . 82 0.13 90.92 
7.00 98.6 34.5 70.43 0.53 132.89 
7.50 99.0 66-5» 99.00 1 . 99 49.75 

Table 73. - Di(3,5-dimethylcyclohexyl)phosphinic acid at 3230K. (Fig. 38) 

pH % Ext. Co % Ext. Ni D Co D Ni a 

5.00 6. o 0 0.06 

5.50 33.0 0 0.49 - 
6.00 79.0 1 -5 3.76 0.015 250.67 
6.50 95.0 13.0 19.00 0.15 126.67 
7-00 98.8 40.0 82.33 0.67 122.88 
7.50 99.0 74.5 99.00 2.92 33.90 

Table 74. - Di(2-methLrlcyclohexyl)phosphinic acid at 2980K. (Fig. 39) 

pH % Ext. Co % Ext. Ni D 
Co 

D Ni a 

5.00 9.6 0 0.12 - 
5.50 32.0 0 0.47 - 
6.00 66.0 0.44 1 . 94 0.004 485.00 

6.50 89.0 7.0 88.09 0.08 101 -13 
7.00 98.5 2-- 6.0 65.67 0.35 187.63 
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Table 75. - Di(2-methylcyclohexyl)phosphinic acid at 323 0 K. (Fi, 2-. 40) 

pH % Ext. Co % Ext. Ni D 
Co D 

Ni (X 

5.50 39.0 0 0 
6.00 71 .50 2.51 - 
6.50 93.8 5.5 15.13 0.06 252.17 

7.00 98.4 21 0 Gl -5 0.27 227.78 
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CHAF.. i, C, T F'R J' T, 1-: N'l ý. III 
RE: )t- F'H(30)7'. -vTR-)rT(30) 
INTEGER DEV 

* 
0 PE N' (11; F YI f..: ý"f, (,, i7- TI (", 'T ') 
REWA-1Y) 11. 
F. ". EA I'l IIA, IIIL- r-'N T 
R' E f) El 

. 
1. A7T 5' NEXP 

r, )'I(F Xf RACT(T PH (TF '/%% P REA Yl 11 F. 1 ._, 

CALL F'AF'EF, ( 1) 
PR' I NT 14 HATDFkIT (*, F D0Y0(JW (1. N' TT0 P1 0T0N10R C 
D EV ý-: 1.051 1 

*, 4. rFNf1--5) DFV PE All 

%-! IF (T1FV, H. P1) THEN 
C CMCOMP 81 UNIT SOUARE (OMS) 

uM Tf 9.6 
EL 

C' CAICOMF 10,51 UNIT SQUARF (CMS) 
UMTT 9- .9 

ENDIF 
C TiFFINE CONVERSION' FACTOR 

cm-A '0MMIT 
C THTS IS M WITH X ON 1. ONIP, SUIE 

CI '1 7710 
It CM 

CnLI.. Po PA (' F72 '7 
. 6: k, 

CALI P0R 11 ER 
PRINT TITLE' iýCROSS TOP OF F'(; (-: F FPCM TOP) 

CA 1. LCT RiM A 07 8) 
CALLPCSCEN0.5r0T T1 F N' TLFNGT ri F NT 

105: ) 



C DEFINI' GRAPH F'()IiTTIOt', l AND SIZE 
r, ALL F'S' PA 0E(5: 41, CMr2 511 A, C, M11 

C FIEFINE UNITS ON GRAPH 
CALL. MiýF'(O, O!;: I. O, OrOtOrIOO. 0) 
Ud. l. ArXES 

C PRAW X-f", 'Ic ANNOTATTON 
CAL. 1. CTR il A (37 (6) 

CA LL PL 0T C'S (I -ý 9 122 .0 PH 
C DRnt-J ANNOTATTON 

CA LI CTRORT(90ý0) 
CAL. I. F'I-OTCS(--Oý6710.07"E. ""6T. Iý', -^, CTTOý), ) 

C, TRiýW SMOOTH OURYE THROUGH rit"'Jel. POIN"IR 
C j) 1.1 

-CIJR0 
(1 PH FXT RA C. r71.7 iN 1ý X, P) 

c, 1-1(ýRK ALL THE DATA POINTS W. TTF: GHOIST SYMBOL '2'115 
CALL CTRII., *%, (', (6) 
CALL. F' T FL 0T( PH F /X, TR (", CTrIr OF X P, - ? 55 

C REDFFINF 0R1 G' 
. I' t %I F S' 1ý XI* F%* ýi X-AX1 '33 

CA i*',. 'y '0RIG(0i, 0: 50, ý0 
X 11) Ix I IS C 1) L. 1. 

C A" 1. G RE N 11 
E: ý, ' Jý,, 
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