The Extraction of Mercuric Chloride from
Acid Chloride Solutions with Trioctylamine

The equilibrium distribution of mercuric chloride between aqueous
sodium chioride solutions and a solution of tri-isooctylamine in xylene has

been measured. The dependence on pH, amine concentration, mercury level,
and temperature has been determined. At low pH mercury is extracted quite
effectively with a distribution coefficient as high as 2,000. At high pH the
mercury can be stripped from the organic solution. This extraction system
offers the possibility of an effective mercury separation process for chlorine

plant brines or chloride-based mercury leach liquors.
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A theoretical model of the extraction equilibria is developed to facilitate

interpolation of the experimental data.

SCOPE

For both economic and environmental reasons there is
a need for a more effective separation process to extract
and to recover mercury from dilute solutions. In mercury-
cell chlorine plants in particular, one encounters large vol-
umes of effluent and process streams which must be treated
for mercury removal. Direct chemical reduction or ion
exchange procedures are not entirely satisfactory because
they are either expensive, inefficient, or unable to recover
the metal values in a convenient manner.

Because of the success of metal ion solvent extraction
processes in nuclear reactor technology and more recently
in hydrometallurgical operations where the emphasis is
not only on metal separation but also on efficient metal
recovery, there are indications that such a process might
have an application in mercury recovery technology. The
objective of this study with respect to mercury cell chlo-
rine plants is to find a solvent extraction process that is
selective for mercury, efficient, and reversible,

It has been known in a qualitative sense that alkyl

amines will extract mercuric chloride from acid chloride
solutions. In this study the quantitative aspects of the ex-
traction reaction are determined. In particular, the extrac-
tion of mercuric chloride from aqueous sodium chloride
solutions by tri-isooctylamine in xylene has been studied,
and mercury distribution equilibria have been measured
over a wide range of mercury concentration. The effects
of pH, amine concentration, and temperature have been
examined as has possible interference from other ions or
oxidizing agents.

In addition to direct equilibrium measurements, spec-
troscopic and vapor pressure measurements have been
made to study the structure of the organic amine and
metal complex solutions. A theoretical model of the ex-
traction equilibria is proposed which leads to equations
for predicting the effects of relevant parameters on the
mercury distribution. These should be useful for estimat-
ing equilibrium curves in the design range of a specific
mercury extraction process.

CONCLUSIONS AND SIGNIFICANCE

It has been found that tri-isooctylamine is an extremely
effective extraction agent for mercuric chloride in acidic
chloride solutions. For pH < 2 and 0.1M amine the dis-
tribution coefficient is greater than 100 for aqueous mer-
cury concentrations between 0.01 and 100 xg Hg/ml,
reaching a value above 2,000 in the intermediate range.
Not only is the extraction efficient but it is also reversible
at higher pH. At a pH greater than 11 the distribution
coefficient is found to be as low as 0.1. The effect of cle-
vated temperature is to diminish the distribution coeffi-
cients somewhat over the entire pH range.

Apparently because of solubility limitations, or possibly
because of dimerization, amine concentrations above 0.1M
do not enhance the distribution coefficient except at high
metal loadings where the capacity is increased.

Studies of the organic solutions indicate that the amine-
metal chloride complex exists in a dimeric form, whereas
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the amine hydrochloride, which is the true extracting
agent, is partially dimerized, with the degree of dimeriza-
tion depending on concentration,

The effect of pH on the equilibrium curves can be ex-
plained in terms of the formation of an amine hydro-
chloride salt which, in turn, bonds with mercuric chlo-
ride ion pairs. Similarly the effect of chloride concentra-
tion, which was not studied experimentally, can be pre-
dicted. Because the formation constants for the amine
hvdrochloride and for mercuric chloride complexes are so
high, diminished chloride levels should have little effect
on the extraction as long as some excess of chloride is
present.

From a vractical point of view, not only is the extrac-
tion equilibrium favorable for a mercury extraction and
recovery process, but the extraction is also very fast with
phase disengagement presenting no problem. Also the low
aqueous solubilities of amine and xylene indicate minimal
reagent losses. Oxidizing agents such as free chlorine have
no effect on the system, and other extractable ions, such
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as iron, interfere with the mercury extraction only to the
extent of their relative concentration.

It is suggested then that this extraction system offers
interesting possibilities for an effective mercury recovery
process. For example, 99.99, of the mercuric ions in a
chlorine plant effluent at a level of 10 pg/ml could be ex-
tracted at a low pH (2 or 3) by an amine solution in five
or six equilibrium stages. Proper choice of phase ratios
in the extraction and in a subsequent stripping operation
at pH around 9 to 10 could yield an aqueous mercury
solution of concentration as high as 0.5M with a corre-
sponding volume reduction factor of 10—+, This product

solution could easily be processed for mercury recovery
or recycled. The organic phase is not consumed so that
the only reagent requirements in the process are those for
pH adjustment.

An integrated mercury recycle strategy in a chlorine
plant which recaptures mercury from the gaseous and solid
effluents requires a process for recovering mercury from
subsequent liquid effluents and purge streams. The process
proposed here should be suitable for that purpose. Such
a mercury concentration process may also find use in a
hydrometallurgical process for mercury production.

In our previous paper (Caban and Chapman, 1972)
we indicated the need for better mercury recovery pro-
cedures for mercury-cell chlorine plants. In particular, one
would like to have processes to recover mercury from each
of the gaseous, liquid, and solid effluents which, operating
in concert, not only accomplish efficient containment of the
mercury but also allow economical recycling of the metal
without disruption of plant operation. Generally, such
processes should avoid introduction of foreign reagents
so that additional separation problems are not created.

Satisfactory recovery processes for gaseous and solid
effluents do exist, in that sodium hypochlorite solutions,
formed by dissolving chlorine in alkaline sodium chloride
solutions, are effective in absorbing mercury or mercury
salts as soluble mercuric chloride. In principle, the result-
ing solutions can be recycled to the brine loop, thus
returning the mercury to the electrolysis cell. The diffi-
culty with this scheme is that extensive recycling of liquid
streams to the brine system requires that some volume of
brine must be purged periodically to maintain steady
operation. Purging is also required to prevent accumula-
tion of deleterious impurities in the brine. Therefore, one
is still faced with the problem of recovering mercury from
liquid effluents, particularly mercuric ions from chloride
solutions.

Mercuric ions in chloride solutions exist primarily as
the anionic tetrachloride complex. Most of the ion ex-
change processes which have been suggested for mercury
recovery take advantage of this fact. The problem with
solid anion exchange resins is that the adsorbed mercury
is not easily recovered. Also the resins can be blocked by
other ions in the solution or attacked by oxidizing agents
such as chlorine. To avoid these difficulties yet take advan-
tage of the anionic nature of the mercuric complex in
solution, we have investigated the solvent extraction of
mercuric chloride by tri-isooctylamine in xylene.

EXTRACTION OF METALS BY LONG CHAIN AMINES

Solvent extraction of metal salts from aqueous solution
with long chain amines by ion-pair formation has received
increasing attention during the last 10 years. Specificity
for extraction, versatility, and high efficiency in many
cases have made amines increasingly interesting for the
development of new industrial processes; previously, the
exploitation of this particular ability of amines was con-
fined to analytical chemistry.

A wide variety of amines have been screened to estab-
lish their potentialities as metal extractants from mineral
acid solutions (Marcus and Kertes, 1969; Seeley and
Crouse, 1966; Seeley and Crouse, 1971; Coleman, 1962).
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Uranium, cobalt (II) and copper (II) chlorides (Sato,
1966; Sato, 1967; Sato, 1969), exhibiting distribution co-
efficients with tri-n- (and/or iso) octylamine on the order
of 100, 100, and 10 respectively, are examples of metals
that have been studied in some detail. The list also in-
cludes iron (II1), indium, and zinc (II), with distribution
coefficients on the order of 100, as well as many of the
metals encountered in nuclear reactor technology.

The reaction for ion pair extraction by an amine may
be expressed formally as

MXy,, + 2HX,q + 2R3Norg © MXy(RsNH) 5.,y (1)

In principle, primary (RNH;), secondary (RNH), and
tertiary (RsN) amines behave similarly. Actually, distri-
bution coefficients for a given metal chloride usually in-
crease with isomeric form in the order given, although the
order is the inverse for a few metals and for some anions.
The solubility of the amine in water decreases markedly
as the number of alkyl (R) groups increases and as the
length of these alkyl groups increases. Tertiary amines
are insoluble in water for most purposes, but they are
miscible with nonpolar solvents, and their capacity for
metal extraction increases as chain length increases. When
the chain gets too long, however, solutions become vis-
cous, the solubility decreases, and steric hindrance effects
become noticeable. Therefore, trioctylamine (CgHyz)sN,
possesses an optimum set of properties which make it best
suited for practical processes.

The importance of solvent effects are well known
(Marcus and Kertes, 1969), but these effects have not
been explained on a sound theoretical basis. Aromatic
solvents, for solubility reasons, are usually preferred. Al-
though kerosene is also widely used, modifiers are some-
times required to prevent the formation of a third phase.
Among benzene, toluene, and xylene the latter is preferred
as one of proved performance in solvent extraction tech-
nology (Sato and Adachi, 1969; Roddy and Coleman,
1969).

The extraction of mercury (II) chlorides by secondary
and tertiary amines has been reported in the literature
(Coleman, 1962; Newman and Klotz, 1961), and distri-
bution coefficients appear to be markedly high although
the data are sparse. Complete distribution curves have
not been determined previously, particularly with regard
to the independent effects of pH and chloride level or to
the degree of extraction reversibility.

We have investigated the feasibility of mercury extrac-
tion from depleted chlorine plant brines with an amine.
Such a stream is usually acidic (pH = 2.5-3). is still fairly
concentrated in NaCl (270 g/1), and contains mercury
at a concentration of about 10 to 30 ppm. The extraction
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system selected on the basis of existing technology for
other metals (Brooks and Rosenbaum, 1963; Thornhill
et al., 1971; Skobeev et al,, 1971) was tri-isooctylamine
in mixed xylenes.

EXPERIMENTAL PROCEDURE

Equal volumes of an organic phase and a mercury-containing
aqueous phase were contacted vigorously in a separatory fun-
nel until equilibrium was reached.

The organic phase contained tri-isooctylamine (TIOA)},
0.1M, dissolved in mixed xylenes (b.p. = 137° to 144°C).
The TIOA used was provided by Ashland Chemical Co. as
Adogen 381. Adogen 381 is said to contain a minimum of
95% tertiary amines which are isomers of TIOA; the remain-
ing components are mixed amines.

The aqueous phase was prepared to contain 4.63M, or 270
g/t NaCl, which is the typical composition of the depleted
brine from the cells in chlor-alkali plants (Macmullin, 1962).
Original aqueous solutions were prepared to be of known mer-
cury concentration by adding proper volumes of suitable stand-
ard mercuric chloride solutions (HgCl,). These concentrations
ranged between 0.1 ug Hg/ml and 10,000 «g Hg/ml and are
expressed as pug of Hg0.

The pH was adjusted with NaOH and HC), as the case re-
quired, in order not to introduce foreign ionic species into the
system.

Time required to reach equilibrium was on the order of
1 to 2 minutes. A contact time of 4 minutes was generally used.

After contacting, the phases were allowed to separate (which
takes only a fraction of a minute), and the concentrations were
measured, as was the equilibrium pH.

Mercury in the aqueous phase was determined by the so-
called “Flameless atomic absorption” method which consists
of bringing Hg2+ from solution into an inert gaseous stream
after reduction to Hg® with SnCl,. The air stream is then
passed through a cell where optical absorbance at 253.7A is
measured. For this purpose a Coleman MAS-50 Mercury Ana-
lyzer was used (Caban and Chapman, 1972).

The difference between the original mercury content and the
measured equilibrium concentration in the aqueous phase was
assumed to be the mercury in the organic phase. Successive
stripping of the organic phase with 0.1M NaOH (in 4.65M
NaCl or by itself) allowed quantitative recovery of the mer-
cury. This procedure was used to determine mercury in the
organic phase at high pH where equilibrium mercury concen-
trations in the amine are very small. Experimental data for
the extraction with 0.1IM TIOA at pH = 1 and 13 were aver-
aged over 5 to 10 points with a relative deviation of at most
5% in the analysis.

Experiments were conducted at room temperature (72°F +
2°F, 22°C) and at 70°C, which is the typical temperature of
a depleted brine.

The pH was measured with a Beckman Electroscan TM 30
and a glass electrode.

Infrared spectra of the organic solutions were taken with
a Beckman IR-10 infrared spectrophotometer.

A vapor pressure osmometer, Mechrolab, Inc., Model 301-A,
was used for the determination of molecular weights of various
species in the organic phase.

MERCURY EXTRACTION EQUILIBRIA

The extraction of HgCl, by TIOA was verified to be
highly effective with maximum extraction being achieved
around pH = 1. Little or no variation with pH was de-
tected between pH = 0.5-2.0 where distribution coeffi-
cients (Kp = Corg/Caq) varied from 14 at a Core of 0.1
ng Hg/ml to 65 at Corg = 10,000 ug/ml and reached a
maximum of 2000 at Coe = 500. K, appears to be above
100 between Corg = 0.8 and Corg = 2,300 ug/ml at 22°C
as shown in Figure 1 for pH = 1. Material balance cal-
culations indicate that at maximum loading the amine to
metal ratio in the organic phase is 2:1.
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On the basic side, pH = 13, Kp varied from 0.25 at
C.q = 0.1 to 0.023 at C,q = 10,000 ug/ml. (When pH =
1, Corg describes better the mercury level because most
of the mercury is in the organic phase; the opposite is
true at high pH). Little or no effect of pH on the extrac-
tion was observed at pH between 11 and 13.

On the other hand, the distribution coefficient appeared
to be extremely sensitive to equilibrium pH at pH be-
tween 3 and 10. Therefore the data given at intermediate
pH values are scant and have been interpolated where
necessary in the preparation of Figure 2, where the com-
plete equilibrium curves are presented.

Figure 2 presents mercury equilibrium curves for 0.1M
TIOA over a wide range of mercury concentrations with
pH as a parameter. Concentrations are plotted on logarith-
mic scales which preserve their relative accuracy. Dashed
lines indicate data taken at 70°C.

Equilibrium mercury concentration in the aqueous
phase increases with temperature at a given total amount
of mercury in the system, the increase with respect to
values at 22°C being proportionally higher at higher
levels of mercury. This can be attributed, in a qualitative
sense, to the higher stability of aqueous mercury chloride
complexes at higher temperatures, which can otherwise be
observed as an increased solubility. From an operational
point of view, the reduction with temperature of the dis-
tribution coefficient Kp being small at expected working
levels (Caq = 0.01 to 1000 pg/ml), presents no major
problem; at higher pH, the reduction in Kp presents, in
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any case, an improvement in stripping conditions.

In Figure 3 the distribution coefficient as a function of
total amine concentration is presented for an original
aqueous phase mercury concentration of 1000 ug/ml
(Corg + Caq = 500 pg/ml) at a pH of 1. It is seen that
the mercury distribution coefficient levels off at a high
value for amine concentrations above 0.1M. This same
effect is shown in Figure 1. Except at high aqueous mer-
cury levels, there is no advantage in using an amine con-
centration higher than 0.1IM.

SOLVENT EXTRACTION OF MERCURY FROM BRINES

The equilibrium diagram presented in Figure 2 provides
the information needed to characterize the performance
of an amine process for extracting mercury from brines in
such a way that it can be recovered and recycled.

As an example, a typical depleted brine from mercury-
cathode cells in chlor-alkali plants will have a pH of about
3, be at 70°C, and contain mercuric chlorides in concen-
trations of about 10 ppm Hg® (with a range from 1 to 50
ppm). Under these conditions the mercury level can be
reduced as low as 0.01 pg/ml (10 ppb) by extraction
with 0.1IM TIOA in xylene at 70°C with the use of a
multistage countercurrent contacting system with about
six theoretical stages. (Fewer stages will be required if
the brine pH is lowered to 2.) This will yield a final
organic phase concentration of 1,000 pg Hg/ml if an
organic to aqueous phase volume ratio, O/A, of 0.01 is
used. The solubilities of TIOA and TIOA salts in water
are almost negligible, and that of xylene in water is also
very small, Therefore, the major argument against the
use of high O/A ratios, namely, loss by aqueous solubility
of the organic species, becomes not as compelling as usual.
Particularly where the brine is recirculated, for instance
to make hypo for gas scrubbing, any such losses will be
minimal.

According to Equation (1) enough acid must be added
to maintain the brine at a favorable pH and to provide
the TIOA with the stoichiometric amount required to
form the mercury complex. For a brine where pH = 3
and mercury levels are low these requirements may be
insignificant, Since amine volumes are relatively small,
the acid required is minimal in any case.
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In turn the loaded amine can be stripped of nearly all
its mercury content with a small volume of brine at an
equilibrium pH from 9 to 13 (pH = 9 seems preferable).
Again, enough hydroxide OH~ must be provided to neu-
tralize the HCl in the amine salt and to bring the equilib-
rium pH to the desired value. The resulting aqueous phase
can be concentrated in mercury by using a high O/A
volume ratio. Since the organic phase volume is deter-
mined by the previous extraction step, the final aque-
ous product will have a very small volume. If, in the
same example, the organic phase loaded with 1,000 ng
Hg/ml is treated with a brine of pH = 11 at an O/A
phase ratio of 100, a resulting aqueous product contain-
ing 105 pg Hg/ml (0.5M Hg) can be obtained in a vol-
ume 10~* as large as the original brine treated.

With the use of proper combinations of phase volume
ratios, equilibrium pH’s and amine molarity, one can con-
centrate mercury content by a factor as high as 10,000
above that in the original brine. Of course, if the equilib-
rium aqueous concentration exceeds the solubility of HgO,
a precipitate will be obtained. The total mercury concen-
tration at which HgO precipitates at a given pH can be
obtained from Figure 3 of our previous report (Caban
and Chapman, 1972). If it were so desired, NaOH (with
no NaCl) could be used in stripping of the amine. How-
ever, preliminary experiments show that the distribution
coefficients are not as favorable for stripping without ex-
cess NaCl. Also the major species recovered would be the
HgO precipitate.

The particular choice of operating conditions will be
dictated by specific process requirements, convenience,
and economics.

The solvent extraction of mercury with amines can also
be applied directly to streams where mercury has been
oxidized and dissolved with hypochlorite, O CI~, such as
those where sodium hypochlorite has been used in the
treatment of mercury-containing hydrogen streams and in
the treatment of brine sludges in chlor-alkali plants. The
use of sodium hypochlorite is also the basis for a new
hydrometallurgical process for mercury recovery from low-
grade, cinnabar ores, HgS (Parks and Baker, 1969; Parks
and Fittinghoff, 1970; Olson and Tveter, 1971). In such
systems the O CI— is oxidized to Cl~ by the half reaction
O Cl~ 4+ 2H,0 + 2¢— = Cl~ + 20H~. Hence, after the
process of bringing mercury into solution as Hg?* is
finished, the system would become similar to the one
studied; the chloride ion concentration and the pH will
be the parameters to be adjusted for optimal operation.

INTERFERENCE FROM OTHER COMPONENTS

In contemplating the application of the amine extrac-
tion process to an industrial process stream, we must re-
member that the data presented are for the highly ideal-
ized case where no impurities are present. We should like
to know how the extraction will be affected by the pres-
ence of certain impurities. For example, a typical brine
will show the following analysis (MacMullin, 1962):

Hg 10-50 ppm
Ca ~100 ppm
Mg 1ppm

Fe 0.3 ppm
Ti 0.1ppm
Al ~10-50 ppb
Mo 1-10 ppb
Cr 1-10ppb
A% 1-10 ppb
Ni 1-10 ppb
Mn 1-10 ppb
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Those with concentrations of 1-10 ppb will present no
problem even if they are extracted because their quantity
is too low to consume very much amine. Ca, Mg, and Al
are not extracted by tertiary amines; this leaves iron (III)
as the only extractable species (besides Hg) with a sig-
nificant concentration. Fe(III) has distribution coefh-
cients with amines on the order of 102-10% (Marcus and
Kertes, 1969; Coleman, 1962).

The effect of iron in NaCl solutions was studied at a

mercury level of 1,000 pg/ml, with Fe concentrations from
0 to 2,000 pg/ml. The degree of iron extraction correlates
with its wt. % on a Hg + Fe basis as presented in Figure
4, where the mercury distribution coefficient is plotted
versus the relative iron level. In particular, the interference
with mercury extraction is indicated by Table 1.
Since the iron present in the brine is only 2% of the
mercury concentration, it is clear that it will not reduce
the mercury extraction significantly. It is reasonable to
expect that the reduction in mercury extraction will be
close to the amount of extracted iron (although the Kp
for Fe is not as high as that for Hg) and that the iron
concentration in the organic phase will be about 29 of
the mercury concentration.

The effect of dissolved chlorine in the brine was also
studied. As mentioned earlier, this is a problem with solid
ion exchangers because the resin is destroyed by such a
strong oxidizing agent. An experimental extraction was
performed from an aqueous phase saturated with Cl, (al-
though actual process streams are found to be less than
saturated). No significant change in the extraction effi-
ciency was observed.

On the basis of these measurements we conclude that
solvent extraction of mercuric chloride from aqueous chlo-
ride solutions with tri-isooctylamine (TIOA) offers a con-
venient and effective way to recover mercury from acid
brines (pH 1 to 3). A solvent extraction process using
TIOA can be applied to depleted brines in chlor-alkali
plants and to other chloride streams where mercury exists
in the minute concentrations of 10 to 50 ppm. The mer-
cury content of the treated stream can be lowered to the
order of ppb in a few equilibrium extraction stages, and
with the proper use of O/A phase ratios a resulting aque-
ous phase up to 10* times more concentrated in mercury
than the original can be obtained. Such concentrated solu-
tions can be recycled directly or processed further very
easily, from both a practical and an economic point of view.

Moore (1972) has also studied amine extraction of
mercury from brines, but he placed emphasis on quater-
nary amines. These have the advantage of being able to
treat alkaline brines. It is rather difficult, however, to re-
cover the mercury from the resulting organic phase. The
tertiary amine TIOA can be stripped of virtually all its
mercury content by neutralization with strong bases. Ac-
cording to Figure 2, brines of pH 9 or higher have proved
to be highly effective stripping agents in this case.

For the rational design of a mercury separation process
based on extraction with TIOA, one would like to have
complete and accurate equations describing the extraction
equilibria. Factors of primary interest are total mercury
level, chloride level, pH, amine concentration, and tem-
perature. To make the data in Figures 1 to 3 more useful
and to facilitate the interpolation of data, we have sought
a theoretical model of the extraction equilibria.

THEORY OF ION PAIR EXTRACTION BY AMINES

The extraction of a metal ion by an amine can be best
understood in terms of the formation of an ion pair. The
amine forms a salt with a mineral acid H*X~ of the form
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R3N:HX. When formed by contact of the amine with an
aqueous solution of the acid, the resulting amine salt may
be hydrated. This salt, which in the case of TOA as RgN
and Cl~ as X~ might be referred to as trioctylamine hy-
drochloride, can form a bond with a metal salt MX,, (X =
halogen, nitrate, sulfate, etc.) when the metal accepts as
additional ligands X atoms from amine salt molecules.
Generally, in order to have a fairly strong amine salt metal
complex, the metal salt should be fairly covalent and

should be able to form complexes of the form MXoin
The formation of the metal-amine complex need not take
place chronologically in the said two steps; these can take
place simultaneously or even by some intricate mechanism.
The exact route of such a reaction will be observed only
in its kinetics and not in the equilibria.

The ionic character of the amine-metal complex in a
nonpolar solvent is very minor, and the form written in
Equation (1) should not be taken literally but as a con-
venient formalism. Regardless of the route by which the
metal extraction takes place, the equilibrium of this reac-
tion can be represented in terms of a number of simpler
equilibria which exist simultaneously among the various
species in solution. The problem then is to identify the
important molecular species and to estimate individual
equilibrium constants.

AMINE SALT FORMATION

Nitrogen with an electronic configuration 1522522p3 nor-
mally engages its 3p electrons in bonding while it leaves
available for coordination a lone pair of s electrons. Com-
pounds of the type NY; show hybridization of sp® charac-
ter which becomes more evident as the Y groups become
larger. Thus, tertiary alkylamines are expected to have a
nearly tetrahedral configuration.
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TasLE 1. EFFeECT OF IRON LEVEL ON MERCURY EXTRACTION

Wt. % iron, (____EL_) Mercury remaining in
Fe 4 Hg aqueous phase, ug/ml
0 0.55
20 2.25
66 51.0

Such amines are basic in nature. For example, trioctyl-
amine (TOA) has a pK of 3.0 in benzene. The value in
xylene should be quite similar. Acting as a Lewis base,
TOA readily donates a pair of electrons. It can thus react
with mineral acids of the type

H*X~ (X~ =F-, Cl-, Br—, I=, NO;~, HSO,™)
in the following manner:
RBNorg + H+aq + X_aq= RaNleorg§ K2 (2‘)

The equilibrium constant for this reaction is quite high,
but uncertainties exist regarding the exact value. For
example, for TOA in benzene a value of 1.3 x 10* M~2
has been reported (Newman and Klotz, 1961) for an
organic phase amine concentration between 0.002 and
0.02M, whereas Kakharov and Ochkin (1962) claim
K, = 55 x 10¢* M~2 for an amine concentration of
0.227M. Failure to observe consistent values might very
well be attributed to the nonideality of the system at high
concentrations (> 0.1M).

The literature is full of cases where aggregation of
amine salts is presented as the only way to rationalize the
peculiar thermodynamic behavior of such salts (Marcus
and Kertes, 1969). Even micellar structures containing
up to 50 amine salt monomers have been proved to exist.
However, for TOA the number of aggregated molecules
is not believed to be more than two. Recently Kojima et al.
(1969) reported K, = 1.51 X 10* M~2 for TOA hydro-
chloride in benzene, measured by what seems to be a
fairly complete method since they took into account details
(such as different types of aggregates) not considered
earlier. In particular, using both potentiometric and spec-
trometric techniques, they established the dimerization
reaction

9(TOA — HCl) o = (TOA — HCl)y; K3 (3)

to be significant at (HCI) < 0.1M with K3 = 12.9 +
0.5M-1,

Since it is necessary to postulate the existence of poly-
mers to explain the thermodynamics of amine salt solu-
tions, one might ask, “how do amine polymers form?” It
should be recognized at this stage that tri-isooctyl hydro-
chloride (TIOA-HCI) extracts water into an organic sol-
vent on a 1:1 ratio as shown by Roddy and Coleman
(1969). This fact might be very useful to explain the way
in which amines dimerize. As the nonpolar alkyl groups
interact with the solvent, water bridges are required to
join the highly electronegative chlorine atoms. We can
thus envision an amine salt dimer of the following struc-
ture:

R R
SEION
— Ho . .,
R—NIHC{ CIHN—R
/ HoH \
0
R R

although no direct evidence is available.
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METAL COMPLEX FORMATION

We can now consider the formation of amine-metal
complexes from amine-acid salts and aqueous metal salts.

No general theory has been established for the selec-
tivity of amines as extractants. We find in most cases that
metals that form stable and strong MXy+,"~ complexes
will be extracted by the respective RgN:HX salt by the
reaction

nRgN:HXorg + MXmaq = (RoN:HX) iMXmorg  (4)

The former property will be a function of size, charge,
and softness of both the cation and the anion. Thus cobalt
can be separated from nickel because the former forms
strong chloride complexes whereas the latter does not,
and discriminating extraction with amine hydrochlorides
is possible.

In most of the amine extraction cases presented in the
literature, the system has been studied at constant original
aqueous phase metal concentration in order to observe the
effect of the common anion (Cl—, NO;~, etc.) concentra-
tion on the extraction. In only a few cases has a full equi-
librium isotherm been generated. This approach is not of
interest to us because mercury chloride (Hg Cl;) has a pK
= —13.22; a change of an order of magnitude in the
chloride concentration should not have a very great effect
on extraction, as long as the chloride is present in excess.
Neither will such incomplete data be of much use for the
design of a technical process.

On the other hand, generalized thermodynamic models
for characterization of the equilibrium extraction taking
into account amine salt and metal complex aggregation
as functions of concentration have been proposed. Van
Ipenburg (1961), for instance, has developed a theory
based on the formation of aggregated amine salts and
metal complexes in solution. The application of any such
model to obtain a reliable equilibrium expression for metal
extraction requires considerable knowledge regarding the
molecular species that exist in solution. Therefore, we at-
tempted to obtain information in addition to the extrac-
tion equilibria concerning the nature of the mercuric
chloride-triisooctylamine hydrochloride solutions in xylene.

INFRARED SPECTROSCOPY

Infrared spectra of amine, amine salt, and metal-amine
complex solutions were obtained to study the nature of the
extracted species. The most important information con-
veyed by the individual spectra is that water is present
in both the amine salt and the metal complex. This is in-
dicated by strong OH group peaks. Unfortunately, the
accuracy is not sufficient to determine whether the ratio of
water to amine salt changes when the latter is engaged in
metal complexing.

The differential spectra for each of the three pairs of
systems were calculated. The predominant metal-chloride
species seems to be the tetrachloride with a peak at 440
em~L

MOLECULAR WEIGHT DETERMINATION

For the determination of the molecular weights of the
solute species, vapor pressure osmometry (VPO) was
used. The instrument was calibrated with both benzene
and anthracene in xylene, and the known molecular weight
of TIOA was verified in the absence of chlorides.

Results show that at infinite dilution the amine salt ex-
ists mainly as a monomer. Based on the assumption of a
constant activity coefficient for the solvent, the molecular
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weight (MW) can be determined at other concentrations.
In Figure 5 the calculated ratio MW/MW,=, is presented
as a function of total amine salt concentration (Sr), or its
concentration if it were all monomer. This ratio is the ap-
parent molecular weight of the solute relative to that ob-
served at infinite dilution.

These data indicate that polymerization of the amine
salt occurs at finite concentrations. If we assume that only
dimers can form, we can calculate from a material balance
the amount of dimer that is present. Figure 6 presents the
concentrations of salt monomer S and salt dimer S; as cal-
culated from Figure 5. Figure 6 shows that at infinite
dilution all of the salt is a monomer, whereas as the total
amine concentration (Sr) increases the dimer becomes
more important. Extrapolation of results to infinite dilu-
tion, where the activity coefficients of S and S, are con-
stant and can be defined as unity, yields a value for an
equilibrium constant for reaction (3) of Kz = 7.82. This
value is in good agreement with K3 = 12.9 obtained by
Kojima et al. (1969) for TOA-HCI in benzene.

A similar experiment with the metal complex indicates
a molecular weight of 2,150 to 2,200 at maximum loading.
Combined with a salt to metal ratio of 2:1 determined for
such conditions, this value corresponds to a complex dimer
M,S, - 4H,0 with MW = 2,170 in which all salts pre-
serve their single water molecule. IR data are not suffi-
ciently sensitive to indicate whether the metal complex
has two or four water molecules, but the lack of a differ-
ential peak between the spectra for the salt and metal com-
plex hints that all four water molecules are retained. A
series of arguments may be made for and against the latter
statement; this issue has great relevance to the possible
stereochemistry of the complex species. First, there being
four chlorines coordinated to each mercury, only two of
them can be engaged in monomer-monomer bonds because
of the tetrahedral configuration of Hg2* and because the
other two chlorines are linked to the bulky trioctylamine
molecules. Second, if the two monomers are linked via
water bridges, there is the possibility of using either two
or four water molecules. If the latter is the case, one may
think that the bond should not be as strong as it appears
to be (that is, no metal complex monomer exists) since
the chlorines coordinated to mercury should not be suffi-
ciently electronegative to hydrogen-bond with two water
molecules. On the other hand, if only two water molecules
are bridging the two monomers, the other two can be asso-
ciated with chlorines in some other fashion, as long as
there is no steric hindrance, and they are shielded from the
nonpolar solvent. For example, a possible structure is

O
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Fig. 5. Relative apparent molecular weight of triiscoctylamine hydro-
chloride vs. total amine hydrochloride concentration in xylene as
determined by vapor pressure osmometry.
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Fig. 6. Concentrations of amine hydrochloride monomer and dimer vs.
analytical amine salt concentration, calculated from Figure 5.

Such a structure as the latter will imply, however, that
only two of the amine salts are strongly bonded to mer-
cury leaving open the possibility that at a deficit of amine
salt, a salt to metal ratio of 1:1 could be obtained, con-
trary to the observed 2:1 ratio. Whichever may be the
case, the definite evidence at this time indicates that the
mercury is coordinated with four chlorines and that the
metal complex monomer-monomer bond must be very
strong since we do not have any evidence of the existence
of the metal complex monomer in any detectable quantity.
Even at infinite dilution, VPO data for the metal com-
plexes indicate that the complex monomer does not exist.

INTERPRETATION OF THE MERCURY EXTRACTION
EQUILIBRIA DATA

Any attempt to fit a simple model to the equilibrium
data presented in Figures 1 to 3 quickly reveals that the
mercury extraction reaction is more complicated than one
might expect. If the reaction occurred as it is written in
(1), the equilibrium curves in Figure 2 should have a
slope of unity at low loadings, and there should be a more
regular variation with pH.

Figures 1 and 3 also indicate strange behavior with re-
spect to amine concentration. At low amine levels, the
reaction appears to be second order in amine as one might
expect. At amine levels above 0.1M, however, the degree
of extraction is not enhanced further, except at high load-
ings. This behavior, which is described as a constant amine
activity, has been reported for a number of cases (Marcus
and Kertes, 1969; Coleman, 1962; Sato, 1966; Sato, 1967;
Brooks and Rosenbaum, 1963). At the present time no
definite explanation of this phenomencn is available. Some
have attributed it to the formation of micellar amine salt
structures, but this seems unlikely in our case. It does seem
probable, however, that some solubility limitation is in-
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volved. Anhydrous trioctylamines are known to be com-
pletely miscible with aromatic solvents. When the hy-
drated chloride salt forms, its solubility may very well be
limited. In our case no third phase was detected during
any of the experiments. When a special effort was made
to nucleate a third phase from the salt solution, it was
possible to form a fine white precipitate, but the amount
was so small that analysis was not possible. Thus, it ap-
pears that third phase formation may be occurring in these
systems even though it is not readily detected by casual
observation.

Another strange characteristic of the mercury equilibrium
curves in Figure 2 is that all curves approach a low asymp-
totic aqueous mercury level of 0.00635 ng/ml. There is
no theoretical basis for such behavior, but it is not difficult
to rationalize. We might speculate that it results from the
aqueous solubility of some organic mercury complex. At
such a low level of mercury the issue is not of much practi-
cal importance, and detailed calculations are not justified.
We note, however, that if the aqueous mercury concen-
tration is corrected by subtracting the asymptotic value
0.00635 ug/ml, one obtains a corrected equilibrium curve
which has a more normal appearance. In particular, at
pH = 1, this corrected equilibrium curve exhibits a first-
order dependence of (Hg)org on (Hg)aq over a wide range
of mercury level. At very low levels of mercury, however,
below (Hg)aq = 0.01 ug/ml, the dependence appears to
become second order. This behavior is shown by the cor-
rected data points in Figure 7.

Whether such an ad hoc correction of the equilibrium
curves is legitimate is not clear. Because the mercury levels
in this range are so low, more complete chemical analysis
is not feasible. We are, therefore, content to admit uncer-
tainties in this very dilute range and to accept the correc-
tion as an empirical parameter.®

The asymptotic behavior of the equilibrium curve at low
pH is to be expected as all the amine is converted to salt,
according to Equation (2). The behavior at high pH is
more surprising. One might expect the distribution coeffi-
cient to decrease with increasing pH rather than reaching
an asymptotic form at pH = 11. The finite organic phase
solubility of mercury at these higher pHs as shown in

® Subsequent measurements have shown that, even in the absence of
mercury, acidic brines extract some amine, and this amine gives a false
reading in the mercury analysis on the order of 0.006 g Hg/ml. A cor-
rection in the measured aqueous mercury level is therefore appropriate.
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Fig. 7. Corrected equilibrium data for pH = 1, T = 22°C, 4.43M
NaCl; 0.1M TIOA. Abscissa is (Caq — 0.00635) in ug Hg/ml. Line for
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102!M =35, Line for Corg > 10 ug Hg/ml! is plot of Equation (15)
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Figure 2 probably reflects the solubility of some hydroxide
compound rather than the chloride. Because this solubility
and the corresponding distribution coefficient are rather
low, this aspect of the system is not of great practical im-
portance. For the purposes of process design we have
focussed attention on the equilibria in acidic solutions.

A THEORETICAL MODEL FOR THE EXTRACTION
EQUILIBRIA

A theoretical model for mercury extraction from acidic
chloride solutions must account for the following phe-
nomena:

1. The reaction is of second order with respect to the
corrected metal concentration in the aqueous phase at
very low concentrations.

2. Dependence on aqueous mercury concentration
changes rather abruptly to first order at higher mercury
levels.

3. The mercury complex in the organic phase is a dimer.

4. At the limiting amine-loading condition the ratio of
metal to total amine salt is 1:2.

5. At low amine salt concentrations the reaction is of
second order with respect to the amine salt.

6. There is an amine salt concentration around 0.1M
above which the distribution coefficient is independent of
salt concentration.

7. The organic phase mercury appears to be coordi-
nated by four chloride jons.

8. There are water molecules involved in both the
amine salt and the metal complex.

9. The amine salt is partially dimerized at finite concen-
trations.

One scheme for explaining the rather complicated be-
havior of this system is the following pair of reactions
which may occur simultaneously with the salt formation
reaction (2) and the salt dimerization reaction (3):

M+28=C;;Ks (5)
Ci1+28+M=C,; K¢ (6)

where M is aqueous mercuric chloride, S is amine salt
monomer, and C; and C, are two different mercury com-
plexes. In addition, we propose that C; is a mercury com-
plex monomer of such low solubility (C;)* that it escapes
detection in vapor pressure measurements and Cj is the
dimer. Also, the values of the equilibrium constants in this
case must be such that a significant amount of C; never
precipitates.

Additional equilibria that must be considered under
various conditions are the formation of the HgCly (re-
actant M) and HCI ion pairs in the aqueous solution and
possibly the precipitation of amine salt at its apparent
solubility of 0.1M. When the pH is less than two and the
amine concentration is less than 0.1M, essentially all of
the amine is converted to salt, and the relevant equilib-
rium expressions become

[Ci]
———— T 7
GO (M)

[C.]

_— =K
[SEIM][Ca] )
and
[S2] _

o= Ka (9)

When there is enough mercury to saturate the solution
with C;, there is the additional constraint

[Ci]=1[C]" (10)
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For the low mercury levels where (C;) < (C,)®, Equa-
tions (7), (8), and (9) yield

K;Kq

32

[C.] = [S:]12 [M]? (11)
To relate this equation to the experimental data, we make
the approximation that activity coefficients are unity so
that activities [ ] may be replaced by concentrations ( ).
Then mercury concentration in the organic phase can be
written

(Hg)org - (Cl) + 2(C2)
_ KG K5
_{ 1+2-E3-(52)(M)}§(52)(M) (12)

For the aqueous phase (M), the concentration of HgCl,
depends on total ionic mercury content, chloride level, and
pH (Caban and Chapman, 1972; Butler, 1964; Ciavatta

and Grimaldi, 1968; Ciavatta, 1968; Deacon, 1963;
Eliezer, 1965). For acidic 4.63M NaCl at 25°C,
(Hg) aq
M) = —2 2 13
(M) 1550 (13)

Because the corrected experimental data at low con-
centrations show (Hg)org & (Hg)2q, Equation (12) in-
dicates that (C;) is always small compared to (C,). The
distribution curve in this range is thus represented by

KgK
763 KS_—32 ] (82)? (Hg)%qe (C1) < (Cy)
(14)

In this equation, (Hg)aqc is the analytical mercury con-
tent in the aqueous phase corrected for the anomalous
asymptotic value by subtraction of 0.00635 ug/ml.

At higher levels of mercury [C;] becomes a constant
[C117%, and Equations (7), (8), and (9) yield

Ks(Ci)*®
760

(Hg) org = [

| 912 (t1g) e
(€)= (C)* (15)

Equations (14) and (15) describe the low pH equi-
librium data shown in Figures 1, 2, and 3. More spe-
cifically, they predict the change in slope of the corrected
equilibrium curve in Figure 7. The values of the coeffi-
cients may be obtained from the equilibrium data. From
the maximum distribution coefficient in Figure 1, 2010,
we obtain [(C;)® Kg] = 2.84 X 108 M—5. From the cor-
rected data at low mercury levels where the slope is two
on Figure 7 we obtain [K;Kg] = 1.78 X 102! M5, The
value of K3 can be estimated from Figure 6. In addition,

Ci1*
= 1.6 x 10~18 M3, This value

(Hg)org =2(Cp) = [

we can calculate

5
allows the calculation of the aqueous mercury level at
which [C,] reaches [C,]* by combination of Equation
(7) and the mercuric chloride formation equilibrium [for
example, Equation (13)].

As the organic solution approaches full loading, the
amine salt concentration is not constant but is diminished
by mercury complex formation. A material balance on
amine salt yields

Sy = (S) + 2(52) + 2(Hg)org (16)

At higher pH, where salt formation is not complete, the
equilibrium of reaction (2) must also be considered in
the amine balance. In either case an appropriate substi-
tution for (S) in Equation (15) should be made to ex-
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press the equilibrium in terms of total amine and the
mercury level. The formation of dimer as indicated by
Figure 6 must also be used.

For the case of pH = 1, T = 22°C, and (TIOA) =
0.1M, the corrected equilibrium data have been compared
with Equations (14) and (15) in Figure 7. The data be-
low (Hg)org = 500 pg/ml fall quite nicely on the straight
lines predicted by the equations, the precise agreement in
this region resulting from the adjustment of one constant
coeflicient for each equation. What is gratifying in this
comparison is the agreement above (Hg)og = 500 ug/ml
where Equation (16) and Figure 6 have been used to
compute (S) in Equation (15). It appears that these
equations provide a reasonably correct representation of
the mercury extraction equilibria at 25°C. Equation (15)
in particular can be used to estimate the effect of amine
concentration, pH and mercury level on the mercury ex-
traction equilibrium in the region of practical interest.
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NOTATION

(Cy) = concentration of metal complex monomer, g-
moles/1

(C1)® = solubility of metal complex monomer, g-moles/]

(C2) = concentration of metal complex dimer, g-moles/1

C.q = concentration of mercury in aqueous phase, pg/
ml

Corg = concentration of mercury in organic phase, ug/
ml

(Hg)aq = concentration of mercury in aqueous phase, g-
moles/]

(Hg)org = concentration of mercury in organic phase, g-
moles/]

Kp = equilibrium distribution coefficient = Corg/Caq
= (Hg)aa/ (Hg)aq

K; = equilibrium constant for Reaction (i), molar
units

(M) = concentration of HgCl, in aqueous phase, g-
moles/]

(8) = concentration of amine salt monomer, g-moles/]

(83) = concentration of amine salt dimer, g-moles/!

Sr = total analytical amine salt concentration, g-

moles/1
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Calculation of Multicomponent Liquid-Liquid
Equilibrium with Renon’s and Black's

Activity Equations

The combination of optimization theory and thermodynamics was used
to develop a fast, reliable computerized procedure for predicting or repre-

senting multicomponent liquid-liquid phase equilibrium. Both the Renon
and Black activity coefficient equations were compared with experimental
data using the procedure. Experimental data for three quarternary systems
from the literature were examined. Prediction of ternary data from binary
data is not very reliable, although ternary data can nearly always be repre-
sented by adjustment of the predicted binary constants. Quarternary data

CHARLES G. GUFFEY and
ALBERT H. WEHE

Department of Chemical Engineering
Louisiana State University
Baton Rouge, Louisiana

can be predicted from accurate ternary representations of similar species
provided the additional compound is from the same family group. The
Renon equation is recommended rather than the Black equation.

SCOPE

In the design of extraction equipment, it is necessary
to represent graphically or analytically experimental liquid-
liquid phase equilibrium data so that the data can be
interpolated or extrapolated. In the past, this has been

Correspondence concerning this paper should be addressed to A. H.
Wehe, Department of Chemical Engineering, Louisiana State University,
Baton Rouge, Louisiana 70803. C. G. Guffey is at Humble Oil and Re-
fining Company, Baytown, Texas 77520.
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done primarily with algebraic, graphical correlations which
lent themselves readily to graphical design procedures.
Twenty-six calculation methods have been reviewed by
Guffey (1971). These procedures can be time consuming
and involve approximations.

Previous procedures can be divided into those intended
for the correlation of ternary and quaternary experimental
data and those tor prediction of quaternary from ternary or
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