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ABSTRACT

The separation of F , Cl , Br , and I was per
formed on a column containing the liquid ion exchanger 
Aliquat 336 on an inert support (Kel-F 300). Two different 
types of columns were studied, one with an Aliquat- 
chloroform mixture on the support, and one with only 
Aliquat on the support. The effect of different eluants 
on the separation was determined. Also various types of 
detectors for the column were evaluated.



INTRODUCTION ;

Partition chromatography involves the use of two 
immiscible solvents; one is fixed on or in the adsorbent 
and the other passes over it. In the usual application of 
partition chromatography the stationary phase is aqueous 
and the moving phase is organic. In "reversed phase" 
partition chromatography the phases are reversed; the 
stationary phase is organic and the moving phase is 
aqueous.

■ Reverse phase chromatography can be used to carry 
out separations that would be difficult or impossible with 
ordinary partition chromatography. When the moving phase 
is a water solution, the components of the solution and 
their concentrations can easily be changed.

Ion exchange chromatography can be thought of as a 
reversed phase chromatographic technique if the organic 
resin particle is considered the stationary phase. Ion 
exchange chromatography is of great significance in 
separations of ions of similar properties, i.e. , systems 
which are difficult or impossible to separate by other 
methods. The separation■is based on the■difference in 
sorbabilities of the ionic species to be separated. Ion 
exchange chromatography has been used-to .separate the rare
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earths and the amino acids, two separations which are 
extremely difficult by any other means.

A "liquid ion exchanger" is a material which is 
insoluble or only slightly soluble in water and which 
contains an ionic group that can be exchanged with another 
ion. Liquid anion exchangers are usually high molecular 
weight amines or quaternary ammonium salts, and liquid 
cation exchangers are usually organophosphorous acids. 
Coleman (1) and Cerrai (2) give excellent reviews on what 
has been done with liquid ion exchangers. Shmidt (3) and 
Hogfeld (4) discuss in detail the mechanism of exchange.
A brief discussion of the mechanism of liquid,anion 
exchange will be given here.

The liquid anion exchanger will be represented by 
R^N Cl , a quaternary ammonium salt where R is a long 
aliphatic chain. The amine is usually diluted in an organic 
solvent and allowed to contact an aqueous solution.
Contact of the phases is accomplished directly or by 
adsorbing the organic phase on paper or putting it on an 
inert support in a column. If the organic solution of 
exchanger is dried (the solvent evaporated) on paper;or a- 
column, the exchange reaction would be of the type

R4N+Cl"' '-5' NaN03 > ^  R4N+N03“ ■f NaCl ' 1 (1)



An extraction mechanism (solvent not removed) is 
represented by the following

R4N+Cl" + NaN03 ^  R ^ N O ^  + NaCl (2)
® aq org H

It can be seen that liquid ion exchange is exactly 
analogous to resin ion exchange. Instead of the exchangabler 
group being attached to a polymer, it is connected to an 
organic group which is free to move in the organic phase,

There is one significant difference between resins 
and liquid ion exchangers. In general with a resin the 
exchange potential or the strength with which an.ion is 
held on the resin increases with increasing valence. A 
triply charged ion is held more tightly than a doubly 
charged ion which is held more tightly than a singly 
charged ion. Just the opposite is noticed with'liquid ion 
exchangers. A singly charged ion is held more tightly than 
a doubly charged ion.

This can be explained by activity effects governing 
exchange in the resin. A resin is highly hydrated and the 
solution in the interior of the resin has a high ionic 
strength and one would expect approximately the same 
dielectric constant as bulk water. Since the activity 
coefficient of a triply charged ion drops sharply with 
ionic strength, the triply charged ion prefers to be in the 
resin where the ionic strength is.highest. In a liquid ion• 
exchanger the organic phase contains little water, has a
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low dielectric constant, a lower total ion content, and 
therefore a much lower ionic strength. Thus the more 
highly charged ions prefer the aqueous phase.

Liquid ion exchangers have received a great deal of 
attention in the last few years, especially in the atomic 
energy field. Commercial processes have been developed to 
extract uranium and thorium from ore leach liquors (5, 6).
A great deal of work has been done with liquid ion exchange 
chromatography on both paper and columns. A.systematic 
study of separations involving liquid anion exchangers is 
reported by Brinkman (7,8).

The liquid ion exchanger used in this work was 
Aliquat 336 (tricaprylyl monomethyl ammonium chloride) with 
Kel-F 300 (a trifluorochloroethylene polymer) as the inert 
support. This same system was used by Sastri and co
workers (9) for the separation of the metal ions U, Fe, Co, 
Ni, Cu, Cd, La, Th, and Zn.

The present research was undertaken to evaluate the 
performance of the column and to determine if it behaved 
similarly to a column of ion exchange resin. - With this 
goal in mind several separations were attempted and the 
separation of the halide ions was successful. This separa
tion has been done with anion exchange resins but the 
separations have left considerable room for improvement.

Atteberry and Boyd (10) in 1950 carried out a 
separation of the halide anions using a column of Dowex-2.



5
The column was 91.5 cm. x 0.72 cm. A flow rate of 1.3
ml./min. was used. The eluant was 1.0 M sodium nitrate
with its pH adjusted to 10.4 with sodium hydroxide. A 
complete separation of all four ions took one day with F , 
Cl , and Br" eluting in four hours.

Rieman and Lindenbaum (11) separated Cl and Br 
with 0.6 M sodium nitrate on a column of Amberlite XE-67. 
The column used was 16.8 cm. long and had a cross sectional 
area of 3.83 sq. cm. The sample size was 2.5 mmoles and 
the flow rate was 1.0 cm./min. The Cl and Br required
260 ml. of eluant; when I was run, it required 1800 ml. of
eluant.

DeGeiso, Rieman, and Lindenbaum (12) used gradient 
elution to separate Cl , Br , and I .-A 0.5 M sodium - 
nitrate solution was used for Cl and a 2.0 M nitrate 
solution for Br and I on a Dowex 1-X10 column 6.7 cm. x.
3.4 sq. cm. Sample size was 2.6 meq of each element and . 
the flow fate used was 1 cm./min.

In 1957 Schwab and co-workers (13) discussed the 
gradient elution separation of Cl" and Br and developed 
equations for the calculation of elution volumes..

A somewhat different separation of the halides was 
reported by Starobinets and Mechkovskii (14). 1-A cation 
exchange resin was used, utilizing .just partition 
chromatography, not; ion■exchange.. The eluant was a



water-acetone mixture, A complete separation required 
7500 ml. of eluant.

The most recent and the best separation of Cl »
Br , and I has been reported by Muto and co-workers (15). 
An Amberlite CG 400 column (18 cm. x 0.7 cm.) and a mixed 
solvent system of water-acetone or water-dioxane was used 
for the separation. All three ions eluted in 60 ml. The 
authors did not mention any attempt to separate F . .The 
flow rate which gave the best results was 0.33 ml./min.



EXPERIMENTAL

The glass columns used in this work (supplied by 
Fisher Porter) had an inside diameter of 15 mm. and were 
40 cm. long. The column packing was held in place by a 
sintered glass disc located at the bottom of the column.
A Teflon stopcock was used to regulate the flow rate. A 
hole was drilled in the column 20 cm. from the bottom and 
a rubber injection port was glued in the hole with Dow 
Corning Lab RTV silicone rubber adhesive. This injection 
port provided an easy method of sample introduction since 
the entire length of the glass column was not packed. The 
eluant did not have to be drained to the top of the packing 
in order to inject a sample. The column was packed up to 
the injection port and the sample was injected using a 
syringe.

The inert solid support used was 30/40 mesh Kel-F . 
300 LD (Analabs, Inc.). The Kel-F was used as supplied by 
the manufacturer..

The liquid ion exchanger Aliquat 336 (General Mills, 
Inc.) was also used without additional-purification. •

, Aliquat 336 is tricaprylyl monomethyl ammonium chloride and 
has the formula RgCHgN^Cl™ where R is a mixture of Cg and 
C^q carbon chains, with the Cg predominating. It is an



amber colored, viscous liquid with an average molecular 
weight of 442 and is 88% quaternary ammonium salt.

A column was prepared in the following manners a 
solution of Aliquat in reagent grade chloroform was pre
pared by weighing out enough Aliquat for a solution of the 
desired molarity and diluting to volume with chloroform.
A sufficient amount of Kel-F for a column was placed in a 
beaker and slurried with the Aliquat-chloroform mixture,
For a column with an Aliquat-chlorofom solution as a 
stationary phase (a non-‘dried column) this slurry was 
poured into the column and the excess Aliquat-chloroform 
mixture washed out of the column with the desired eluant. 
For a dried column the excess Aliquat-chloroform mixture 
from the slurry was filtered off and then the Kel-F was 
spread out on a piece of paper and allowed to dry« The 
Kel-F remained a white, free flowing powder even when 0.5 M 
Aliquat solutions were used. • The dried Kel-F was then 
slurried with the desired eluant and poured into the 
column.

Since the Aliquat is supplied in the chloride form, 
the columns were washed with the eluant until all the 
chloride washed off the column.

The flow rates used in this work varied from 1.0 to
1.5 ml./min. The average free or mobile phase volume was
21.5 ml. for the dried column and 12.4 ml.-for the non- 
dried column.



The capacity of the dried column was determined in 
two ways» The first method simply involved weighing the 
Kel-F before and after the addition of the Aliquat. The 
difference of these weights gives the actual amount of 
Aliquat on the Kel-F. A second method for the dried column 
and the only method used with the non-dried column involved 
washing the column first with 6 M HC1 and then with an 
FeClg solution in 6 M HC1 until the column was completely 
saturated with the iron. In 6 M HC1 the iron exists as the 
negatively charged complex FeCl^ and is held on the 
column. The excess iron was washed out with 6 M HC1. Then 
■ the iron held on the column was washed off using 0.5 M HC1 
and collected. This iron was then reduced and titrated 
with standard dichrornate.

The conductivity detector used in this work was 
borrowed from Dr. George Knudson. A detailed description 
of the operation of the detector can be found in (16). 
Briefly the detector consists of an ac wheatstone bridge 
with associated electronics to rectify and filter the off 
balance signal. One arm of the bridge consists of a 
conductivity cell and the other arm of the bridge consists 
of a decade resistance box which is used to balance the 
bridge. A decade capacitance box was.connected in parallel 
with the resistance box to balance out cell capacitance.

Four conductivity cells were used in this work.
The first was simply two platinum wires epoxied in a piece



of Tygon tubing. The surface area of the wires proved to 
be too small so small pieces of Pt foil were inserted in 
the tubing as electrodes.

A third cell is shown in Fig. 1. In this cell the 
Pt electrodes were isolated from the column effluent with 
fine glass frits. The entire cell was made from glass.

The fourth cell used is shown in Fig. 2. The body 
of the cell was Teflon and the side arms glass. A cation 
exchange membrane (61DZL183 from Ionics, Inc.) was used 
instead of glass frits. This membrane has a high resistance 
to solution flow through it and a low electrical resistance.

Some chemical tests were used to identify the 
halide ions in fractions of the column effluent. When only 
a rough idea was needed of how much Cl , Br , or I was 
present in the effluent, silver nitrate was used as an 
indicator.

For F an indicator solution based on that reported 
by Rainwater (17) was used. The only difference was that 
the barium chloride was not used in the indicator solution. 
The indicator solution contained zirconium and Eriochrome 
Cyanine R, which react to form a red complex ion. - When F 
is present, it complexes the zirconium to form ZrF^ , thus • 
destroying the red Eriochrome complex.

The indicator solution was added to the column 
fractions and the transmittance read on a Bausch & Lomb 
Spectronic 20. The'transmittancies were converted to
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glass frit Pt electrode

Figure 1. Conductivity cell with glass frits.
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co lumn

Teflon body

Pt electrodeion exchange 
membrane

Figure 2. Conductivity cell with ion exchange membrane.
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absorbancies and compared to a calibration curve„ Concen-

_ „5trations of F as low as 10 M could be detected.
For a quantative determination of Cl and Br a 

modification of Zall's method (18) was used/' This method 
is based on the displacement of thiocyanate from mercuric 
thiocyanate by Cl” and Br" and the subsequent reaction of 
the liberated thiocyanate with ferric iron to form the . 
colored iron thiocyanate complex, the adsorbance of which 
was measured on the Spectronic 20.

An indicator solution was prepared which contained 
70% perchloric acid, mercuric thiocyanateand ferric 
perchlorate in a volume ratio of 5:1:2. This solution was 
added to the column fractions and the color intensity 
measured on the Spectronic 20. The indicator solution was 
unstable and was prepared immediately before use, Chloride 
and bromide, concentrations down to 10 ** M could be 
determined with this method.

Iodide did not give a good color with the Cl 
indicator solution so silver nitrate was used to determine 
when the I eluted from the column.



RESULTS AND DISCUSSION

Before deciding on the separation of the halides 
with Aliquat 336, a number of other separation schemes were 
investigated. The first separation that was accomplished 
was the separation of iron, cobalt, and nickel. This 
separation is a standard undergraduate laboratory experi
ment using an anion exchange resin. If a separation could 
be obtained with the columns under study, then this would
be an indication that ion exchange was taking place and
that an inert support coated with a liquid ion exchanger 
acts similar to an ion exchange resin.

The separation is based on the fact that Fe and Co
form anionic complexes in concentrated HC1 while, Ni does
not. The column is washed with 9 M HC1 and the Ni is 
eluted. Both Fe and Co exist as chloro complexes in
9 M HC1. Changing to 4 M HC1 as an eluant washes the Co
down the column since the Co complex is unstable in 4 M HC1. 
After the Co has been eluted the eluant is changed to 0.5 M
HC1. The Fe complex is unstable in 0.5 M HC1 and thus the
Fe is eluted.

Columns, both dried and non-dried, were prepared 
using 0.1 M Aliquat in chloroform. The columns were washed 
with 9 M HC1 and 0.2 ml. of a sample solution containing

4-J JL JLJL eLJL0.05 M Fe ,•Co , 'and Ni was injected. • The column was
14
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washed with 9 M HC1 and the green Ni band moved down the 
column. After the Ni was eluted the eluant was changed to
4 M HC1. In 4 M HC1 the blue Co band moved down the
column. When the Co had eluted, the column was washed with
0.5 M HC1 and the orange Fe band moved down the column.
Essentially the same results were obtained with both 
columns. This same separation has been done with the dried 
column by Sastri and co-workers (9).

Since the columns did work and did act like a 
column of ion exchange resin, the separation of anionic 
metal-EDTA complexes of Ba, Sr, Ca, and Mg was attempted.
The stability of metal-EDTA complexes is pH dependent and 
so the possibility for separation exists by suitable pH 
adjustment.

A problem encountered early in the investigation 
was the lack of a suitable detector for the column. Only 
a few of the metal-EDTA complexes are colored. Thus the 
visual monitoring of the column and effluent which worked 
for the Fe, Co, and Ni would not suffice for the EDTA 
complexes. A search for a detector which would continuously 
monitor the column effluent was begun.

Continuous monitoring of'the column effluent using 
an UV spectrometer was considered. It was found that pure 
EDTA in water has an adsorption band that extends from 
240 mu into the vacuum UV. The EDTA complexes of Ba, Sr,
Ca, and Mg adsorb at the same wavelength or at a lower



wavelength. Thus the free EDTA that would be present in 
the effluent would mask any metal complex adsorption that 
might be present. Thus UV monitoring was ruled out as a 
detection scheme.

A flame photometer was tried as a detector and was 
the first system that continuously monitored the column 
effluent to work. A Beckman Model B Spectrometer with a 
flame attachment was used. The column effluent was fed 
through a Teflon capillary to a Beckman total consumption 
burner. An acetylene-oxygen flame was used. The output of 
the Model B was monitored by a Heath recorder Model EUW-20M 
connected to pins 11 and 13 on the rear of the Model B .

The elements Ba, Ca, and Sr were selected for study 
because they have strong emission lines in the visible 
region of the spectrum. Columns with and without chloroform 
were tried. The columns were put in the EDTA cycle by 
washing with concentrated EDTA solutions (1.0 M) and then 
washing out the excess EDTA with the dilute eluant (0.1 - 
0.001 M EDTA, pH .4.2 - 10.1). The metals were injected 
separately and peaks were obtained for all three metals 
with Sr giving the strongest peak and Ba and Ca giving 
considerably weaker peaks. All three metals eluted with 
the same volumes of wash solution and further tests' showed 
there was little if any holdup in the column. Changes in 
the eluant concentration and pH did not affect'the peak 
shape or holdup* ■ An increase in' the column- temperature
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from room temperature to 55° C gave a slight sharpening of 
the peaks but all three metals still eluted with the same 
volume of wash solution.

The EDTA eluant, even at a concentration as low as 
0.001 M, moved the metals down the column with no holdup. 
Sodium sulfate was tried as an eluant in an effort to 
obtain holdup of different amounts for the different ions. 
The column was put in the sulfate form and washed with 
dilute (0.001 M) sodium sulfate. The metals were injected 
as EDTA complexes. Essentially the same results were 
obtained with the sodium sulfate eluant as were obtained 
with the EDTA eluant. There was no appreciable holdup for 
any of the metals. As before, changes in eluant concentra
tion , pH , and column temperature did not improve the 
separability of the metals. ,

The elements Pb and Cd form strong EDTA complexes 
but have, no strong emission lines in the visible region of 
the spectrum. Cyclic voltammetry was considered for use as 
a detector for these elements. This would have been ideal 
since the output signal comes at a different potential for 
each metal and the signal strength is directly proportional 
to concentration. This system worked with the pure metals 
in solution but fouling of the electrodes occurred 'when 
EDTA was present in the solution. This fouling of the 
electrodes led to the abandonment- of this system *
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With no solution in sight for the problem of 

separation of EDTA complexes it was decided to try the 
separation of the halide ions, F , Cl , Br", and I”. As 
before a detector problem was encountered. Since a 
conductivity detector was being used in this laboratory in 
connection with paper chromatography, it was decided to try 
this detector on a column.

The first electrodes used were two Pt wires and 
later two small pieces of Pt foil. These electrodes were 
placed in the column effluent directly beneath the column 
stopcock.

The columns were made up with 0.1 M Aliquat, one 
with chloroform and the other dried. The columns were put 
in the sulfate cycle and washed with 0.1 M sodium sulfate. 
Some baseline wander was observed at first but continued 
washing gave a reasonably stable baseline. Sodium fluoride 
was injected and a peak was obtained. Sodium chloride was 
then injected but no peak could be observed. The baseline, 
began to wander and extraneous peaks began to appear. 
Continued washing gave an erratic background signal that 
refused to level off. Sodium fluoride was reinjected but 
no peak could be observed. A potential of three volts dc 
was applied to the electrodes in an attempt to remove the 
adsorbed impurities. After the cleaning a stable baseline 
was obtained and,injection of sodium fluoride gave an 
excellent peak. ■ As"before, Injection of sodium chloride
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resulted in no peak and a wandering baseline. With sub
sequent cleanings of the electrodes it was found that 
sodium bromide and iodide gave the same results as the 
chloride.

It was decided to try sodium hydroxide as the 
eluant since the difference between the specific conduc
tance of OH and the halides is greater than the difference

■ ” 2between SO^ and the halides, and thus the sensitivity 
should be greater with the NaOH eluant. But with 0.1 M 
NaOH, the same results were obtained. Peaks could be 
obtained with F but fouling of the electrodes occurred 
with the other halides. As the eluant system on the dried 
column was being changed by washing the column with 0.1 M 
sodium hydroxide, a white turbidity and.free Aliquat was 
noticed in the effluent of the column. .This turbidity soon' 
stopped but indicated that some deterioration of the 
column had occurred.

Sodium nitrate was also tried as an eluant and gave 
exactly the same results. A small amount of turbidity was 
noticed with the dried column as the change was made but 
the effluent quickly cleared up. No turbidity was noticed . 
with the non-dried column with either eluant system.

The baseline always wandered to some extent. - This 
wander did not interfere with the detection of F but 
contributed to the inability to detect Cl , Br , and I .
It is believed that ‘ the ■ 01°°Br°° and l" reacted in. some



manner with the electrodes, probably by adsorbing on them, 
and rendered their behavior erratic. The baseline wander 
was probably caused by the Aliquat bleeding off the column. 
Aliquat being adsorbed on the electrodes should change the 
characteristics of the electrodes.

Since fouling of the electrodes seemed to be the 
major problem, it was decided to try to isolate the elec
trodes from the column effluent. • A cell was built which 
used glass frits to isolate the electrodes from the 
effluent. The two problems encountered with this cell were 
leakage through the frits and the high electrical resistance 
of the frits. The total resistance of the cell at balance 
was 16 K ohms with 0.1 M eluant in the side arms of the 
cell. A peak corresponded to a change of only 2-3 ohms.
The detector being used could not detect this small change 
in resistance out of a total of 16 K- ohms. In an effort to 
reduce the cell resistance 1.0 M eluant solutions were used : 
in the side arms of the cell. Now the leakage of the frits . 
became important. The concentrated solution leaked into 
the eluant stream causing a serious drift in the baseline.

The lack of sensitivity caused by the' high resist
ance of the frits and the leaking of the frits led to'the 
abandonment of this cell..’

A cell was designed which used;a 'cation exchange 
membrane instead „of glass, frits to isolate the electrodes. ■
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The membrane had a low electrical resistance and a high 
resistance to solution flow.

The cell with the ion exchange membrane had a 
resistance of 700 ohms which made the detector sensitive 
enough. The leakage problem was also solved. The problem 
which now arose was drift inherent in the column. A stable 
baseline was almost impossible to obtain. The detector 
proved to be extremely temperature sensitive and thermo- 
stating the column and detector was a necessity. Peaks 
were obtained with both F and Cl". The peaks were very 
broad, much broader than the actual elution volume obtained 
by collecting fractions and testing the fractions chemi
cally. These broad peaks were thought to be due to holdup 
in the body of the cell. There was enough space between 
the membranes in the cell to allow the - F and - Cl to 
collect and slowly wash out.

This type of detector shows promise and probably 
could be made to work. A different cell design would be 
required to minimize the free volume in the cell.

Another electrode system that was evaluated for. 
possible use as a detector was 'an electrochemical cell 
consisting of a piece of silver foil and a saturated 
calomel reference electrode (SCE). A piece of silver foil : 
was inserted in a piece of Tygon tubing and then placed in 
the column effluent. Electrical contact between, the Ag 
foil and the SCE was provided by placing the SCE "in a
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beaker of eluant and letting the tip of the Tygon tubing 
from the column touch the surface of the water. A Heath 
recording electrometer Model EUA 20-11 was used to record 
the cell potential.

Using this system peaks were obtained with Cl and 
Br . No peak was observed with F as would be expected 
since silver fluoride is soluble in water. Chloride and 
bromide develop a potential difference because of their 
high insolubility. When I was injected, the baseline 
slowly drifted upward and would never level off. Thus it 
was impossible to.see a peak. The system was unstable and 
gave a slowly drifting baseline at best. Fouling of the 
Ag foil was a real problem. It became necessary to '
physically clean the foil after every-run. Because the 
system would only work with Cl and Br and then not very 
well, it was eventually abandoned as a detector system.

Because of the failure to develop, a method for 
'continuously monitoring the column effluent, it was decided 
to collect the effluent in test tubes and test these frac
tions chemically. All of the separation data reported here 
were obtained using a fraction collector.

Both types of columns were tested and evaluated, 
and a comparison of the dried and non-dried columns showed 
that each had its advantages and disadvantages.

A capacity determination run on a non-dried column 
containing 0.1 M Aliquat showed that 0.59 g. of Allquat was
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available for exchange (1.33 mmoles of Fe held on the 
column). A similar determination on a non-dried column 
containing 0.5 M Aliquat showed that 2.99 g. of Aliquat 
(6.74 mmoles Fe) entered into the exchange reaction. This 
is almost exactly five times the capacity of the 0.1 M 
column. This shows that up to 0.5 M all the Aliquat 
molecules in the chloroform surrounding the particle of 
Kel-F are available for exchange.

With 0.1 M Aliquat dried on a column the capacity 
determination using the iron gave 0.78 g. of Aliquat 
(2.0 mmoles Fe). Direct weighing of the amount of Aliquat 
on the column gave 0.93 g. of Aliquat. , This weight differ
ence can be explained in the following manner. In General 
Mills' specifications Aliquat 336 is said to be 88% active. 
If this can be assumed to mean that on a weight basis, 
Aliquat 336 is only 88% quaternary ammonium salt, then the 
0.93 g. of Aliquat should be changed to 0.82 g. of pure 
quaternary. Within experimental error the two methods of 
capacity determination give the same answer.

The average capacity of all the columns used was 
0.82 g. for a 0.1 M dried column (1.9 mmoles Fe) and 
0.54 g . for a 0.1 M non-dried column (1.2 mmoles Fe).

• From these data it can be seen that a dried column 
with 0.1 M Aliquat contains more Aliquat than a non-dried 
column made with 0.1 M Aliquat. This can be partially 
explained by the fact that a dried’column-packed more
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tightly than a non-dried column and consequently contained 
more Kel-F and thus more All qua t than: a non-dried. column of 
the same length. Since the columns are made up differ
ently, there is really no reason for the capacities to be 
the same.

A typical curve for a dried 0.1 M Aliquat column 
with sodium chloride is shown in Fig. 3. From this curve 
it was calculated that the column contained 171 theoretical 
plates (19). A curve for a non-dried column with 0.1 M 
Aliquat and sodium chloride is shown in Fig. 4. This 
curve gives 94 plates. The sample size for these curves 
and all other work with the halides was 0.05 ml. of a 
0.1 M halide solution.

The sharper peaks and the higher number of plates 
obtained with the dried column can be explained ,in the 
following way. The higher capacity of the column would 
prevent it from being overloaded as easily as the non- 
dried column. Since there is no chloroform-water interface 
in the dried column, mass transfer of ions is easier and 
quicker. This would result in a sharper peak and thus a 
higher number of plates. Also the total volume of the 
stationary phase in the non-dried column is larger than in.. 
the dried column. This results in a longer diffusion path 
for the ions and, therefore, in a broadening of the peak.

Three different eluant systems were evaluated,' 
sodium acetate, sodium nitrate,.and sodium sulfate./ . With
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all three systems the halides eluted in the same order. 
Fluoride eluted first, followed by chloride, then bromide, 
and last of all iodide.

With all three eluant systems the dried and non
dried 0,1 M columns gave essentially the same separations. 
The retention volumes of the two columns were slightly 
different, with the dried column having a larger retention 
volume. All of the separations mentioned below apply to 
both types of columns, but the retention volumes are given 
for a non-dried column.

• The separation of F and Cl proved to be the 
hardest to achieve. Of the three eluants tried only sodium 
acetate would separate F and Cl . With sodium nitrate and 
sulfate only a partial separation could be obtained, even 
when concentrations of eluant as low as 0.01 M %yere used. 
With 0.1 M sodium acetate F” and Cl” were easily separated. 
Fluoride had a retention volume of 21 ml. of eluant and a 
baseline peak width of 16 ml. Chloride, bromide, and 
iodide could not be eluted with a reasonable amount of 
eluant. In an effort to find a single eluant system that 
would separate all the halides more concentrated solutions 
of acetate were tried to see if they would separate Cl ,
Br", and l”. It was found that Q.6 M acetate would separate 
Cl” and Br . The Cl- started eluting after - 22 ml,- of 
eluant, taking 15 ml, to elute, but the Br had a- retention• 
volume of 50 ml. and took over 100 m l t o  e l uteIodide
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still did not wash off the column. Concentrations of 
acetate stronger than 0.6 M interfered with the chemical 
tests so it was impossible to try more concentrated solu
tions.

While sodium sulfate would not separate F and Cl”, 
0.1 M sulfate would separate Cl and Br". The Cl had a 
retention volume of 35 ml. and eluted in 20 ml. while the 
Br started after 100 ml. and took 75 ml. to elute. One 
molar sulfate interfered with the chemical tests which 
prevented further work with it.'

Sodium nitrate was tried and proved to be the 
eluant of choice for Cl , Br , and I . Chloride could be 
separated from Br with 0.01 M nitrate. The Cl started 
eluting after 21 ml. and eluted in 20 ml. Bromide eluted 
with 0.01 M nitrate, coming out after 82 ml. in,a very 
broad peak. Better results with the Br were obtained by 
changing to 0.1 M nitrate after the Cl had eluted. With 
O'. 1 M nitrate the Br had a retention volume of 22 ml. and 
eluted in 20 ml. The separation of Br and I proved to be 
the easiest of all. The only problem involved was getting 
the I off the column. ■With 1.0 M nitrate the I had a 
retention volume of 54 ml. ..and eluted in 40 ml. Two molar 
nitrate was tried as an eluant but did not significantly 
improve the elution volume.' The sodium nitrate did not 
interfere with the chemical tests used, even at a concen
tration of 3*0 M.- ‘
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Thus for a separation using a 0.1 M Aliquat columns 

dried or non-dried, the eluant system which worked best was . 
0.1 M sodium acetate for F , 0.01 M sodium nitrate for Cl”, 
0.1 M nitrate for Br , and 1.0 M nitrate for I . This 
separation is shown in Figs. 5 and 6 for a non-dried and a 
dried column.

A non-dried column containing 0.5 M Aliquat was 
evaluated to see how it differed from a 0.1 M column. - As 
before, 0.1 M acetate was the only eluant that would 
separate F” and Cl”. The F” started eluting after 22 ml. 
and had an elution volume of 20 ml. Chloride would not 
elute in 80 ml. With this higher capacity column, 0.1 M 
sodium nitrate would separate Cl and Br . . The Cl had a 
retention volume of 18 ml. and an elution volume of 16 ml. 
The Br started eluting after 41 ml. and eluted for 42 ml. 
The eluant that worked best for Br and I was 3.0 M 
nitrate. The Br had a retention volume of 29 ml. and an 
elution volume of 16 ml. while the I had a retention 
volume of 108 ml. and an elution volume of 54 ml. Thus the 
separation scheme would use 0.1 M acetate for the F , 0.1 M 
nitrate for Cl , and 3.0 M nitrate for the Br and I”.
This separation is shown in Fig. 7.

The question now arisesi which column is the best, 
the dried or the non-dried, or is there any difference?
The answer to this question is not a simple one. The dried 
column has more plates and gives slightly sharper peaks
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Figure 5. Separation of the halides using a non-dried 0.1 M Aliquat column.
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Figure 6. Separation of the halides using a dried 0.1 M Aliquat column.
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Figure 7. Separation of the halides using a non-dried 0.5 M Aliquat column.
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than the non-dried column. The non-dried column has the 
advantage that it is more stable than the dried column.

The dried column slowly bled Allquat when dilute 
eluants (less than 1.0 M) were used. When ah eluant system 
was changed, as for example when changing from acetate to 
nitrate, the bleeding was quite pronounced. The amount of 
bleeding varied from column to column but often the effluent 
would turn white and free Aliquat would be present in the 
effluent. This bleeding interfered .to some extent with the 
chemical tests used and meant that the column capacity and 
separability changed with time.

Saturating the eluant with Aliquat did not stop the 
bleeding. When the Aliquat bled off the column it did not 
dissolve in the eluant, it just washed off the column.
This is shown by the turbidity and the free Aliquat in the 
effluent. The only way.to control the bleeding was to use 
concentrated eluants. Sastri (9) observed this same 
turbidity when he washed his dried column with water. He 
found that when acids of not less than 0.1 M were used, no 
turbidity was noticed.

The non-dried column showed no tendency to bleed.
The only precaution taken to prevent deterioration of the 
column was to equilibrate the wash solutions with .chloro- .; 
form. One non-dried column used showed no change in 
capacity after passage of almost 10 liters of various- 
eluants .through-it...v
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While both columns can separate the halide ions 

with ease, the greater stability of the non-dried column 
must make it the column of preference.

The 0.1 M non-dried column is preferred over the
0.5 M non-dried column for samples of the size used in this 
work. The 0.5 M column took more time and reagents and did 
not improve the separation of the halides.

The separations achieved on the 0.1 M Aliquat 
column were as good as if not better than the separations 
done on ion exchange resins. Except for Muto’s work (15), 
separations on ion exchange resins required more eluant 
and longer times than did a separation on the Aliquat 
column. Muto1s separation took less eluant but only barely 
separated Cl and Br . With a flow rate of 0.33 ml./min. 
this separation is only slightly faster than the separation 
on the Aliquat columni No mention was made of the more 
difficult separation of F and Cl .
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