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A scheme of radial paper chromatography for the 24 common cations 

has been developed. The ions are first separated into groups by the 

usual wet -analysis. The chlorides of Group I cations are brought into 

solution with a mixture of equal parts of 4N NH4CNS and 4N NH4Ac. 

Chromate ion is reduced to Cr3+ ion with formaldehyde in an HC1 solu- 

tion at pH 2 -3. It was found that Ba2+ is not detectable if the molar - 

ity of the NO3- ion exceeds 1.0 in a mixture of many cations, and the 

pH is lower than 1.5. 

Two lambda spots of solutions between 0.1 and 0.01 molar of the 

knowns and unknown mixtures are placed on the circumference of a 1 cm 

pencil circle at the center of 15 an paper discs of Whatman #1 or 

Whatman Silica Gel SG #81. A triangular wick of Whatman #3MM paper is 

inserted into a small hole pricked in the center of each disc. The 

disc is then supported on a petri dish with the wick dipping into 5 ml 

of developer solvent, and covered with a similar diameter petri dish. 

After the solvent has advanced almost to the diameter of the petri 

dish, the paper is removed, air- dried, and sprayed with a detector 

solution which reveals the separated cation zones by forming compounds 

o 

either visible in ordinary light or fluorescing at 2537 A. One micro- 

gram or less of each ion is detected. All the cations are cleanly 



resolved except A13+ and Cr3 +, whose bands overlap. They are readily 

distinguished however by distinctive responses to two detector sprays. 

Ag +, Hg2++, and Pb2+ are separated with n -BuOH : H2O containing 

1.5 g NH4Ac = 90 ml : 10 ml, and detected with Dithizone, or with NH40H 

and H2S. Cu2 +, Cd2 +, Pb2 +, Hg2 +, and Bi3+ are separated with n -BuOH 

36% HC1 : H2O = 100 : 2 : 20, with 250 mg tartaric acid per 100 ml of 

developer, and detected as the sulfides. As +, 3 Sb3 +, and Sn4+ give 

different RF values in n -BuOH : benzoylacetone = 50 ml : 5 g saturated 

with 0.1N HNO3, and are then detected with Dithizone or NH4OH /H2S. 

Fe3 +, Mn2 +, Co2 +, Ni2+ are separated with Ac20 : 36% HC1 : H2O = 8 : 1 

: 1, and detected under W light after spraying with kojic acid : 

8- Hydroxyquinoline. Zn2+ is well separated from A13+ and Cr3+ with 

n -BuOH saturated with H2O : 36% HC1 = 92 : 7; kojic acid/8- Hydroxy- 

quinoline fluoresces with A13+ and Zn2+ but Cr3+ is an absorber. 

Diphenylcarbazide forms a complex with Cr3+ (purple) and with Zn2+ 

(crimson). Ba2 +, Sr2 +, and Ca2+ are separated with McOH : 36% HC1 : 

H2O = 8 : 1 : 1. The first two give crimson and orange complexes with 

potassium rhodizonate, while the Ca2+ fluoresces with kojic acid/ 

8- Hydroxyquinoline. Finally, the same developer separates K+, Na +, 

and Mg2 +, which are identified respectively with Hexanitrodiphenyl- 

amine, magnesium uranyl acetate and kojic acid /8- Hydroxyquinoline. 
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DEVELOPMENT OF A METAL -ION ANALYSIS 
PROCEDURE BY RADIAL PAPER CHROMATOGRAPHY 
UTILIZING COMPLEXING AND CHELATING AGENTS 

I. INTRODUCTION 

1. Statement of the Problem 

The literature contains many studies on the paper chromatographic 

separation of small groups of cations. Relatively few papers have been 

published on analytical schemes applicable to larger groups of cations, 

and these have generally employed the ascending or descending tech- 

niques. A convenient grouping is that of the traditional courses in 

qualitative analysis, consisting of approximately two dozen of the most 

common cations. 

Over a period of several generations such wet -assay courses have 

been standard requirements in the training of chemists, and have been 

justified by a host of proponents, chiefly as providing an appropriate 

setting for the early presentation of chemical principles, and as an 

effective means of familiarizing the beginner with much descriptive 

chemistry. However, in recent years the qualitative analysis course 

has been assigned a smaller time allotment as pressure has accumulated 

for inclusion in the undergraduate program of an increasing variety of 

chemical concepts and techniques. One of these important techniques 

is chromatography. It appears that a chromatographic scheme of analy- 

sis should provide valuable support to traditional qualitative 

analysis. 

Time might be saved by combining the wet -assay group separations, 

which teach the chemistry of the metal ions, with a chromatographic 



scheme that would develop the requisite skills of that technique. 

Further consideration of available time, as well as convenience of 

equipment, suggested utilizing a simple and rapid paper chromatographic 

technique, as a program of confirmatory tests for the cations. 

The decision to employ horizontal (radial) chromatography was made 

after study of the relative advantages of this technique as compared to 

those of ascending or descending chromatography. As summarized by 

Block, Durrum, and Zweig (1958, p. 18 -19), Rr factors are constant and 

independent of development time, and: 

"The speed of separation by horizontal chromatography is at 

least as fast as by the descending technique, but the defini- 

tion in the first is often superior. Since the concentric 

zones are thinner than the spots, the separation occurs 

earlier by the horizontal method. There is also less tailing 

by the horizontal technique...These observations suggest that 

circular paper chromatography is a more rapid and simpler 

method than ascending or descending chromatography ". 

2. Purpose of the Study 

It was therefore decided to attempt the development of a scheme of 

radial paper chromatographic analysis for all the common cations. In 

order to make the scheme effective for confirmatory tests by lower 

division students, it was considered that necessary characteristics of 

such a scheme would be simplicity of apparatus and procedures, as well 

as unambiguity of interpretation. Possible application of the scheme 

to biogeochemical investigations in the field, to forensic and pharma- 

ceutical analyses, and to studies of cationic contamination of food, 

water, soil and air, further suggested that lower limits of detection 

should be consistently low. Again, students were more likely to be 

2 



3 

impressed by the power of the analytical technique if sample sizes were 

limited to the order of a few micrograms. 

The primary purpose of the research was to develop for the common 

cations a complete scheme of confirmatory analyses to check on the 

conventional wet analysis so generally required of beginning students. 

It was felt that such a supporting procedure would be effective in 

impressing the student, at an early stage in his training, with the 

importance of using corroborative techniques generally before making 

conclusions. A further advantage to the student would be the develop- 

ment of skills and refinement of technique essential for the 

preparation of successful chromatograms. 

A necessary part of the study would be testing the effectiveness 

of the procedures with groups of students. 

Additionally, consideration would be given in choice of apparatus 

and reagents, as well as in sample size, to the possibility of detec- 

ting small concentrations of the common cations in ashed roots of 

plants, in soil and rock samples, or in other materials. in which 

presence of low concentrations of the metal ions might be suspected. 

3. Literature Survey 

a. Technique of Radial Paper Chromatography 

The first description of horizontal paper chromatography is 

generally considered to be that of W. G. Brown (1939), if one accepts 

the criticism that the numerous examples of "radial" chromatograms in 

Runge's "Der Bildungstrieb der Stoffe" (1855) were obtained by a 
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variation of so- called "capillary analysis ". The distinction appears 

to be academic, in any case it is of interest that Brown's use of 

circular paper chromatography antedates the classical publication, 

utilizing the ascending technique, on the subject of paper 

chromatography by Consden, Gordon, and Martin (1944). 

This early work with organic compounds soon led to attempted 

separation of inorganic cations (Lederer, 1948) (Linstead et al, 1948), 

while Rutter (1948) developed the technique of radial paper chromatog- 

raphy for amino -acid separations, and Fisher, Parsons and Morrison 

(1948) made quantitative studies of the products of protein hydrolysis. 

An interesting paper by Meinhard and Hall (1949) clearly anticipated 

the technique of thin -layer chromatography. Within a few years 

research in inorganic paper chromatography was so active that Pollard 

and McOmie (1951) wrote a semi -popular discussion for Endeavour, and 

Zechmeister published his second volume "Progress in Chromatography" 

in 1950. Hunt, North and Wells (1955) had early applied the new tech- 

nique to geochemical prospecting. Giri and his co- workers (1952) on 

amino -acid separations altered Rutter's technique by applying spots on 

a circle drawn about a central wick, rather than on the end of the 

wick. Of the many separations of a few cations reported in the litera- 

ture, only a limited number utilized the radial technique. A recent 

innovation has been the introduction of centrifugally accelerated paper 

chromatography, e.g. by Caronna, and by Shukla (1963). 
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b. Theory of Paper Chromatography 

While the empirical approach is suggested by Cassidy's (1952) 

assessment of "the extremely complicated system and many variables 

offered by filter paper ", nevertheless some theoretical aspects 

require consideration. 

It was generally believed, in the decade following the classical 

work of Martin and Synge on partition chromatography on silica gel, 

that the differential movement of ions in paper chromatography was a 

consequence of a partition process occurring between the moving liquid 

phase and the liquid phase (commonly water) fixed in the fibres of the 

cellulose support. The many complex factors which are involved in the 

separation of inorganic ions by this technique were discussed by Hanes 

and Isherwood (1949), by Cassidy (1952), by Burma (1953), at some 

length by Pollard and McOmie (1953), and later by Fouarge and 

Duyckaerts (1960) and Bourdillon (1961). 

As well as being a convenient support for the fixed liquid phase, 

the paper probably influences the distribution of cations by direct 

participation in a number of equilibrium processes. Imbibed water 

molecules probably become linked to the paper to form a water- cellulose 

complex. Solute molecules and polar solvents of the moving phase may 

then compete with water for position in this cellulose complex. Thus 

the distribution of a cation between the "non-solvent" water (bound in 

the water -cellulose complex) and free adsorbed water may be considered 

as an adsorption process. Pickering (1958) kept ionic strength of 

0.1 M constant by adding KNO3 to nitrates of 12 common cations 



6 

chromatographed on paper by the ascending technique, and then varied 

the pH. He pointed out that changes in RF values might be explained 

either as due to inhibition of hydrolysis of the salts, or to stronger 

adsorption of H+ than most other cations, which would be displaced by 

the H+. Similarly, movement of cations at pH 13 could be explained by 

adsorption of hydroxyl ions by the paper. In either acid or basic 

conditions extensive tailing might be expected by overloading the paper 

with the metal salt, e.g. the solvent at the liquid front might be 

exxentially stripped of hydroxyl ions before reaching the spot of metal 

salt. The salt would move on the paper with the liquid front unless 

its ions were retarded by adsorption, but precipitation of the retarded 

ions would occur as they were overtaken by the hydroxyl ions in succes- 

sive waves of solvent, which would yield the marked tailing (some 

authors refer to as "fore -tailing ") from the original spot that is so 

frequently observed. This worker by extrapolation of the H+ absorp- 

tion curve showed that acid adsorption is insignificant at pH > 2.5, 

which corresponds with the iso- electric point of cellulose. 

The relative importance of partition, adsorption, and ion -exchange 

parameters in paper chromatography almost certainly varies with the 

nature of the solvent. Thus Fouarge and Duyckaerts (1960) show that 

elution of alkali metal ions adsorbed on cellulose by phenol -2 N HC1 

is due essentially to a partition process, but that elution with 

McOH -12 N HC1 fits the pattern of adsorption, e.g. in the wide peaks 

observed. Possibly the "free water" molecules in the eluent mixture 

serve as the migration motor, and are increasingly bound by hydrogen 

ions as the pH falls. The operating procedure would then appear to 
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be analogous to displacement analysis in packed columns. 
Finally, 

differences in Ht ion and metal cation adsorption might 
be regarded as 

ion -exchange. Thus in many solvents, the RF values of the alkaline - 

earth cations are in the same sequence as their ionic 
radii or electron 

affinity. Ackermann and Kruger (1962) showed that the ion- exchange 

activity is reduced by washing the paper with acid, but 
restored to its 

original value by treating the paper with alkali, and that 
RF values 

vary inversely with the activity. 

The contribution of partition to the total process 
of paper 

chromatography requires some consideration of cellulose 
and its affin- 

ity for water. Schleicher and Schüll state that their widely used 

SS 589 and 595 papers after prolonged desiccation retain 
4 -6% H20. 

This water has a high heat of sorption and a low velocity 
of diffusion. 

As further water (up to 20% of the weight of the paper at 20 0C and 
100% 

humidity) is absorbed, its properties, particularly the 
diffusion rate, 

closely approach those of liquid water. Cellulose fibers consist of 

long chains of anhydroglucose units linked through 
oxygen atoms. Each 

glucose unit possesses three hydroxyl groups, and in the fiber most of 

these are available for bonding. Within the thread of cellulose some 

regions have an ordered or "crystalline" arrangement, 
the chains being 

cross -linked by hydrogen -bonding between hydroxyl groups, 
while others 

are less rigidly ordered (amorphous). Water (and other polar solvents) 

show a strong affinity for these groups, being bound by hydrogen 

bridges or secondary valence forces. The compact crystalline areas 

resist the penetration of water but in the amorphous 
regions sorption 

takes place freely with consequent swelling. Large and completely 



water -soluble species can then be accommodated in these amorphous 

regions (Smales and Wager, 1960). It is apparent that at least in most 

cases of paper chromatographic separation of species much more 
is 

involved than a distribution between a stationary aqueous phase 
and a 

moving organic phase. The stationary phase should be more accurately 

considered as a water -cellulose complex in which the water is chiefly 

linked to the cellulose by hydrogen bonds. However in the complex are 

aldehydic and carboxyl groups, and the solute may enter this complex 

by associating with water, hydroxyl, aldehydic, or carboxyl groupings, 

possibly (at least at high pH conditions) by ion -exchange. The 

cellulose -water complex may be modified by the components of the 

organic phase: thus hydrochloric acid can increase the water - uptake 

of the paper. As summarized by Cornish (Smales and Wager, 1960, 

p. 432) "In the over -all partition process, adsorption and ion -exchange 

may all be involved to different extents depending on the conditions: 

in general these effects are not predictable and an intuitive 

empiricism is frequently needed in devising new separations ". 

That some separations can be accomplished without partition has 

been shown by differing RF values for the alkali metals ions (which 
do 

not readily form complexes) in non -water solvents, e.g. anhydrous 

methanol, demonstrated by a number of workers including ourselves. 

This appears to be a single -phase system, for the high heat of absorp- 

tion of the "bound" 5 -6% water suggests that H2O molecules are not 

sufficiently free to participate in a partition mechanism. 
This 

conclusion is supported by the observation that when ethanol- 
acetone- 

water mixtures are employed, up to 25% water is required to obtain 

8 
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comparable RF values. Again Lederer (1951) reports that some amino- 

acid separations have been accomplished with pure water. Extensive use 

has been made of many miscible (or partly miscible) alcohols, ketones 

and esters mixed with hydrohalic acids. In this connection it is 

interesting to observe that where salt -like complexes are formed, as 

with the hydrohalic acids, RF values decrease with increasing molecular 

weight of the alcohol. (This may be reversed where cationic character 

is completely dominated by chelation.) Hanes and Isherwood (1949) also 

consider the stationary phase as a water -cellulose complex, and point 

out that a substance may be more or less strongly held in the complex, 

depending on its hydrophilic properties. 

On the other hand, Smrz (1954) considered that for radial paper 

chromatography of benzene hexachloride, the process was adsorption, 

since his results followed the adsorption isotherm x/m 
m Kcl /n where 

value of the exponent approached unity. Rutter (1949) found a stream- 

ing potential for water solutions of NaCl on Whatman #3 paper, of the 

order 10 mV /cm. indicating an adsorption process. Fouarge and 

Duychaerts (1960) in a general investigation of the role of the paper 

conclude that in many cases there is some adsorption. 

The contribution of simple ion- exchange phenomena is of variable 

importance. In the opinion of Keller and Giddings (1961) "The problem 

of inorganic salts...forming complexes and migrating with the devel- 

oper, is a formidable one. If one adds to this their possible 

participation in anion -exchange mechanism, the situation becomes 

worse ". Ackermann and Kruger (1962) showed that with both commercial 

and laboratory prepared samples, the ion -exchange activity of a paper 
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is proportional to its cellulose content. Ossicini (1965) in a 

continuing study of the adsorption of metal ions from nitric acid on 

cation -anion resin papers relates the ion -adsorption RF values to the 

normality of the acid, which supports the earlier conclusion with 

respect to simple cellulose papers of Ackermann and Kruger (1962), and 

of Sherma (1964) . 

The necessary conclusion is that we are concerned with a defini- 

tion of terms in determining whether the mechanism of paper chromatog- 

raphy is called an adsorption on, or a partition in, the water - 

cellulose complex. It is quite clear that the water content of the 

paper is critically important in paper chromatography, especially where 

solvents are employed that are completely miscible with water. The 

same is true of papers coated with silica -gel. The gel can absorb up 

to 100% of its own weight of water, and the situation is complicated 

by inter -surface effects between the silica -gel and cellulose of the 

"sandwich ". In our own experience SG papers often give narrower 

sharper bands, but for reproducible results these papers must be stored 

until immediately before use in a desiccator over fresh silica -gel, for 

a minimum of four hours. 

Coch -Frugoni (1959) investigated the effect of pre- saturation of 

the paper on the sequence of Bi and Cd in paper chromatography with 

n- butanol : N HC1 : H20. He found that if the paper had been pre- 

viously equilibrated with the solvent system, Bi had a lower RF than 

Cd, but under non -equilibrium conditions this was reversed. 

Turning to the practical aspects of paper chromatographic theory, 

the discriminatory power of a chromatogram, whatever the complex of 
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processes involved in its preparation, depends upon the separation of 

the ionic or molecular species as shown by their respective RF values. 

Thus Dixon (1962) derives an equation connecting P (the resolving power 

of a chromatogram) in terms of N (the number of theoretical plates) and 

the RF value. 

Determination of the RF value of cations may be complicated by the 

phenomena of tailing, of multiple spots due to a single ion, and of 

several solvent fronts. A dry paper can absorb water from a solvent as 

it moves to form a wet region between the origin and the slow- moving 

front, and a dry region which precedes the wet front. This effect is 

thought to be (Smales and Wager, 1960) the cause of the alteration of 

RF values as the distance between the solvent starting point and the 

spot of solute is varied. In our own experience two or more solvent 

fronts have appeared when the solvent, though homogeneous, contained 

several phases. In Lederer's phrase, this is "demixion ". Since the 

distance moved by the solvent forms the denominator of the RF expres- 

sion, the difficulty is apparent. Measurement of the numerator also 

becomes uncertain when the spot or ring of developed solute shows no 

region of maximum density in a tail ( "comet "), or fore -tail, that may 

be wide. In some cases the peak of maximum density may be determined 

from the maximum absorption reading of a densitometric scan. Comets, 

e.g. of Sb, may be due to hydrolysis, and may be controlled by 

lowering the pH of the solvent, or to redox reactions with the cellu- 

lose, the solvent, or other ions. The extreme case of tailing is the 

formation of several discrete spots of one substance. Such multiple 

spots may be caused by non -equilibrium between various complexed and 
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ionised forms. Venturello and Ghe (1952) and other workers have 

obtained some correlation between the stability of complexes and RF 

values. Keller and Giddings (1961) in a review of multispotting 

comment on some additional causes. Chemical reactions in the solute 

taking place prior to application to the chromatogram may give rise to 

tailing, or if the reaction attained equilibrium before development, 

distinct and discrete spots may form. There may of course also be 

unsuspected impurities present in the solution to be chromatographed. 

Again, when the initial zone contains several times the amount of 

material that can be dissolved in the developer occupying this zone 

( "over- loading "), the excess solute may be considered as precipitated, 

relative to the developer. The excess is then dissolved at the tail 

of the initial dark zone, moves through the band, and appears as a 

faint zone leading but contiguous with the initial zone ("fore - 

tailing"). Impurities in the paper (chiefly Ca2+, Mg2 +, Fe3 +, and 

Cu2 +), some of which may be impossible to remove completely, may 

(Hanes and Isherwood, 1949) cause apparent additional spots. Mallik 

and Giddings (1962) analyzed zone spreading on paper by a detection - 

limit method. De Carvalho (1960) explained two spots of iron as 

possibly or probably due to two complexes, one cationic and one 

anionic. 

The RF value is subject to influence by a very large number of 

parameters, so that unless the work is rigorously controlled, quoted 

RF values may not be obtained. Ivor Smith (1957), Bate -Smith (1950), 

Cassidy (1952), Miller and Clegg (1951) list factors affecting RF 

values: (1) temperature (changes may cause separation of solvent 
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into phases), (2) kind of paper, (3) existence of polyionic forms, 

(4) existence of forms with same RF leading to "pickaback" effects 

especially if one is present in large amount, (5) "salt" effects in 

organic separations, (6) existence of foreign molecules, especially 

proteins and plant figments, (7) solution of some of the solute by the 

location reagent, (8) ascending, descending or radial movement of sol- 

vent, (9) length of flow of solvent, which is subject to continuous 

change in composition, (10) distance between wick and point of spot 

application, (11) height of spot above the level of the developing 

solution, (12) relative humidity of air, (13) pH of solvent, (14) 

machine direction of paper, (15) age and storage conditions of solvent 

prior to use, (16) prehistory of paper, particularly exposure to NH3, 

and to water vapor. 

On the last point Ackermann and Kruger (1962) point out that the 

ion -exchange activity of a paper is reduced by washing with acid, but 

restored to its original value by treating the paper with alkali. They 

also found that RF values vary inversely with the activity of the 

paper. De Carvalho (1960) quotes Almdssy and Desza who concluded 

length of spots varies inversely with water concentration, and inverse- 

ly with H+ concentration of the eluant. The influence of chloro- 

complex formation on the RF values of some cations has also been 

studied (59) . 

type 

De Carvalho found that for chloride complexes of the 

M(H204+ + 
x) or xCl MC1(y + xH20, 

M(H204+ + -z) or zCl - M(H20)xClZy 

M(H204+ + 

, 

(x-x')H20 zCl M(H20)x,Cl!y-z) + ` 
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migration of the ions starts only if the water content is higher than 

10%. (Our experience corroborates this.) 

In an earlier study (Saifer and Oreskes, 1953) it was suggested 

that no significant changes in RF values result from the presence of 

the "inverse phase" (i.e. the second, organic or water layer). These 

authors did however find that the RF was significantly affected by the 

temperature, and by the distance between the solvent surface and the 

initial spot. They conclude that with careful control of variables 

RF values for the amino acids in circular paper chromatography are 

obtainable with a standard deviation of *0.02 units. 

This accuracy of determining RF values in radial chromatograms 

exceeds the best work to be obtained from strip chromatograms. Thus 

Lestrange and Muller (1954), who use the expression Rr for radial 

chromatograms (where Rr2 . RF), found constancy of Rr values: 

Cu2+ 0.451 * 0.0034, average deviation 0.75% 

Bi3+ 0.823 - 0.0034, 

Hg2+ 0.987 * 0.0032, 

0.41% 

0.35% 

but RF of Cu2+ by strip technique = 0.442 * 0.0086 for an average 

deviation of 1.94%. The same workers also found for radial chromato- 

grams that the metal zones become thinner at first, then gradually 

widen. This widening is always noted for the spots on strips, but is 

less with the radial technique, as the increased diameter of each 

zone partly compensates for the tailing effect. 

Singh and Day (1961) investigating the addition of oxalate, 

tartrate, and citrate to the solutions of some metal ions before 

,0 

IV 
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chromatographing, found that the RF of the ions, and hence their 

sequence, was altered by varying the concentration of the various 

complexing agents. 

Ghe and Placucci (1959) found a linear relationship between RF 

and dielectric constant for the solvent, in the case of aliphatic 

alcohols. 

Lederer, Mancini and Ossicini (1963) have shown that for four 

cations and four anions on paper impregnated with ion -exchange resins, 

the RF values are dependent upon the temperature. The work of Majumdar 

and Chakrabartty (1957) may offer a partial explanation, for in their 

study of 27 ions by the ascending technique they found superior resolu- 

tions at elevated temperatures in certain cases were due to the fact 

that some ions moved at the same speed at the higher temperature, but 

a few others moved faster. Miller and Clegg (1951) found for some 

cases that resolution altered with temperature change. 

Bergamini and Rovai (1956) warn that deepening of the color toward 

the external edge of the chromatogram is not to be attributed necessar- 

ily to the presence or nature of the complex- forming agent. RF values 

so determined may be in error, since the ionic mobility does not always 

result in a linear function of the ionic radius. This behavior results 

from the interaction of various factors capable of provoking a varia- 

tion in the dimension of the solvated ion, and consequently, of its 

mobility. Bergamini and Versorese (1954) found however that for a 

number of cations in benzoylacetone : butanol : nitric acid there was 

a linear relationship between the concentration of the ions and total 

optical density, and also that the maximum of the density is closer to 
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the outside of the bands, particularly as these occur farther from the 

center. 

In a recent study of tailing in chromatography, Giddings (1963) 

considers that tailing occurs when the sorption isotherm is linear (and 

unlike non -linear tailing) is almost unaffected by decreasing sample 

size. From plots of concentration profiles in elution and non -elution 

chromatography he concludes that kinetic tailing is prevalent at high 

velocities, and can exist when a sorption site is present that fixes 

molecules for a time equal to that necessary for 0.25 of the zone to 

pass by. 

Quantitative analyses by paper chromatography have been the sub- 

ject of numerous researches. Venturello and Ghe (1952) did not elute 

the spots to determine concentrations spectrophotometrically, nor by 

reflection spectrometry on the direct evaluation of the colored spot, 

but by comparing ring width and zone area (planimetrically determined) 

with a set of known standards. They found band width closely correla- 

ted with standards even in experimental binary mixtures with 100 : 1 

disproportions. 

Derivation of equations relating parameter variations for paper 

chromatography has been difficult, because of the necessity of making 

numerous arbitrary simplifications. Thus von Brenner and Pataki (1961) 

developed the relation between RF values and the partition coefficient: 

a m qm CFII qs 
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where qm = Vm /V qs = Vs /V 

Vm = volume of mobile phase 

Vs = volume of stationary phase 

V =Vm +Vs . 

However their conclusions are more valid for thin -layer chromatograms 

in which the process is more evidently one of partition. 

Anderson, Lark and Martin (1963) in an extensive study of factors 

affecting the adsorption front in inorganic chromatography, used the 

concept of Rp (= height of adsorption front / height of liquid front). 

They found from 384 chromatograms that Rp is related linearly to acid 

concentration, and also to water concentration, though the influence 

of the latter variable is smaller. Most significant is that the 

effects of the acid concentration, and of a specific acid -anion vary 

from alcohol to alcohol. A number of workers have verified the linear 

relationship between the logarithm of the concentration and the area 

of the spot. Venturello and Ghe (1952) in plots of band width against 

concentration for five cations obtained straight lines whose slopes 

were the same (except for lead). When band area was plotted against 

concentrations nearly parallel straight lines were obtained in every 

case. Giddings and Keller (1959) confirmed this relation and also 

showed that spot length is directly proportional to square root 
of 

log spot -constant. 

Bate -Smith and Westall (1950) proposed the term Rm (= log Rg 
- 1), 

and Soczewinski (1961) suggested that this term is proportional to the 

free energy of moving a molecule from place to place, and is more 

closely related than RF to the different groups of which a molecule is 



18 

composed, i.e. it is an additive expression. He derives the expression 

assuming a true counter -current extraction process is operating. 

Lederer and Kertes in 1956 established the relation xpH ffi Rm + 

constant, where x s number of charges on the ion, for a number of 

anions developed with acid -eluant on ion -exchange paper. 

For circular paper chromatography LeStrange and Miller (1954) 

suggest the relation for area wet by flow t 
4 W K, where t is in 

minutes of flow time, A is area in mm2, W is tab width in mm. They 

also suggest for ellipticity of developed area due to fiber orienta- 

tion in a particular paper E m 1 + 2 
kt . Thus when E is extrapola- 

ted to 1/rE - 0, one obtains 1.116. Their actual measurements with 

drops of methyl orange on Whatman #1 averaged 1.15 * 0.02. 

Where no developing solution can be found that will separate two 

ions, they may be distinguished by application of a selective chelating 

agent. Reilley, Schmid and Sadak (1959) have studied the chelon 

approach to analysis, as has West (1961). At first sight this appears 

to afford a promising development in chromatography, however relatively 

few such agents have been used. The reason appears to lie in this 

difficulty: for maximum selectivity complexans must be used with 

masking agents, whose introduction complicates an already complex sys- 

tem of equilibria existing between the solute(s), solvent and paper. 

Thus if a complexan is defined as a derivative of iminodiacetic acid, 

N 
iCH2CO2H 

it is apparent that this structure, by reason of its 
CH2CO2H 

multidentate nature, disposition of lone -pair electrons, and steric 

conformation will so readily form complexes that there is little hope 

of high selectivity. The best approach appears to be the introduction 

= 
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of steric factors that will hinder the reaction with certain metals. 

Numerous homologues of EDTA have been tested for the relative stability 

of their metal chelates. Thus octamethylenediamine-N,N,N',N'- tetra- 

acetic acid has been found very selective towards mercury (II), and 

ethylenediamine- N,N'- diacetic acid shows a high reactivity toward 

copper (II). Agents like Calcichrome synthesised and applied by Close 

and West in 1960 have high chromogenic capacity and achieve high selec- 

tivity by an arrangement of reactive groups in the center of the 

molecule that forms a chelate cage into which only certain ions can 

fit. But its usefulness as a specific chelating agent for Ca2+ in 

paper chromatography is destroyed by the essential pH of 12 with NaOH, 

for this destroys the ability of the paper to form discrete bands with 

other ions of the group, such as Ba2+ or Sr2 +. 

c. Analyses of Limited Groups 

Many separations of a few cations are reported in the literature. 

On test some of these have been found capable of limited resolution 

only. The horizontal technique has been much less employed than the 

vertical strip. 

Ackermann and Schlosser (1963) used the ascending technique for 

analysis of steels, but report RF values that overlap for Al, Cr and 

Ni. Other limited detections were reported for Al and Cr (Burstall, 

1950) , for Bi (Gattow and Schott, 1963) , for Zn, Mg and Al (24) , for 

Sn (II) and Sb (III) (Qureshi and Khan, 1962), for Fe3 +, Cu2 +, Hg2 +, 

Zn2+ and U022+ (Nagai and Deguchi, 1963). 
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The valence states of polyionic metals have also been separated, 

for example by Stevens (1957) for manganese and copper, and for mercury 

and antimony by Qureshi and Khan (1963). The latter authors point out 

that reduction of SbS+ soon occurs, either by the paper or by various 

solvents. This is a similar difficulty where large numbers of cations 

are present, due to simple redox reactions between the ions. 

Groups studied often have been related by periodicity. Thus the 

alkali cations have been studied by von Erlenmeyer, von Hahn and Sorkin 

(1951), Magee and Headridge (1957), Broomhead and Gibson (1961), 

Rudolff (1962), and others. The alkaline earths are readily separated, 

with RF values in several solvent mixtures that follow the order of 

their atomic weights. They have been studied by Seiler, Sorkin and 

Erlenmeyer (1952), by Barnabas, Badoe and Barnabas (1955), by Sommer 

(1956), by Alberti and Grassini (1960) using paper previously impreg- 

nated with ammonium molybdophosphate, by Barreto and Barret° (1960), 

by Levi and Danon (1961), and many others, e.g. (151). 

Groups of the classical analytical scheme have also been investi- 

gated, e.g. silver, mercurous mercury and lead (Kimura, 1955), (Marion 

and Psihas, 1957),(Bharnagar and Sharma, 1964). Barnabas and Barnabas 

(1955) obtained fair separations of Gp. I and Gp. II cations from 

mixtures of the nitrates. Group II metals were investigated (58), 

(63), and by Chandra and Jindal (1962). 

Some investigators have measured RF values in certain solvents, 

for example in diethyl ether (Anderson and Whitley, 1952), in phenol - 

methanol (Magee and Headridge, 1957), in chloroform (Bhatnagar and 

Sharma, 1964). 
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There are many papers (4) on detection and estimation of single 

scarce elements, particularly as they occur in minerals and ores. 

These often demonstrate the power of paper chromatography to recognize 

traces of a specific cation in the presence of large excess of other 

ions. 

Other workers have applied the method to analysis of radio- 

nuclides. Stamm and Schroeder (1963) employed iron (III) hydroxide on 

u 

a paper support for this work, and Cvjetidanin, Cvorid and Obrenovid- 

Paligoric (1963) detected U and Th on paper treated with tri -n -octyl 

phosphate. 

d. General Analytical Schemes 

The Bristol school of chemists in the years succeeding 1948 sought 

to extend the paper chromatography of small groups of cations to a 

general analytical scheme that would include the 22 common cations. 

Linstead et al (1948) had shown that chlorides, nitrates, and acetates 

of certain cations are sufficiently soluble in organic solvents to 

enable movement to take place, while Lederer (1948, 1950, 1951, 1952) 

had used such solvents as aliphatic alcohols containing HC1 to separate 

small groups of ions. However Pollard, McOmie and Elbeih (1951) in two 

publications recommended for larger group analysis complexes formed 

with benzoylacetone, collidine, or dioxan containing antipyrine. These 

workers measured the RF values obtained by both ascending and descen- 

ding techniques on paper strips, for all of the ions in three different 

solvent mixtures. They recommended a general spray of kojic acid - 

8,hydroxyquinoline, but also used a number of specific detecting 
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agents. The scheme, though permitting detection of the common cations, 

did not produce separations for later determinations. Pollard, McOmie 

and Stevens (1951) modified this program by using the same butanol- 

benzoylacetone developer on four sheets of paper spotted with four sets 

of knowns that had been previously sprayed with several agents. Thus, 

for example, a sheet with Cr, Mn, Cu, Co, Ni, Bi, Fe was sprayed with 

sodium hypobromite solution, then with 2N- acetic acid, in order to 

precipitate most of the Mn, Ni and Co ions present, so that these 

cations would not move on the chromatogram to any great extent and so 

mask other ions. The four large sheets were then cut into strips for 

each cation and identified by a series of tests. The earlier scheme 

was somewhat less cumbersome and was made the basis of a scheme hand- 

somely publicized in a commercial brochure by E. Merck. Ritchie's 

(1961) later use of solvent profiles is reminiscent of this early work 

by Pollard and his co- workers. Other general schemes were proposed by 

Harasawa in 1951, by Tamura in 1952, and by Surak, Leffler and 

Martinovitch in 1953. 

Frierson and Ammons in 1950, and Fillinger and Trafton (1952) 

recommended the use of chromatography as a teaching device in the 

analysis of common cations, utilizing respectively descending technique 

on paper strips and adsorption on A1203 in columns. However Surak and 

Schleuter (1953) as a class unit for confirmatory tests in qualitative 

analysis used paper "partition" by ascending chromatography on strips 

of paper hung in test -tubes. Their preferred developer was abandoned 

since it contained propionitrile which was considered too toxic for 

class use. 



23 

Two or more spots due to the same element were recognized by 

Pollard et al (1955) as probable causes of error in large -group analy- 

sis. They pointed out also that for quantitative analysis it was 

essential that a metal move as a single species, and suggested that in 

the absence of a complex- forming agent this is most readily achieved by 

starting with salts in which the anion corresponds to the anion of any 

acid (or salt) contained in the solvent. In the presence of a complex - 

forming agent the acidity should be sufficiently low, and the concen- 

tration of the complex- forming agent sufficiently high to ensure a 

single spot. 

In the same year Surak and Martinovitch (1955) first applied 

radial paper chromatography to analysis of all the common cations. 

They used mixtures of the ions as they occur in the usual groups and 

sub -groups of the classical analytical scheme, but made no mention of 

the method by which they might get the precipitate of Gp. I chlorides 

into solution. They used both the Giri (1952) and Rutter (1948) 

techniques for applying the knowns to the paper. 

Sommer (1956) made an extensive study of the RP values of the 

common cations in a variety of alcohols containing HC1. He established 

that for most metals the RF values were almost identical whether the 

chloride, nitrate, sulfate or acetate was employed. 

A scheme for the detection of the common cations by Elbeih and 

Abou- Elnaga (1957) was essentially that of Pollard, McOmie and Elbeih 

(1951) using differential spraying of portions of three sheets of paper 

developed in the three developer solutions earlier mentioned. These 
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authors used an RF value based on "centres of gravity ", i.e. color 

maxima in the spots. 

The Marburg group (Pfeil, Friedrich and Wachsmann, 1957), (Pfeil, 

1962), (Pfeil, 1964) have used strip and circular paper chromatography 

to analyze both the common cations and the platinum group. Using 

specific developing solutions and a sequence of detector sprays they 

report detection of 0.5 -10 micrograms of certain cations in presence of 

100 micrograms of other elements in the group. Their groups are the 

alkali cations, the alkaline -earth cations, the cations of the ammonium 

sulfide group, of the hydrogen sulfide group (and of the platinum 

group). They change Hg, Sn, As, and Sb into their higher valence 

states. Imai also (1959) separated Cr from Al only after oxidation of 

the former,and As from Sb and Sn only after oxidizing arsenic to As 

(V). (No good separations have yet appeared for Al3+ and Cr3 
+.) 

Kimura (69) combined precipitation analysis with radial chromatog- 

raphy. (We found however that there was excessive tailing in his 

procedure for Gp. I.) 

Blasius and Gottling (1958) developed a comprehensive scheme 

employing circular paper chromatography, after chemical division of 

the cations into ten groups. 

An ingenious plan was worked out by Ritchie (1961). He prepared 

four chromatograms by the ascending technique using four solvents, then 

plotted the four RF values for an unknown against the four developers 

to obtain a "profile" whose shape is usually characteristic for the 

ion. In the few cases where profiles are identical the species can be 

distinguished by differences of response to the detectors in which the 
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strips have been dipped. There are some physical difficulties connec- 

ted with the use of hydrofluoric acid in two of the four developing 

solutions. 

Khalutina in two papers (68) not available except in the 

abstracts, reports circular paper identification of the common ions, 

which are not always separated but can be recognized with distinctive 

spray responses. He also effects some sorting of the groups chromato- 

graphically, after centrifuging off elements of Gp. I, presumably as 

the chlorides. There is no mention of means of subsequently getting 

the Gp. I precipitate into solution. 

Scheer -Erdey (1963) worked with morin as a detector after ascen- 

ding chromatography on paper strips, claiming to be the first to 

develop a method that permits determination of the composition of an 

unknown multi- component system using a single solvent and a single 

detection agent. The elements of the hydrogen chloride group are not 

detected. 

In the same year Elbeih and Gabra (1963) detailed a scheme for 

identification of 30 cations with a single solvent mixture and a 

general spray procedure. The complex developer (antipyrine- ethylene- 

diaminetetraacetic acid -dioxane- water -nitric acid) on trial produced 

three solvent fronts. Tailing and overlapping of spots made 

recognition troublesome. 

Mao (1963) reported a comparison of eluants used for the separa- 

tion of cations in qualitative analysis. He employed the radial 

technique on a Chinese paper, as well as on Whatman #1, after chemical 

separation of the ions into seven groups. 
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These general analytical schemes can be divided into two classes. 

The more successful have been methods that serve as a continuation of 

the customary chemical analysis. Schemes for one- or two -dimensional 

chromatograms of the untreated, or at most, slightly opened -up sample, 

rely heavily for identification upon a whole series of reagents. 

e. Advantages and Disadvantages of Radial Technique 

Numerous workers support the conclusion of H. Hettler in 1959, 

"that the optimum separations were still obtained by the circular paper 

method ". Speed, simplicity and convenience of apparatus are obvious 

advantages. There is no danger of water -logging. Control of the vari- 

ables earlier listed as affecting Rg values is generally simpler for 

the radial technique, e.g. height of solvent from paper can be rigidly 

controlled; the compact apparatus is readily stacked in the oven for 

uniformity of temperature; liquid -vapor equilibrium is rapidly achieved 

in the confined space. Availability and inexpensiveness of equipment 

recommend the method for class use. 

There is a practical limit to the size of paper disc that can be 

employed without sagging, although Medwick, John and Adler (1962) 

suggest propping the center with a porous unglazed ceramic crucible 

which also serves as a wick. However experience has shown that little 

increase in resolving power is gained with developer flows beyond 

10 -15 cm. The apparatus readily permits drying of the paper and re- 

running in the same or different developers, with improved resolution. 

A variety of papers, many impregnated with strong or weak anion or 
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cation exchangers, is commercially available in disc form. The circles 

are readily stored. 

The technique does not normally lend itself to preparative chroma- 

tography, in fact the capacity of the discs, even with thicker papers, 

is very small. Chromatopiles, of stacked discs, have been used by 

Mitchell, Zechmeister and others. Overloading with its danger of 

resultant tailing may require a number of test dilutions before a 

satisfactory loading is obtained. 

One particular outcome of the limited radius feasible for circular 

chromatograms needs further discussion. Since the present scheme was 

intended for use in first courses of analytical chemistry, it was felt 

that the equipment used should be ordinarily available. This suggested 

the use of common petri dishes, approximately 10 cm in diameter as 

developing chambers. In these the common sizes of filter papers 

(12.5 -15 cm) could be employed without problems of sagging in the 

center, and without elaborate arrangements either for equilibrating 

the liquid -vapor phases, or for feeding the developing solution. Such 

equipment would be economical also in requiring only very small volumes 

of the developing solutions. 

However the short running distance available to resolve a mixture 

of ions in a matched pair of petri dishes was also a limitation of the 

resolutions practically possible. Allowing for a small margin between 

the solvent front and the inner face of the petri dish, a maximum of 

;4.5 cm was available for the separation of the ions if they were 

applied to the center in the Rutter technique (Rutter, 1949). However, 

for reasons to be considered in (II) below, if the technique were 
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adopted of applying the spots around the circumference of a small cir- 

cle at the center of the paper (Rao, 1951), this would reduce the 

available space for resolving a mixture to approximately 3.5 cm. Since 

it was hoped to find developer solutions capable of separating the 

various cations into distinctly separate bands without overlap, the 

necessary conclusion was that a maximum of five or six cations only 

could be resolved in the small dish. Preliminary trials indicated this 

was true, even though bands on radial chromatograms are characteristi- 

cally narrow. (Movement of the cations of a given species is both 

radial and peripheral.) 

Consequently it would be necessary to effect a preliminary separa- 

tion of the common cations into groups not larger than six, and 

optimally (considering anticipated difficulties with certain pairs) 

of three, four, or five cations. 

f. Wet Analyses for Preliminary Group Separations 

Such preliminary separation into groups could be accomplished 

chromatographically, but the resultant groupings would bear little or 

no relation to the groups either of the periodic classification of the 

elements, or to the most generally employed analytical schemes. As a 

result of pedagogical considerations, it was decided to employ classi- 

cal wet -analysis into convenient groups. (Several of these schemes, 

particularly those most widely used, involve certain valuable links 

with the periodic properties of the elements, e.g. of the alkaline- 

earth cations, and the alkali cations.) 



29 

Investigation of analytical schemes currently in use showed that 

non -H2S schemes, with their reduced toxicity hazard, are more popular. 

Though a wide variety of organic compounds have been investigated 

thioacetamide is very commonly employed. Procedures similar to those 

outlined by King (King, Edward J. Qualitative analysis and electroly- 

tic solutions. New York, Harcourt, Brace and Co., 1959. 641 p.) or 

by Welcher and Hahn (Welcher, R. J. and R. B. Hahn. Semimicro qualita- 

tive analysis. Princeton, Van Nostrand, 1955. 497 p.) probably have 

the widest usage, and it was determined to use such a scheme, subject 

to necessary modification. In the event, a number of changes became 

necessary to adapt the procedures for group separations suitable for 

the following chromatography, however the intrinsic teaching values of 

the wet -assay were retained. 

Some work was done on two representatives of more radical schemes. 

Chromatograms prepared from groups separated according to the text by 

West (West, P. W. and M. M. Vick. Qualitative analysis and analytical 

chemical separations. New York, Macmillan, 1959. 301 p.) showed some 

promise. However it was decided not to pursue this work further, 

chiefly because the scheme has not been widely accepted, but also 

because some of the group cut -offs were not sufficiently sharp for a 

chromatographic procedure capable of detecting traces of cations. 

Quite a few of these traces were confusing because they showed up in 

later groups. This criticism also applied to the scheme employed in 

the text by Swift and Schaefer (Swift, E. H. and W. P. Schaefer. 

Qualitative elemental analysis. San Francisco and London, Freeman, 

1962. 469 p.). Two recent schemes of Popper et al (1963) are 



30 

interesting, but have not been widely adopted. These investigators 

used amides of hydrazine- N,N'- bisthiol, and mercapto- 2- anilino -5- 

thiodiazole -1,3,4 to separate the usual Gp. II and Gp. III cations. 

The more conventional thioacetamide scheme afforded cleaner 

separations when performed with care, and the few cations carried over 

(Zn2+ and Mg2+) were easily recognized whenever they appeared in two 

groups. 
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II. EXPERIMENTAL 

1. Papers Tested 

Block, Durrum and Zweig (1958) quote Kowkabany's criteria for 

establishing the usefulness of a particular paper in chromatography of 

a class of compounds, and Rockland's tests of 13 papers. They point 

out however that the physical characteristics of a paper are not 

directly related to their resolving power in general, and this was 

our experience. 

Though Whatman #1 is very widely available, and proved quite 

satisfactory for most of the group separations, Whatman SG #81 gener- 

ally gave slightly narrower bands with improved resolution, particu- 

larly with Gp. IIA. Schleicher and Schüll #507C produced best 

resolution of Gp. IV. For Gp. I the superiority of Whatman #1 over 

#2 was clearly established. 

For preparative purification of several cations large sheets of 

the thicker Whatman #3MM were used. 

Of the ion -exchange papers tested, Whatman AC2 (Scientifica) gave 

the least tailing in developers containing weak acids only. Such 

papers appeared to have very limited use for removing a single ion 

present in much larger amount than the others. Since the complexing 

effect of the chloride ion was found essential for a number of the 

group separations, and HC1 could not be used with these papers, further 

work with them was discontinued. 

Papers impregnated with a variety of salts, NaC1, NaNO3, NH4NO3, 

and then run in a developer with anion in common, produced 
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chromatograms with irregular fronts and excessive tailing. Apparently 

the expected buffer effect is upset by proton exchange with the water - 

cellulose complex, so that the advancing solvent front is progressively 

poorer in H+ ions and the impregnated salt is increasingly dissolved. 

The effects are rather similar to those obtained from extreme 

overloading of the paper by solute known or unknowns. 

The method of Cerrai and Testa, 1962, was used to impregnate 

Whatman #1 paper with tri -n -octyl phosphine oxide. Resolution of Ag +, 

Pb2 +, and Hg2++ on the treated paper was slightly better, but since 

regular fronts could not be obtained, and limit of detection of Hg2++ 

was greatly reduced, its use was abandoned. 

The low adsorptive capacity of Whatman #1 was reported by 

Pickering (1960) at 4 x 10 -6 g /ion per g of paper for bivalent 

metals, and in a later paper the same author reported trivalent Fe3+ 

x 10-6 g /ion per g. But the load limit was severely reduced by 

a high concentration of H+ ion so that in 10 -1 M HNO3 he could get no 

iron detection. At lower acid concentrations however we have found no 

difficulty in detecting iron. Seeking to avoid the sensitive loading 

characteristic of Whatman #1, we tried #3MM, but found the "brown 

front" sufficiently pronounced to obscure cation traces of RF values 

approaching unity. Bands due to the same spot concentration were also 

somewhat wider and more diffuse on the #3 paper, possibly due to the 

larger amounts in the thicker paper of such impurity ions as Cat +, 

Mg2 +, Fe3+ and Cu . 
2+ Alberti and Grassini (1960) claim that other ions 

in high concentration markedly decrease the paper's capacity to adsorb 

= 

= 5.6 
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the divalent ions, and that monovalent foreigners are less effective 

than divalent ones (which suggests an exchange process). 

2. Washing of Papers, 

With all the papers employed and with a great variety of solvent 

mixtures, the solvent front is visible as a "brown front ", which is 

persistent after drying. Ambler and Finney (1957) consider the brown 

front is due to the formation of a degradation product of cellulose 
by 

oxidation at the wet -dry boundary, along with the capillary concentra- 

tion of the same, or a similar material already present in the paper. 

This view is supported by Schwane and Kowkabary (1963), who found 
they 

could not eliminate it after as many as 20 elutions with water. 
Though 

the material is largely organic, the latter authors by activation 

analysis were able to show in it also the existence of sodium, 

Pollard, McOmie and Nickless (1959) washed Whatman #1 for six days 

with HC1, then with distilled water until the washings showed no turbi- 

dity with AgNO3- -but were still plagued with the brown stain at the 

solvent front, when chromatograms were developed with Et20 : McOH 

H2O : HNO3. 

We used a Soxhlet extractor to reflux Whatman #1 with 5% 
dimethyl- 

sulfoxide, then with dilute HC1, and finally with distilled 
water over 

a total period of four days -- without noticeable improvement. Forma - 

mide, dimethylformamide, and the disodium salt of EDTA, were also used 

batchwise with magnetic stirring on a hot plate, without appreciable 

effect. Washed papers were dried on nylon screens in the oven at 40 
°C, 

then stored in desiccators over silica -gel. Daumas (1963) devised 

: 
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apparatus for continuous extraction by which he claims "complete 

purification ". We are building this apparatus for trial. 

The practical value of pre washing the papers is uncertain. 

Whether large sheets were washed by ascending elution with 
dilute HC1, 

followed by distilled H20, or discs from a central wick, the cellular 

structure of the paper was altered. This was apparent in shorter run- 

ning times for washed papers. The brown front could be slightly 

diminished by rigorous washing, but such a program invariably 
led to 

"frilling" of the paper and loss of regularity in band shape. Decrease 

in Fe3+ (which in the final developer runs at the solvent 
front) was 

detectable even after mild washing. However comparison with the known 

run on the same paper avoided any uncertainty whether the 
iron band was 

entirely due to paper impurity or was, in fact, an indication of Fe3+ 

in the unknown. The possibility always exists that washing agents 
may 

release new impurities from the paper fibers. With the exception of 

wet -strength papers like Whatman #54 or Schleicher and Sch«ll 
#507C, 

and papers hardened by washing with concentrated HNO3, the 
strength of 

the paper is progressively diminished by a washing program. 
When time 

was taken into consideration, the conclusion generally was that washing 

of the paper was of questionable value. 

3. Purification of Cations 

Cation sources were the metal nitrates, and occasionally 
the 

sulfates or chlorides, of reagent grade (Fisher Certified Reagent, 

Baker Analyzed C.P.). 
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However, best grades of AgNO3 from three 
manufacturers, and 

Ag.C2H302, all showed distinct traces of mercury. Accordingly Ag +, 

Pb2 +, and Hg2++ were purified according to De and Majumdar (1963) by 

e]tution from a 4 dm column of Dowex -50W, using ammonium 
acetate of 

increasing molarity. The fractions were collected in a Rinco 
fraction - 

collector and the middle portions only were kept 
for evaporation to 

approximately 0.1 M concentration. Another sample of high purity Ag + 

was obtained chromatographically. A pipette was used to draw a line of 

reagent grade AgNO3 solution near the lower edge 
of a large sheet of 

Whatman #3, which was then developed by the ascending 
technique with 

900 ml n -BuOH containing 100 ml H2O in which 15 
g NH4Ac had been 

dissolved. After four hours the silver band was located 
by cutting 

off a strip and spraying with dithizone. The band was then cut out 

with scissors and the Ag+ eluted. 

These high purity Gp. I metals were separately precipitated 
with 

HC1 (Baker Analyzed Reagent stated to contain heavy metals < 5 x 10 -5%, 

iron < 1 x 10 -5 %), very thoroughly washed with distilled 
H20, and 

finally taken up in aqueous 4N NH4CNS and 4N NH4Ac. 
The former reagent 

contained 5 x 10-4% heavy metals, and iron 
in the same concentration; 

the latter reagent contained 5 x 10 -42 heavy metals, and 2 x 10 -4% 

iron. Foreign ions so introduced were probably 
responsible for trace 

or "ghost" rings nearly always detectable. 
Such problems of impurities 

made inclusion of knowns essential in the chromatograms. 
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4. Detector Tests and Sensitivity Limits 

As previously indicated, it was felt that a wider spectrum of 

usefulness would be served if the limits of detection for every cation 

in this scheme were kept very small. As a working objective, there- 

fore, two lambdas of 0.1 M solution of each known was used as a 

standard quantity for each spot. The same volume was used for the 

unknown, chiefly to keep below the loading capacity of the paper, but 

also to secure the clean separations possible with narrow developed 

zones. 

For what might be considered synthetic unknowns, prepared to test 

the resolving power and detection limits of the method, the total 

volume of the mixed solution was still 2X, but this might contain 
five 

or six cations for the average student unknown in a teaching scheme. 

When we used as many as 15 cations in an unknown the effective concen- 

tration of each was reduced to 0.0067 M and the amount of each ion was 

reduced to 6.7 x 10 -9 moles. Assuming an average atomic weight of 100 

this would represent about a microgram. Such analyses were carried 

out with complete success. 

Tests for lower limits of detection were made with the aid 
of a 

recording photodensitometer (Joyce -Loebl Chromoscan Mark I), 
which was 

not equipped for UV reflection work. For potassium detected as the 

red complex with hexanitrodipicryl amine, a green filter at 4900 
Á 

permitted detection of iX of 0.01 M solution corresponding to 4 x 10 -7 

g. Turning to a heavy atom, 1X of 0.001 M Bi3+ was detected by 
the 

instrument, and also by direct visual observation, corresponding 
to 
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2 x 10 -7 g. Visual sensitivity of the complexes of lighter elements 

that fluoresce, or absorb, in W light between 2550 and 3600 X, is 

about 10 nanograms. 

Having established these limits of detection, search was made for 

suitable sensitive detectors. Besides sensitivity, a major considera- 

tion was ability to detect if possible all of the ions in a group. In 

a few cases no detectors were found that satisfied both criteria, and 

recourse had to be made to more specific detectors. In one case speci- 

fic detectors were mandatory, since Cr3+ and A13+ bands somewhat 

overlapped. 

In the early part of the work only visible detectors were tested, 

since one of the possible uses of the scheme would be geochemical or 

biogeochemical testing in the field. However the power of ultra violet 

detectors suggested their employment, and it was found that portable 

W lamps are now available. 
The pattern of investigation for detectors in each group was 

as 

follows. Whatman #1 KCT slotted 12.5 cm discs were spotted with 2A of 

0.1 M aqueous solutions of each cation, generally in the form of the 

nitrate. Nearly 30 indicators, the majority mentioned in the litera- 

ture, were tested on these papers before and after exposure to either 

HC1 or NH3. A number of indicators were tested that had been used as 

organic detectors, e.g. for Gp. V cations the AgNO3 -NaOH indicator used 

by Trevelyan, Proctor and Harrison, 1950, for sugars, glycosides, and 

polyhydric alcohols. Some compounds structurally related to accepted 

indicators were also tested, e.g. magnesium uranyl acetate, juglone 

(5- hydroxy- l,4- naphthoquinone). When one or more detectors had been 
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found that were satisfactory for undeveloped known spots, they were 

used to investigate efficient developers. Not infrequently an other- 

wise efficient detector could not be used, since a successful 
developer 

was incompatible with the detector. Thus chloranilic acid could only 

be used with organic salts of cations i.e. at high pH, as reported by 

Barreto, Barreto and Pinto (1961). Tetraphenylboron could not be used 

for potassium because of the large amounts of NH4+ ion in the unknowns 

after ordinary group- separation procedures. 

A number of detectors were used to impregnate the papers before 

spotting and developing, e.g. ammonium molybdophosphate as used by 

Alberti and Grassini (1960) who reported sensitivities for Li, 
Rb, and 

Cs of 100y. On trial this gave very erratic bands and the sensitivity 

was only about 1 /100 of the desired level. Though the sensitivity was 

better, the fronts and bands were also very uneven when 8-hydroxy- 

quinoline was used to pre -impregnate the paper (Ivanova, 1956). 

Quercetin was recommended by Weiss and Fallab (1954) since, unlike 

violuric acid which can only be used with e.g. acetates, this detector 

gives characteristically colored salts with metal- halogenides and 

nitrates. On test it gave distinctive UV fluorescence with Gp. V 

cations, but was abandoned as it did not meet the sensitivity 
limits. 

Agrinier (1960) on papers developed in a nitric acid solvent, first 

exposed to NH3 to neutralize the HNO3, then after spraying with 

quinalizarin, exposed the chromatogram to HAc to remove the coloration 

of the background except where a metal lake had formed. This technique 

proved useful, although quinalizarin was not sufficiently sensitive. 

The benzidine- furfuraldehyde detector (47) appeared promising until 
it 
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was found to react generally with the Cl- ion which may be introduced 

as the salt cation, or in the developer. Diphenylcarbazide according 

to Balt and van Dalen (1963) does not react with Mn, Fe, Co, Ni, Cu, 

Cd, Pb, Zn or Sn. However on a paper developed with butanol -HC1, Zn2+ 

was very effectively detected after a few minutes. Under these condi- 

tions apparently atmospheric oxygen serves to oxidize the detector 
to 

diphenylcarbazone, which forms a brilliant purple complex with Zn2 
+. 

The final choice of detectors was as follows: 

Group I (Ag +, Pb2 +, Hg2): Dithizone (diphenylthiocarbazone) 0.05% in 

CC14, filtered before use. (Hydrogen sulfide, immediately after 

spraying with concentrated NH4OH, can also be used conveniently 

since it is also the detector of choice for ßp. IIA and an alter- 

native detector for Gp. IIB. However the sensitivity of detection 

with the sulfides is only about 50% of the sensitivity of the 

dithizonates. The dithizonates are most visible after some 

minutes but fade considerably after a few hours, or if at once 

exposed to NH3, after several days. For lowest detection limits 

NH3 should not be used, as color intensities are reduced by 
it.) 

Group IIA (Cu2 +, Pb2 +, Cd2 +, Hg2 +, Bi3 +): Hydrogen - 
sulfide immediately 

after spraying with concentrated NH4OH. (Yellow ammonium poly- 

sulfide can be used, but sensitivity is poorer because the 
paper 

background becomes pale yellow.) (Cylinder H2S is more convenient 

than use of H2S from a Kipp generator or similar device.) 

Group IIB (As3 +, Sb3 +, Sn2+ or Sb"): Dithizone. (Concentrated 

NH4OH, then H2S, is a second choice.) 
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Group ILIA (Fe3 +, N12 +, Co2 +, Mn2 +): Kojic acid (5- hydroxy -2(hydroxy- 

methyl)-4- pyrone) : 8- Hydroxyquinoline (8- quinolinol) ® 50 mg : 

250 gm in 50 ml 60% EtOH. Immediately before examination under 

2537 á W light, expose to NH3. 

Group IIIB (A13 +, Cr3 +, Zn2 +): For A13+ and Zn2+ portion of divided 

chromatogram:- Kojic acid : 8- Hydroxyquinoline. For Cr3+ and 2n2+ 

portion:- Diphenylcarbazide 0.2% in glacial HAc : EtOH R 1 : 9, 

freshly prepared and kept not longer than 3 hours in an amber 

glass -stoppered bottle. 

Group IV (Ba2 +, Sr2 +, Ca2 +): For Ca2+ And possible Mg2+ portion: - 

Kojic acid : 8- Hydroxyquinoline. For Ba2+ and Sr2+ portion: - 

Dipotassium salt of rhodizonic acid (K salt of dihydroxy- 

diquinone) 1% in H20, freshly prepared and kept not longer than 

24 hours. 

Group V (K+, Na +, Mg2 +): For K+ portion:- the high concentration of 

HC1 must be reduced, preferably by leaving exposed to air over- 

night (somewhat quicker in a vacuum desiccator; however do not 

expose to I.R. or warm in oven), then after thorough exposure 
to 

NH40H, spray with hexanitrodiphenylamine (p- dipicrylamine) 200 mg 

in 20 ml boiling 0.1 N aqueous Na2CO3. The K+ complex is bright 

red but obscured by intense orange background of paper. To bleach 

background immerse the sector briefly in a petri dish of 
0.1 N 

HC1, after which the red K+ band becomes clearly visible. 

For Mg2+ portion:- spray with kojic acid : 8- hydroxyquinoline fog 

50 gm : 250 mg in 50 ml of 60% EtOH, then expose to NH3 before 

viewing by W light. 
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For Na+ portion:- as with K +, the HC1 concentration must be 

reduced by exposure to the air overnight at room temperature, 

during which time it is important to prevent any contamination of 

the paper by NH3. The paper is then sprayed with magnesium uranyl 

acetate, MgUO2.Ac4 in aqueous HAc, and immediately, while wet with 

the spray, examined by UV light. 

This reagent is prepared as follows: 10 g UO2(C2H302)2.2H20 

is dissolved in 6 ml glacial acetic acid and made up to 50 ml with 

distilled H20. Then 33 g Mg(C2H302)2.4H20 is dissolved in 6 ml 

glacial acetic acid and 20 ml H20. Both solutions are heated to 

boiling point, and when clear the magnesium solution is slowly 

poured into the uranyl solution. The mixed solution is cooled 

and diluted to 500 ml, let stand overnight, and filtered. 

5. Developer Tests 

a. General Considerations 

Complex interactions of the many variables affecting RF values, as 

earlier discussed, together with the inherent difficulties in measuring 

a ratio, suggested some caution in identifying cations by RF. Indeed 

experience leads one to question the significance of such values 

expressed to the third decimal place. Much more reliable are compari- 

sons between distances run by a set of knowns and distances run by the 

components of an unknown mixture, on the same chromatogram. Only under 

such conditions, where all parameters are necessarily the same for 

known and unknown, can one identify the bands with confidence. 
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Identity of movement, together with uniformity of color, then make 

recognition certain, even by the least experienced. 

For this reason it was decided to use the Giri method of applying 

known and unknown spots around the circumference of a circle of radius 

1 cm drawn about the center of the filter -paper disc. Test spots of 2X 

solutions of cations placed on a pencil line so drawn, and developed by 

allowing the solvent front to move a maximum of 4.7 cm on the 15 cm 

paper, produced arcs of circles between 42° and 48 °. Allowing a work- 

ing margin between spots to prevent interference at the edges of the 

arcs, limits to six the number of spots that can be applied to a single 

disc. Whatman #1 paper is commercially available (KCT pattern) with 

five radial slots, and this was generally used during this study. Less 

frequently five or six slots were cut with a Xacto knife in other 

papers not available in the KCT pattern. Maximum number of ions in a 

group as separated by wet -analysis, was five. Hence it was possible to 

spot the unknown, and each known, separately in its own sector. 

During investigation of solvents that contained components of low 

vapor -pressure, particularly of multi- component solvent mixtures, the 

slots permitted equilibrium conditions to be established more readily. 

However all the solvents finally selected could be run equally well on 

unslotted paper, and this was used in most of the student testing of 

the completed scheme. The unslotted paper was pencil -ruled into five 

or six sectors for convenience in cutting apart the sectors where 

several detector sprays were to be applied to the separated portions. 

Cutting and reassembling with Scotch tape proved to be more 

satisfactory than screening portions of the disc with metal shields. 
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A number of conditions were established as necessary criteria in 

the search for efficient developing solvents. First the limitations 

imposed by the paper, as discussed above, demanded a developer that 

could effect resolutions of the ions in a running distance of e^- 4 cm. 

Related to this was the requirement that tailing must be minimal, 

otherwise closely- spaced bands would overlap. For class use, highly 

toxic ingredients, e.g. KCN (Pickering, 1953), were undesirable. Short 

shelf -life was a disadvantage. Agents that would char the paper or 

seriously weaken its structure were to be avoided. Though the litera- 

ture suggested the effectiveness of solutions employing HF (56) it was 

decided to avoid them, since the corrosive acid would require special 

equipment. In an effort to achieve simplicity of technique, it was 

decided to avoid two -phase systems (Celap, Janjid and Stojkovid, 1962), 

(Lederer, 1950), if possible. Another practical consideration was the 

need to use solvents that were compatible with the high sensitivity 

indicators previously selected. Thus pH would need to be conveniently 

controlled, and strongly oxidizing or reducing solutions would create 

problems. 

Preliminary work confirmed that solvent systems containing strong 

acids yield RF values that are constant, even down to trace levels 

(Lederer, 1955), and that clean -cut zones result. A mixture of two 

solvents gave lower RF values than the mean of those produced by the 

two components, as pointed out by Walker and Lederer (1951) and (72). 

Generally, for most cations investigated, solvents producing low RF 

values were capable of the most satisfactory resolutions (Thorne, 1963). 

When four or five cations were to be separated by this type of solvent 
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however, it was necessary to remove the papers, dry, and run again, or 

twice more. Though good clean separations were sometimes opened up in 

this way, e.g. with Amyl alcohol saturated with 3 N HC1 for Gp. IIA, 

the time requirement was considered excessive for class use. For the 

same reason, though very successful separations for Gp. I were achieved 

by running with n -BuOH : glacial HAc : 2,5- Hexandione 10% in Ac20 4 

1 : 1 : 1, and then with n -BuOH : Pyridine : H2O = 5 : 1 : 1, this two - 

developer double -run procedure was abandoned after an extensive testing 

with 304 Freshmen students. 

Many tests with solvents containing such weak acids as oxalic, 

formic and acetic showed rather consistently that with them the RF 

varied with concentration of solute. With these solvents a single 

known developed quite differently from the same known in a mixture. 

The most conspicuous cases of this sort were observed when a complexing 

agent, e.g. tartaric acid, benzoylacetone, acetylacetone, 2,5- Hexan- 

dione, was used with a weak acid. This was considered unsatisfactory, 

since interpretations were more difficult. 

The above considerations were applied to a study of the separa- 

tions reported in the literature, and where promising methods were 

encountered, they were tested. In a few cases only, the results per- 

mitted unambiguous detection at the required limits of sensitivity. 

With these developers series studies were made, varying the concentra- 

tions of each ingredient, to determine the most efficient detector 

solution. With Gps. I, IIA, IIB, IIIB, successful developers were only 

found after empirical search, guided to some extent by the theoretical 

and general considerations previously stated. 
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b. Group Studies 

Group I. Satisfactory separation of Ag +, Pb2 +, and Hg2++ proved 

very difficult. Test of all the alcohols up to n -amyl showed lower RF 

values and greater discrimination for the heavy alcohols, but their 

viscosity required running times up to 12 hours. Finally n- butanol was 

decided upon as a best compromise. The extensive tables of RF values 

with various acids and alcohols published by Sommer (1955), and with 

binary alcohol mixtures by Walker and Lederer (1951), were very useful. 

Since obviously HC1 could not be used, HNO3 was tried as a strong acid 

with n -BuOH, and HAc as a weak acid. This work confirmed that of Levi 

and Danon (1961) that the nitrate ion forms complexes of varying 

stability, but tailing was a severe problem. Acetic acid appeared 

more promising, but separations were not clean -cut. The experience of 

Lederer and Saracino (1964) with HC104, of Martin (1951) with HCNS, and 

of Kertes and Beck (1959) with the ammonium salt of thiocyanic acid did 

not encourage testing with those acids. The work of Pluchet and 

Lederer (1960) suggested trial of acetate buffers. Various concentra- 

tions of NaAc and NH4Ac were added to the solvent, and papers pre - 

impregnated with the same salts were tested, but the chromatograms 

obtained showed more, rather than less tailing, v. (81). This was 

thought to be caused chiefly by ion displacements, and in part by over- 

loading of the paper. It appeared that progressive increase in pH of 

the solvent as it moved outward provided a differential sorting of 

ions, and was therefore advantageous. After tests of buffer solutions 

with other groups of cations, this line of investigation was dropped. 
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Ion -exchange papers proved unsatisfactory, v. Knight (1959), On 

Whatman AC2, BuOH- HAc -H20 mixtures would not run at all. Paper was 

treated with tri -n -octyl phosphine oxide by the method of Cerrai and 

Testa (1962) and Cvjetidanin, Cvorid and Obrenovid- Paligorid (1963). 

Bands obtained were very irregular, and a second solvent front 

obscured trace bands. 

The work of Rasher and Farmer (1963) with Co, Ni, Cu, Zn, Cd and 

Mn was extended to the Gp. I cations. Pyridine as a complexing agent 

gave promising results, so an extensive series of related compounds was 

tested, including 2,3 -, 2,4- and 2,6- Lutidines, and s- Collidine. 

Results showed pyridine moved Hg2++ most efficiently to a tight band 

just behind the solvent front. Triethylamine 10% in Ac20 when added to 

the BuOH : HAc solvent gave fairly good separations but Pb2+ was still 

very diffused. Test of N- methyloctadecylamine 5% in methyl -isobutyl 

ketone gave better separations of Hg2++ but Pb2+ and Ag+ were poorly 

resolved. 

Some encouraging results with 2,4- Pentandione 10% in Ac20 led to 

extensive trials with 2,3- Pentandione and 2,5- Hexandione. The last 

apparently chelated Pb2+ to produce the sharpest spots so far obtained. 

Acetylacetone and benzoylacetone were tested, but neither resolved Ag+ 

and Hg2++ though the Pb2+ band was well- defined. Dibenzoylmethane in 

Ac20, as well as in EtOH, gave no improvement. 

Dimethylsulfoxide up to 15% separated Ag+ from reduced Ago formed 

in light by reaction with the cellulose, however Pb2+ showed bad comets 

preventing clear separation from Ag +. 
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The black trail of reduced silver could be controlled by running 

the chromatogram in darkness, but never entirely avoided as spotting 

had to be done in visible light. 

A series of basic developers using NH4OH were tried, and gave 

separations nearly as good as those obtained with HAc. 

High purity mercurous (method of Qureshi and Khan, 1962) and 

mercuric nitrates were prepared, and tested for differences in RF in 

the developer BuOH : HAc : 2,5- Hexandione 102 in Ac20. The separate 

ions both showed tailing but ran at the same speed. As expected the 

mixed ions gave a single diffused band. The probable explanation is 

that Hg II is reduced by the paper while Hg I is air -oxidized. 

Finally it was decided that consecutive runs in two developers 

were needed to cleanly separate the three ions, and permit required 

sensitivity of detection. The procedure then tested with more than 

three hundred students in first year chemistry, consisted of a first 

run of about 2 hours in n -BuOH : g -HAc : 10% 2,5- Hexandione in Ac20 

1 : 1 : 1, after which the chromatogram was dried and run again for 

about 3 hours in n -BuOH : Pyridine : H2O 5 : 1 : 1. This produced 

Pb2+ 0.0 -0.2 with a tail back to the origin, Ag+ 0.3 -0.4 with slight 

tailing and some loss of reduced Ago depending upon the degree of 

darkness maintained, and Hg2++ (or more probably Hg2+ after running 
on 

the paper) 0.5 -0.6 with a sharp band. Though class results obtained, 

as indicated below, were very satisfactory, the search was continued 

for a simpler and quicker procedure. 

In addition, all of this work had been done on solutions of 

nitrates of the Gp. I cations, and in a complete analytical scheme 
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containing all the groups it would be necessary to get these cations, 

precipitated as chlorides, again into solution before they could be 

analyzed. 

Efforts to dissolve the precipitate of mixed chlorides with Aqua 

Regia gave barely detectable amounts of Ag +. Use of 15 M NH40H 

dissolved inadequate amounts of Pb2 +. Tests with NaCNS were more 

promising and finally the procedure of Blasius and Gottling (1958), 

utilizing a mixture of 4 N NH4CNS and NH4Ac was adopted. This 

dissolved the chlorides very readily, but the introduced ions, espec- 

ially the thiocyanate, produced irregular bands and two spots of Pb2+ 

in the standard n -BuOH : HAc : 2,5- Hexandione developer. Results with 

10% aqueous NH4Ac showed all ions visible, though all tailed and 

separations were not clean. Addition of dibenzoylmethane, benzoyl- 

acetone, acetylacetone, failed to improve the separations. Addition 

of HAc, NaAc, and various concentrations of NH4Ac produced some slight 

improvements, but two disturbing defects remained: mercury gave erra- 

tic hat -shaped bands, and the same element showed considerably altered 

RF in the presence of silver, or lead, or both. Addition of NH4Ac to 

BuOH : H 2J greatly reduced tailing, but even with optimum H2O concen- 

tration (15%), mercury gave a fore -tail, and the diffuse lead spot 

overlapped silver. Addition of pyridine, and of 2,5- Hexandione both 

effected reduction in tailing. 

Finally it was decided to use for a test of the complete scheme by 

81 sophomore students, a homogeneous solution obtained by shaking at 

21 °C 90 ml n -BuOH with 10 ml H2O containing 1.5 g NH4Ac. The Gp. I 

cations were applied in the 4 N NH4CNS : 4 N NH4Ac 1 : 1 solution. 
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Not satisfied with the results, further trials were made. Earlier 

runs with n -BuOH : H2O ® 8 : 15 brought to pH 2.5 -3.5 with HAc (Surak 

and Schleuter, 1953) showed good separations though attended by pro- 

nounced tailing. Addition of NaNO3, and of NH4NO3, produced no 

improvement. On decreasing the amount of HAc the bands became more 

compact. Finally with neutral n- Bu0H -H20 a 85 : 15 excellent results 

were obtained. This final choice met specifications of compatibility 

with dithizone detector, clean separations and tight bands. It was 

tested by two third -year students with 100% detection, even with very 

complex unknowns containing as many as 15 cations. 

Group IIA. From theoretical considerations work was commenced 

with a series of alcohols, and various concentrations of either HC1, 

or HAc. n -Amyl alcohol saturated with 3 N HC1 gave good separations, 

but the 12 -hour runs were inconvenient. 

Reverting to butanol, tests were made with 2,5- Hexandione and 

acetylacetone, but bands were wide enough to overlap. Acetone : HC1 

H2O moved nearly all ions close to the solvent front, but acetone with 

amyl or butyl alcohol gave promising results, and considerably 

decreased the viscosity of solvents with consequent decrease in running 

times. A series with changing concentration of Ac20 did not yield a 

completely satisfactory separation. Dioxan : antipyrine : HNO3 : H2O 

gave much too diffuse bands. 

Again returning to butanol : hydrochloric acid, EDTA left Cu2+, 

Pb2 +, and Bí3+ at the origin. Tartaric acid compacted the troublesome 

Cu2+ band, and after a series to determine best concentration of the 

: 
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chelating agent, excellent separations were obtained with n -BuOH : HC1 

: H2O = 100 : 2 : 20, with 250 mg tartaric acid added per 10 ml of 

developer. 

Double runs afforded negligible compensation for the extra time 

required: separations were a little greater but zones were more 

diffuse. A variety of different papers, including Whatman #1 washed 

with DMSO, with formamide, with dimethylformamide, and with EDTA, were 

tested. As earlier mentioned, "frilling" and altered consistency of 

the papers after washing made questionable improvement to the repara- 

tory power of the chromatograms. This was especially true in this 

study, since faint bands due to impurities in the paper were easily 

detected by comparison with the known bands. Final choice of paper was 

Whatman SG81, which gave slightly narrower bands with clean separations 

of Cu2+, Pb2+, Cd2+, Mg2+ and Bi3+. 

Group IIB. As encountered in the precipitate of this sub -group of 

the analytical scheme, the cations are ordinarily in the oxidation 

states Asa +, Sb3 +, Sn2 +. A point of attack in the search for a suit- 

able developer, was the ease with which Sb3+ may be hydrolyzed with 

developers containing H20, so that it might be expected to remain at 

the origin, v. Lederer (1948) . 

The presence of the Hg2' -Hg2+ system in an unknown would of 

course affect the valence state of the tin cation that might be 

present. The higher valence state of a cation should be expected to 

have a higher RF value, since the higher valence state has a greater 

covalent character, greater complexing power, and therefore should be 
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more soluble. There are exceptions however, e.g. the RF of SbS+ is 

smaller in formic acid than that of Sb3+ (Qureshi and Khan, 1963), and 

De Carvalho (1957) found identical RF values for Sn2+ and Sn4+ in all 

concentrations of HC1 with n -BuOH. Hydrogen peroxide should be a con- 

venient oxidizing agent to obtain the higher valence state, but in 

practice it was found that residual traces in the paper greatly reduced 

the sensitivity of such detectors as dithizone. It was to be expected 

that Sn2+ would be more stable toward cellulose than Sn4 +. In any 

case, tests would have to be made for both states of tin. 

Tests with Sn2+ and Sn4+ in pyridine : n- butanol : water 01, 2 : 10 

: 2 gave Sn2+ at 0.2 with a bad fore -tail, but Sn4+ could not be seen. 

With 1 g antipyrine + 100 ml dioxane + 1 ml concentrated nitric acid 

poor bands were obtained with diffuse tailing, and though the two 

valence states of tin showed up, their RF's were both 0.8 -0.9, and 

separation of Sb3+ and tin was unsatisfactory. An extensive series was 

run with this developer (Pollard, McOmie, and Elbeih, 1951) for which 

widely separated RF values had been quoted. However after varying all 

the components over a broad range the best separations were not at all 

satisfactory. Amyl alcohol with 3 N HCl gave quite good bands of As3+ 

and Sb3+ but Sn2+ was completely diffused. 

Preliminary tests showed that SbS+ in n -BuOH : HC1 gives oxychloro 

compounds which remain near the origin, and also the SbC16 complex ion 

moving near the solvent front. The double spots could only be avoided 

by keeping the normality of the HC1 very high. Pickering (1958) 

reported nitrate complexing of metals in aqueous solution is usually 

small in comparison with complexing by other ligands. It was therefore 
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decided to avoid use of solvents containing oxidizing agents, e.g. 

HNO3, and confine the knowns for antimony (and arsenic) to the +3 

state. 

Further tests with tin chlorides indicated that Sn2+ formed a 

stable complex with acetylacetone and ran with the solvent front in a 

variety of ketone : HC1 solvents. This was in line with the results 

of Blasius and Gottling (1958) who reported RF Sn2+ = 0.80 in ethyl 

acetate : methanol : oxalic acid 10% in H20. Both valence states were 

examined by Pollard, McOmie, and Elbeih (1951) who quoted RF values of 

0.77 for Sn2+ and of 0.58 for Sn4+ in dioxane : antipyrine : conc. 

HNO3 : H2O = 100 ml : 1 g : 1 ml : 2.5 ml, but this separation could 

not be duplicated. 

Ivor Smith (1957) recommended that single pure solvents should be 

sought in one of which the ions run with the solvent, and another in 

which the ions remain at the origin. Then by mixing the solvents, one 

would achieve the desired separations. 

Acetone and HC1 in various concentration gave high RF values with 

all three ions, which were not at all separated. Hartkamp and Specker 

(1957) studied tetrahydroxyquinone : H2O : HC1 systems and Bock - 

Werthmann (1953) used tetrahydroxyquinone in EtOH and reported very 

low RF values for tin, though he did not report arsenic. A series of 

combinations of the fast and slow solvents was abandoned after odd - 

shaped and multiple spots, together with two solvent fronts, were 

obtained. 

Tests with butanol and HC1, or HAc, gave very diffuse bands, which 

were not improved by the addition of chelating agents 2,5- Hexandione, 



53 

ethyl acetoacetate, or acetylacetone. However 5 g benzoylacetone in 

50 ml n -BuOH shaken with 50 ml 0.1 N HNO3 gave the first clear separa- 

tion of Sn2+ and Sb3 +, although As3+ was covered by the extensive 

tailing of Sb3 +. 

Attempts to repeat work done in Finland (59) with cyclohexanone : 

conc. HC1 al 97 : 3, and with higher concentrations of the acid, gave 

high RF's for all three ions, which were not at all separated. 

Tests of n- butanol with various concentrations of HNO3 and HAc had 

given diffuse bands, which were less extensive in the nitric acid 

series. With n -BuOH saturated with 0.1 M HNO3, only the tin band 

tailed very extensively, so a series of developers containing a range 

of concentrations of the following related chelating agents was 

undertaken: 

CH3 - C - CH2 - C - OEt 

II II 

0; ;0 

CH3 -C-CH2-C-CH3 

O. :0 

CH3 - C - CH2 - C - C6H5 

lI II 
0. 

C6H5 - C - CH2 - C - C6H5 

II II 
0; 0 

ethyl acetoacetate 

2,4-pentandione 

(acetylacetone) 

1- phenyl- l,3- butandione 

(benzoylacetone) 

1,3-propandione 

(dibenzoylmethane) 

The inductive effects of the methyl and phenyl groups upon the 

- C - C - C - 

electron -sharing chelation by the central 
0.. M .a 

structure 

.o 

II 
II 
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suggested dibenzoylmethane might least strongly chelate with Sn2 +, 

while acetylacetone would chelate most readily. Actually the small 

solubility of dibenzoylmethane limited its usefulness, but benzoyl- 

acetone was readily soluble in acetone and proved quite successful in 

decreasing the tailing of tin. Conversely, the tailing was even 

greater when acetylacetone was used, than with no chelating agent at 

all. 

Final choice of developer was n -BuOH : benzoylacetone = 50 ml : 

5 g, then saturated with 0.1 M HNO3. On SG81 paper this left Sb3+ at 

the origin, As3+ 0.43 -0.57 clearly defined, and tin 0.63 -0.82 with 

only slight tailing. 

Group ILIA. Lederer (1950) concluded no satisfactory separations 

of the iron group of cations could be achieved with aliphatic alcohols 

containing HC1, and on checking with n -BuOH saturated with 1 M HC1 and 

with n -AmOH similarly saturated, it was found that none of the four 

cations was well separated. Substitution of the weak acid HAc caused 

no improvement, and addition of ethyl acetoacetate resulted in even 

worse tailing. 

Turning to ketones, diethyl ketone : acetone : c. HC1 = 8 : 1 : 1 

ran very quickly (1 hour 30 minutes) and gave very promising separa- 

tions. Acetone : HC1 : H2O = 5 : 5 : 90 (Burstall et al, 1950) was 

better, as the Fe3+ band was considerably narrowed. Ethyl methyl 

ketone : HC1 = 92 : 8 moved Co2+ too close to the rather broad Fe3+ 

band. 
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A series of variations in concentration of acetone with 36 M HC1 

and H2O indicated the 8 : 1 : 1 mixture gave excellent separations for 

Fe3+ and Co2+ though Ní2+ was barely separated from Mn2 +. Addition of 

BuOH moved the Ni2+ ahead causing it to overlap the trailing edge of 

Mn2+. 

Finally Ac20 : HC1 (c) : H2O = 8 : 1 : 1 was considered very 

satisfactory, especially when run on Whatman #1 that had been washed 

with DMSO. Ni2+ then moved to 0.10 -0.29, Mn2+ to 0.33 -0.47, Co2+ to 

0.62 -0.75, and Fe3+ formed a thin band of RF 0.96 -0.99. 

Group IIIB. The aluminium subgroup proved to be very difficult, 

though Zn2+ was readily moved away from A13+ and Cr3 +. A literature 

search revealed that in a great variety of solvents the latter two 

cations showed almost identical RF values. Several workers (56) had 

reported a difference in RF values for Cr3+ and Al3+ in solutions con- 

taining hydrofluoric acid, but as stated earlier, it was hoped to avoid 

using this corrosive acid. Since chromium was in the +3 state after 

wet -analysis it was hoped that a separation could be effected without 

the necessity of oxidizing it to the +6 state. 

Burstall et al (1950) had reported a separation of Fe3 
+, Al3+ and 

Cr3+ using glacial HAc : dry methanol = 75 : 25, after applying the 

metal ions in 5 N HCl solution. These workers found that a solution 

containing insufficient free HC1 gave incomplete extraction. The work 

was repeated with A13 +, Cr3+ and Zn2+ but even when the cations were 

applied from 10 N HC1 the separation was very unsatisfactory, with Cr3+ 

trailing back and A13+ fore -tailing. Bock -Werthmann (1963) reported 
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identical RF values for Cr3+ and A13+ in tetrahydroxyquinone in EtOH. 

Harasawa and Sakamoto in 1951 had brought chromium to the chromate to 

effect a separation from A13+ but comment that during the run with HC1 

: H2O : Ac20 : ethyl acetoacetate, Cr3+ is formed by reduction and its 

band overlaps that of A13 +. 

Pollard, McOmie, and Elbeih (1949) using n -BuOH : HAc : acetoace- 

tic ester : H2O = 50 : 10 : 5 : 35 gave their results in a graph from 

which one reads the apparent RF values of 0.62 for Cr3+ and 0.09 for 

Al3 +. Numerous trials were made with this developer and with larger 

and smaller amounts of either the ester or the acid. In all cases 

broad diffuse bands of both metals extended from the origin out to 

about RF 0.4. The same authors also stated that the ester concentra- 

tion should be increased to obtain generally more concentrated spots, 

but on trial spots became less concentrated. 

De Carvalho (1957) in a very comprehensive study gave the follow- 

ing values for n -BuOH with varying concentrations of HC1: 

A13+ Cr3+ 

1N 0.01±0.03 0.05±0.04 

2N 0.04±0.03. 0.0910.04 

4N 0.21±0.05 0.22±0.05 

6N 0.4110.07 0.4410.04 

8N 0.3810.07 0.3710.04 

10N 0.3410.06 0.30±0.05 

The very large variations for low acid concentrations, and the 

increased speed at higher acid concentrations are noteworthy. 
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Estimates by several workers of the difference in RF values necessary 

for separations vary from 0.08 to 0.04, so that little hope for clean 

separations could be gained from De Carvalho's figures. 

Tests with a variety of ketones (dimethyl, diethyl, methyl ethyl, 

methyl isopropyl, methyl isobutyl, cyclohexanone, 3- heptanone, 

2- octanone, 3- octanone) and varying proportions of HC1 were generally 

disappointing in that none clearly separated Cr3+ and A13 +. With 

methyl isobutyl ketone : conc. HC1 = 8 : 1, Zn2+ gave a good band and 

a faint ghost, with Cr3+ tailing back into the A13+ band near the ori- 

gin. Methyl ethyl ketone : conc. HC1 = 92 8 showed no ghost band of 

Zn2+ but the A13+ and Cr3+ separation was no better. Addition of water 

to these developers progressively increased tailing. 

Further tests of methyl ethyl ketone : conc. HC1 : H2O = 8 : 1 : 1 

were made after adding up to 500 mg tartaric acid /10 ml in hope of che- 

lating the A13 +. The width of the A13+ band was definitely decreased, 

but the RF was substantially unaltered, so that Cr3+ continued to tail 

back over the Al3 +. 

A series in which the butanol concentration was varied resulted in 

the best separations yet obtained (with n -BuOR saturated with H2O : 

conc. HC1 = 92 : 8). This gave a good narrow band for Zn2 
++ 

0.90, 

Al3+ 
3+ 

a wide band _N-__ 0.05 -0.10, and Cr3+ 
3+ essentially at the origin though 

fore -tailed slightly to overlap A13 +. This separation was very pH 

sensitive, thus n -BuOH : 12 N HC1 = 80 : 20 left A13+ at the origin but 

Cr3+ showed a bad comet from origin to 0.45. The series revealed that 

RF of both A13+ and Cr3+ increased with increasing acid concentration, 

but that the Al3+ was slightly more responsive to the change in HC1. 

: 



58 

Thus at 92 : 3 neither cation moved from the origin; at 92 : 5 both 

extended forward to 0.02 -0.06 with the A13+ now extending rearward 

only half -way from the leading edge of Cr3 

This was encouraging, however no further gain in separation resul- 

ted with still higher concentrations of acid. Runs were then tried in 

the oven at temperatures to 45 °C, but the only result was to widen the 

bands slightly. Double and triple runs made a very slight improvement, 

but the two ions were still not cleanly separated. A second run with 

altered developer (methyl ethyl ketone : HC1) also caused negligible 

improvement. 

The partial improvement effected by tartaric acid led to trial of 

a number of other chelating agents. Thus n -BuOH : HAc (g) : benzoyl- 

acetone : H2O = 25 : 10 : 10 : 35 (saturated) kept Zn2+ at origin, 

while A13+ and Cr3+ formed overlapping broad bands from 0.20-1-h0.50. 

Substitution of HNO3 for HAc gave no separation at all. 

Various papers were tried, with no improvement over the results on 

Whatman #I. It was decided to try impregnating the paper. Fernando in 

1953 reported RF for A13+ 0.94, for Zn2+ 0.05 (he did not try Cr3 +) on 

paper impregnated in 2% ethanolic 8- quinolinol, and developed in 100% 

EtOH. On trial Cr3+ remained at the origin, as did Zn2+ except that it 

fore -tailed badly, and A13± formed a very broad diffuse band RF = 0.7- 

0.9 with some tailing right back to the origin. Paper was also impreg- 

nated with tri -N -octyl phosphine oxide 0.025 M solution in cyclohexane 

saturated with a mixture of equal parts of concentrated nitric acid and 

water. Runs were made on this with the two most promising developers, 

n -BuOH : HC1 = 92 : 8, and with methyl ethyl ketone : conc. HC1 = 
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92 : 8. Results were much inferior to runs on untreated paper, with 

double solvent fronts and hopelessly diffused bands. 

Further tests were made with chelating and complexing agents. 

Addition to n -BuOH : conc. HC1 = 92 : 8 of oxalic acid gave better 

bands but same RF values. Dibenzoylmethane addition improved Zn2+ band 

but there was no separation of A13+ and Cr3 +. The same agent with EtOH 

produced extreme tailing and no separation, with methyl isobutyl ketone 

all three elements remained at the origin, and with acetone Zn2+ gave a 

good band = 0.9, but Cr3+ and A13+ overlapped badly (Cr3+ tending to 

move faster left part of the A13+ spot uncovered at the rear). Dioxane 

: conc. HC1 : H2O = 8 : 1 : 3 produced Zn2+ --a-- 0.99 narrow band at sol- 

vent front, Cr3+ narrow band 0.80, A13+ band approximately 50% wider 

=0.82 overlapping Cr3 +. Pyridine : n -BuOH : H2O = 2 : 10 : 2 moved 

Cr3+ to the front limit of the broad trailing band of A13 +. Use of 

2,5- Hexandione led to extreme fore -tailing of all three ions. Ethyl 

acetoacetate : conc. HC1 = 8 : 1 produced two bands for Zn2+ while Cr3+ 

and Al3+ coincided. Dimethylsulfoxide : Ac20 : conc. HC1 = 0.5 : 8 : 1 

failed to separate A13+ and Cr3+ although neither tailed. Both 

2- octanone and 3- heptanone failed to move A13+ or Cr3+ from the origin. 

Since pyridine had moved Cr3+ to the front limit of A13+ it was 

decided to test various pyridine homologues. Gamma collidine produced 

excessive tailing with 12 N HC1 which was reduced when the acid was 

changed to 1 N, but both A13+ and Cr3+ remained at origin. The tailing 

showed the same pattern for 2,6- Lutidine, being lower at 1 N than at 

12 N, but with no better separations. 
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A series was then undertaken with a variety of alcohols and chela- 

ting or complexing agents. Pyridine with n -amyl caused only Zn2+ to 

move to - 0.3 and it tailed right back to the origin. Addition of HC1 

gave no improvement of Cr3+ and A13 +. Isoamyl alcohol saturated with 

0.097 M HNO3 and with 4.75 M NH4CNS moved A13± just ahead (RF ; 0.3) of 

Cr3+ = 0.2 with Zn2+ at 0.4 but the bands were too close together for 
much hope of effective separations, and were irregular in shape. Chan- 

ging NH4CNS to 2.85 M caused Zn2+ to tail back over A13 +, and Cr3+ gave 

an extensive fore -tail. Malonic acid : n -BuOH saturated with H2O : 

conc. HC1 a 0.5 g : 46 : 6, compacted the Cr3+ band, but in the center 

of the A13+ band. Tartaric acid gave almost identical results. 

Benzoylacetone : Ac20 : n -BuOH : conc. HC1 0.5 : 3.3 : 4.3 : 1.9 

failed to remove Cr3+ from A13 +. Dibenzoylmethane gave very similar 

results to the fore -going. 

In spite of an earlier decision not to use hydrofluoric acid, 

these failures led to its trial. Ac20 : conc. HC1 : HF (50%) 90 : 4 

: 1 gave a clear band for Zn2+ at = 0.9 but Cr3+ and A13+ remained 
concentric near the origin. Addition of more water (56) (acetone : 

conc. HC1 : HP (50%) : H2O 90 : 5 : 1 : 4) proved very disappointing, 

for the separations were no better than those accomplished more 

conveniently with n -BuOH saturated with H2O : 36% HC1 92 : 7. 

It was finally decided that the latter developer would have to 

serve, and that recourse would have to be made to differential detec- 

tors to separate the Cr3+ and A13 +. The Cr3+ which is concentrated at 

the leading edge of the mixed spot and almost clears the A13 +, forms a 

8- hydroxyquinolate which is a strong absorber of 2537 i radiation, 
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while A13+ fluoresces brilliantly. To supplement this detection 

another sector can be sprayed with fresh diphenylcarbazide (0.2% in 

glacial HAc : EtOH e 1 : 9) which gives a strong purple with Cr3+ 

although A13+ is shown, if at all, as a barely visible pink. Zn2+ 

gives after some minutes a brilliant crimson with this detector. 

Group IV. The cations of this analytical group offer an interes- 

ting opportunity for chromatographic separation, since their ionic 

radii and ionization potentials are periodic. For this reason it was 

decided to add beryllium, although it is not normally included in the 

common analytical schemes. 

From general considerations it was concluded that a strong acid 

should be employed to obtain more compact spots, and that HC1 might be 

preferable to HNO3 because of the greater complexing ability of the 

former. Experience with the earlier groups suggested trial of various 

ketones and aliphatic straight chain alcohols. 

McOH : HC1 (36%) = 8 : 1 gave quite good separations, however the 

concentrated acid weakened the paper badly. Addition of water (MeOH : 

HC1 (36 %) : H2O = 8 : 1 : 1) gave promising separations at once. 

Substituting EtOH gave almost identical results. With n -BuOH : HC1 

(36%) : H2O 4 8 : 1 : 1, good separations were obtained with clean 

sharp bands except for Ba2+ and Sr2+ which tailed slightly. As expec- 

ted the RF values of the cations increased with decreasing atomic 

weight, and it was felt this was of value in the teaching effective- 

ness of the chromatographic scheme. 
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Though these developers seemed very efficient, further search was 

made. Trial of a weak acid series HAc with McOH, EtOH, and n -BuOH gave 

rather surprisingly good separations when at least 10% water was 

present in the developers, however the bands in no case were as sharp 

as those obtained with HC1. The important role of the chloro- complexes 

was apparent on trial of McOH : 15 N NH4OH = 99 : 1 which gave almost 

no separations. Similarly a- Hydroxyisobutyric acid 0.8 M in H2O 

brought to pH 4.20 caused all spots to run to solvent front. The same 

result was obtained with 2 M a- Hydroxyisobutyric acid in H2O with NH4OH 

to pH 6.2, and also with 0.3 M and 0.03 M a- Hydroxyisobutyric acid. 

Neutral McOH : H2O = 8 : 2 also gave no separation. 

The importance of the complexing agent being established, a series 

in McOH : HC1 with varying concentration of H2O 8 : 1 : 1, 8 : 1 : 2, 

8 : 1 : 3 showed increasing RF values with increased H20. Since the 

bands could be moved in this way as desired toward the edge of the 

paper, it was concluded that the central part of the paper should be 

used as much as possible, because in general, concentrations and there- 

fore limits of detection decreased with high Rp, since the area of the 

bands was larger. This suggested an optimum at McOH : HC1 (36%) : H2O 

= 8 : 1 : 1, which was confirmed by trial with 8 : 1 : 0.05 and 8 : 1 

: 0.025. Tailing of all bands increased sharply in the last case, 

which can be explained as due to inadequate supply of water molecules 

for an efficient partition process. 

To distinguish between the pH contribution and the chloro- 

complexing contribution of the HC1, runs were made with trichloroacetic 

acid (8 : 1 : 1) , (8 : 2 : 1) , (6 : 4 : 1) and (6 : 6 : 1) which has a 



63 

comparable acidity. From this series it appeared the optimum separa- 

tions were in the region of 10% CC13COOH, but these were not quite as 

distinct as those obtained with HC1. As the concentration of CC13COOH 

passed 25 -30% the heavier cations began to form oddly- shaped spots with 

a straight front and trailing wings on either side. At the same time 

the average RF values decreased slightly. 

Thiocyanates have been frequently mentioned in the literature 

(Martin, 1951), (Kertes and Beck, 1959), but it is significant that in 

the latter paper, of the alkaline -earth cations, RF values are given 

for only Be2+ and Mg2+ (for i -AmOH saturated with aqueous NH4CNS in 

eight concentrations and in HNO3 from 0 to 0.097). A slow run with 

200 ml isopropyl alcohol and 25 ml water containing 19:g NH4CNS (Walker 

and Lederer, 1951) gave as good, or slightly sharper bands of Ba2+ and 

Sr2+ as obtained by the McOH : HC1 developer. However Ca2 +, Mg2 +, and 

Be2+ all ran in the solvent front. For a separation of the three ions 

normally isolated in Gp. IV of the analytical scheme, therefore, this 

developer is very satisfactory. However, since some schemes normally 

include Mg2+ in Gp. IV, and since faulty group -separations often allow 

some Mg2+ 2+ to appear here, it was decided to retain the McOH ; HC1 (36%) 

: H2O 8 : 1 : 1 developer. The latter solvent also has the advan- 

tage, when required, of separating all the alkaline -earth cations in 

the sequence of their atomic numbers. 

Tests were made with Schleicher and Scholl #2494 ion -exchange 

paper, which is impregnated with Dowex -50. It gave a distinct band 

only for Ba2 +. Whatman AC82 gave no separation. Whatman #1, SG81, 

e 
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and Schleicher and Schiall #2043b gave slightly less sharp bands than 

the acid -washed Schleicher and Scholl #507C, which was adopted. 

The best procedure for use of the potassium rhodizonate detector 

required lowering the HC1 concentration appreciably after running and 

before spraying. It was best to expose the paper to the air for an 

hour, and essential to fume the paper thoroughly with NH3 before using 

freshly- prepared potassium rhodizonate (1% in H20). 

Group V. There are many separations of the alkali metals in the 

literature, though difficulty has been experienced with Cs and Rb. 

Linstead et al (1948) as well as Barreto and Barreto (1960) remark that 

simple alcohols effect the separation of the more common alkali metals. 

Some question in the literature of the superiority of the acetates 

over the nitrates for clean resolutions led to tests of the following 

potassium salts with hexanitrodiphenylamine: 

K acetate chlorate 

aluminium sulfate chromate 

antimonate citrate 

bifluoride cyanide 

biphthalate cobalticyanide 

bisulfate dichromate 

bitartrate * ferricyanide 

bromate ferrocyanide 

bromide (hydroxide) 

carbonate fluoride 

chloride iodate 

- 
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iodide phosphate 

nitrate periodate * 

nitrite sulfate 

oxalate tetraoxalate 

perchlorate thiocyanate 

persulfate permanganate 

dihydrogen phosphate 

Only with the bitartrate and the periodate did the detection fail. 

In the earlier work with this group Li+ and NH4+ were included 

with K+ and Na +. Since NH4+ is introduced during the wet -analysis it 

was dropped from the later work, which was limited to K +, Na +, and 

Mg2+ as separated in the more recent analytical schemes. 

The following alcohols were then tested: McOH, EtOH, i -PrOH, 

Me0H + EtOH, n -BuOH. The speed of methanol and its strictly comparable 

resolving power led to further tests with it. 

Final choice was made with some consideration of the convenience 

of using the same developer for Gp. IV and Gp. V. McOH : HC1 (36 %) : 

H2O = 8 : 1 : 1 separates cleanly in one hour, K+ at 0.04 -0.16, Na+ at 

0.20 -0.32, and Mgt+ at 0.68 -0.82. 

6. Color Photography of Chromatograms 

The detectors employed in this scheme react with the cations to 

form compounds of variable stability. The majority fade over a period 

of time which may be rather short, so that if permanent records are to 

be kept, color photographs are suggested. 
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In addition, many of the detected spots are only visible under 

ultra -violet illumination. A dark -room and a source of filtered ultra- 

violet illumination are not always conveniently available, and pro- 

longed viewing under this high- energy radiation always involves hazard 

to the eyes. However we have found that ordinary color -films are sen- 

sitive to reflected UV light. Such pictures can then be viewed with 

the visible light chromatograms, under ordinary illumination. Tamaoki 

and Shikita (1962), also Abelson and Rosenfeld (1962) report procedures 

for recording UV fluorescent paper spots on black and white photo- 

graphic papers. Cleary and de Vries (1963) used color photography to 

record bands due to polycyclic compounds adsorbed on alumina columns. 

We have not tried Land color -film but suspect that it will give as 

satisfactory results as we have achieved with the negative -positive 

process, with the advantage that they would be available in a few 

minutes. 

The plates for this study were made as follows. Kodacolor -X film 

was exposed in a Leica M -2 fitted with 135 mm Rektor in a reflex - 

housing and focussing -bellows. The chromatograms were vertically 

supported at a working distance of 30 inches. Exposure was determined, 

both in the visible and in the ultra - violet light, with a Leitz Metra- 

star meter, using reflection readings. With the Hanovia 2537 X Lamp 

placed 45° and six inches from the chromatogram, the exposures were of 

the order of 12 seconds at f 11. The film was processed normally, and 

the prints made on Kodak Professional Ektacolor paper exposed with a 

suitable filter -pack for color accuracy, in a Durst 606 enlarger. They 
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were then processed in seven minutes with the aid of a Model 11 Kodak 

Drum Processor, using the CP -5 kit of color processing chemicals. 

One of the additional advantages of this process is the ability to 

increase apparent contrast between the bands and a colored background, 

by exposing through a filter of the same color as the background. A 

strip cut from the chromatogram can be scanned with a photodensitometer 

at any convenient time, without concern for the fading of the original 

chromatogram. With the glossy color print reflection is superior to 

that from the original rough- surfaced filter -paper chromatogram so that 

greater sensitivity and steeper -sloped absorption peaks are recorded in 

the scan. 

7. Densitometer Scans of the Chromatograms 

Densitometric scans make possible the most accurate determination 

of RF ranges, since with suitable filtering in the path of the exciting 

beam, nearly vertical slopes are obtained for the absorption peaks. 

An integrating recording instrument like the Joyce -Loebl Chromo- 

scan, makes immediately available concentration measurements from the 

area under the curves, where Beer's law is obeyed. 

The increase in sensitivity by the instrument also is of value. 

Thus for example, the Chromoscan detected 1/20 of the least visible 

concentration of the potassium complex of hexanitrodiphenylamine. 

Such records are of course completely permanent and can be stored 

for analysis at any convenient time. 
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Bush (1963) used direct scanning for quantitative estimations, and 

Mykolajewycz (1957) also made quantitative evaluations from light -flux 

measurements through printed spots. 
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III. RESULTS AND DISCUSSION 

1. Final Scheme 

The scheme is a radial paper chromatographic analysis of the 24 

cations: Ag+ Pb2+ Hg2++, Cut+ Hg2+ Cd2+ Bi3 +, As3+ Sb3+ Sn2+ 

Sn4 +, Fe3+ Co2+ Ni2+ Mn2 +, A13+ Cr3+ Zn2 +, Ba2+ Sr2+ Ca2 +, 

R+ Na+ Mg2 +. These are determined as they occur in any of the five 

main groups and two sub -groups, of the usual wet- analysis schemes. In 

addition the detection of Li +, Be2 +, and NH4+ ions has been outlined. 

The complete and accurate analysis of an unknown consisting of any 

combination of these cations, demands precision separation of the 

groups in the standard chemical analytical scheme. The chromatography 

is thus not only rigorous in its own requirements, but also compels the 

student to do meticulous work in the semi -micro qualitative analysis. 

Poor results in the chromatography must follow careless technique in 

the wet -analysis. Conversely, an excellent set of chromatograms is 

proof to the student, and the instructor, that the wet -assay also has 

been conducted with skill. This is good pedagogy. 

There are only two additions to the standard analytical procedure. 

The solution of the mixed chlorides of Gp. I after precipitation with 

HC1 must be brought into solution. They are dissolved by warming with 

a minimum amount of a freshly prepared mixture of equal volumes of 

4 N NH4Ac and 4 N NH4CNS. 

In the usual analysis of Gp. III into ILIA (main) group and IIIB 

(sub) group, immediately after the IIIA cations have been separated, 

the remaining solution containing only IIIB cations is made strongly 
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acid with HC1, to a pH of 2 -3. At this point five drops of formalde- 

hyde (37% in H2O stabilized with CH30H) are added, and the solution is 

heated on the boiling water -bath for five minutes with stirring. Then 

after adding six drops of 6 M NH4C1 the solution is made just alkaline 

to litmus with 15 M NH40H, four drops of thioacetamide are added and 

the solution is heated again for five minutes on the boiling water - 

bath. The solution and any precipitate are centrifuged, and the solu- 

tion pipetted off and discarded. After washing the precipitate with 

five drops of H20, the precipitate is dissolved in three drops of 6 M 

HNO3 and two drops of H20, and then used to spot the Gp. IIIB chromato- 

gram. Unless this reduction of chromate ion to Cr3+ is added to the 

usual procedure, traces of the element remaining as the anion may 

reduce the total available as the cation below the limit of detection. 

2. Comments upon Separations and Detections 

Developers for six of the groups open up clear spaces between the 

bands of every ion, so that the separations are complete. In the case 

of the sub -group IIIB Zn2+ is clearly resolved although Cr3+ does not 

quite move ahead of A13 +. In this case only, differential spraying is 

required. After cutting the chromatogram into two pieces the Cr 3+ in 

kojic acid-8-quinolinol appears under UV illumination as a dark purple 

absorber against which the brilliant green fluorescence of A13+ is 

easily distinguished. The sector sprayed with diphenylcarbazide shows 

A13+ in visible light as a pale pink only when it is present in very 

high concentration, otherwise it is not visible. Chromium ion however 

gives an immediate and strong purple color, even at very low 
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concentrations. That no practical difficulty exists in distinguishing 

the two is shown by the high accuracy of student reports on A13+ and 

Cr . 
3+ 

Detection of Na+ with magnesium uranyl acetate demands prompt 

interpretation immediately after spraying. The chromatogram should be 

viewed in the dark -room by W light without delay, since the brilliant 

yellow fluorescence, at first limited to the sodium band while the 

paper is still wet, soon is emitted by the entire paper as it becomes 

dry. Apparently the sodium complex fluoresces at 2537 X even while 

wet, but the EtOH or H2O present absorbs the emission from the magne- 

sium uranyl acetate. Of course when the solvents evaporate the entire 

paper fluoresces and band detection is then impossible. 

During the sophomore tests students frequently missed the Mg2+ 

detection. On investigation it was found that even undeveloped 2A 

spots of Mg2+ were undetectable, because the papers had been long 

exposed to NH3 fumes in the laboratory prior to spraying. Other inves- 

tigators have called attention to the loss of discriminatory power in 

papers exposed to NH3, cf. E. Merck's handbook "Chromatography ", p. 32. 

After some investigation it was found that if the papers were stored in 

clean papers between the pages of a book, this deterioration was con- 

trolled. If papers so handled were sprayed with the detector soon 

after the HC1 of the developer had evaporated, and immediately exposed 

to concentrated NH4OH, the fluorescence of Mg2+ was readily detected. 

An alternative detector for Gp. V was investigated, and might be 

recommended for the second (duplicate) chromatogram of this group. 

Though not quite as sensitive as the three detectors specific for each 
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ion, it has the merit of simultaneously detecting all the Gp. V 

cations, (as well as Li+ and NH4 +). Trevelyan, Proctor and Harrison 

used a silver solution in 1950 to detect sugars, glycosides, and poly - 

hydric alcohols. On trial it was found that the highly electropositive 

alkali cations gave on a pale grey background dark grey spots of inten- 

sity directly related to the E0 values of the elements. The procedure 

required dissolving 3 g AgNO3 in 5 -6 ml H20, addition of 95 ml acetone 

and then H2O dropwise sufficient to dissolve any precipitate. The 

chromatograms were dipped in this solution contained in a petri dish, 

and air -dried. The paper was then dipped into 0.5 N NaON in EtOH. The 

treated sheet after ten minutes was washed with 10% sodium thiosulfate 

to remove excess silver, and then in H2O before drying. Using 2X spots 

of 0.1 M solutions, Li+ (E0 . +3.045) gave a nearly black spot, Na 

( +2.714) a dark grey, iC ( +2.924) grey, Mg2+ ( +2.37) paler grey, and 

NH4+ a white spot visible against the pearl -grey background. All were 

sharp and distinct except NH4+ which tends to streak in the direction 

of the draining solvents. The slight solubility of the reduced metals 

and some skill in judging the length of reduction before use of thio- 

sulfate suggested this should be considered only a supporting test. 

Carefully conducted the test readily detected 2X of 0.1 M solutions of 

all the ions of the group. 

An interesting discovery resulted from efforts to determine some 

baffling failures to detect Ba2+ in very complex unknowns containing up 

to 15 cations. The high visibility of barium rhodizonate, and the 

success of sophomore students in detecting Ba2+ in ordinary unknowns 

containing four, five or six cations made the failure of senior students 
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inexplicable. The clue was discovered in the relatively low solubility 

of barium nitrate (8.7 g /100 ml H2O at 20°C, compared with Sr(NO3)2 

40 g at 0°C, Cd(NO3)2 10 g at 0°C, and Ca(NO3)2 660 g at 30°C). Though 

readily kept in solution in mixtures of 0.1 M solutions of four or five 

other metal nitrates, the solubility product of Ba(NO3)2 was exceeded 

in mixtures with 12 or 14 other salts, particularly if these included 

trivalent metals. The situation was made more complex by the presence 

of free nitric acid required e.g. to prevent the hydrolysis of bismuth. 

The concentration of Et ion then became a second equilibrium problem, 

which is best shown in the table below. It will be seen that Ba2+ 

could not be detected when the molarity of the NO3- ion in the mixture 

of many cations exceeded unity, and near this concentration level only 

when the pH (as determined by short -range indicator paper) was not 

lower than 1.5. In spite of the millions of trials of the usual stan- 

dard wet -analysis procedures, there appears to be no mention in the 

literature of this fact. One can only conclude that seldom or never 

are unknowns prepared by mixing known nitrates for analysis, that 

contain more than half a dozen or so cations. 



INFLUENCE OF NO3- CONC. ON THE PRECIPITATION POSSIBILITY OF GROUP IV CATIONS 

Sample A B C D E F G H I J K L 

Pb2+ 0.166 0.200 0.200 0.166 
Cu2+ 0.166 0.200 0.200 0.166 
Bi3+ 0.250 0.300 0.300 
Fe3+ 0.250 0.300 0.205 
Co2+ 0.166 0.200 0.166 0.200 
A13+ 0.250 0.300 0.300 0.250 
Ba2+ 0.150 0.180 0.180 0.180 0.150 0.180 0.180 0.180 0.200 0.200 0.200 0.200 

Ca2+ 0.166 0.200 0.166 
Mg2+ 0.166 0.200 0.166 0.200 
Na+ 0.083 0.100 0.083 0.810 1.80 

HNO3 0.224 0.270 1.620 1.890 0.780 

H20 

[NO3-] in M 2.04 1.35 1.08 1.08 1.56 2.10 2.07 0.58 0.20 1.01 0.98 2.00 

PH 0 0.5 1.5 1.5 1.0 <0 <0 6 5 5 0 4.5 

neg neg Ba Ba neg neg neg Ba Ba Ba neg neg 

Ca Ca Ca 

Conclusions: 

(1) Low pH value in C, D and E is mainly due to Al(NO3)3 which reacts as a strong acid, 
pH (1 M soin) 0 -0.5. 

(2) When the solution is 1 M in NO3-, Ba2+ can only be tected when the pH > 1. 

When the solution is 2 M in NO3 -, Ba2+ cannot be detected at all. 

Ca2+ was detected in all cases where it was present. (3) 
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3. Effectiveness of Scheme 

Results obtained by the chromatographic scheme are of course 

dependent upon the skill with which the preceding wet -analysis has 

been carried out. 

Successful detection of all the ions in unknowns of varying com- 

plexity demands careful work. Meticulous cleanliness to avoid 

contamination of the knowns, unknown, detectors or papers is essential. 

As in any analysis, there can be no confusion of solutions or ions due 

to inadequate labelling. Failures to identify cations in the class 

laboratories were almost invariably due to inadequacies in the above 

requirements. Less commonly elements were missed because concentra- 

tions were below the sensitivity limits. This generally resulted from 

gross dilution of solutions, or failure to evaporate down to the 

volumes specified in the procedures. 

In the preparation of solutions for class unknowns, it is custom- 

ary to include six or less cations, each in approximately 0.1 molar 

concentration. No difficulty is experienced with such solutions. 

Normally all the ions are detected on both the full strength and the 

one -tenth dilution chromatograms. The duplicability of the spots on 

both papers is often remarked on by the students. They are also 

impressed by the sensitivity of the method, to the extent that they 

are making confirmatory tests on amounts of cations of the order of one 

ten -thousandth of those usually required. 

The analysis of other classes of unknowns, e.g. from metal alloys, 

soil and mineral samples, or cations in biological fluids presents the 
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additional difficulty of detecting an ion in the presence of vastly 

greater concentrations of one or several other ions. The chromatogra- 

phic technique readily permits detection of an ion in presence of 100 X 

as much of other ions, even if they are in the same group. Often they 

will occur in different groups, in which case of course the preceding 

wet -analysis will greatly reduce the problem. In extreme cases, where 

the disproportion is 103 or greater, it is still possible to make the 

analysis chromatographically. In such cases the chromatogram is run on 

a thicker paper like Whatman #3MM. A new triangular wick is then 

inserted in the center of the large spot of dominant ion, and irrigated 

from above by a paper or cotton wick conveying developer to the upper- 

most corner of the triangular wick. In this way most of the dominant 

ion can be eluted for later addition to portions subsequently eluted, 

and quantitatively determined. The first chromatogram with dominant 

ion reduced in amount is then eluted with suitable solvent in a dish, 

evaporated down, and re- chromatographed. This technique has been tried 

out in the analysis of a chalcopyrites containing traces of arsenic, 

which were successfully detected. 

4. Results 

An estimate of the effectiveness of this scheme of analysis 

required testing by chemists. If the objectives of simplicity and 

accuracy of interpretations were realized, this could be shown by its 

degree of success when applied with ordinary laboratory equipment by 

unsorted classes of students. The results of trials with three cate- 

gories of students with non -specialized equipment are given in 
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Appendix II. 

The largest scale test (with more than 300 freshmen) was limited 

to Gp. I cations, using the earliest of three developing procedures 

evolved during this study. This was a two -developer double -run proce- 

dure, done as confirmatory tests. The tests were so arranged that 

students could correct their report on the wet- analysis after doing the 

chromatographic analysis, hence the apparent success score of the wet 

confirmatoríes was increased. In spite of this, the chromatographic 

scheme showed a clear two to one superiority. 

Tests with about 70 sophomores were conducted on the complete 

scheme, but before final revision of the Gp. I procedure. At the time 

no successful method of getting Gp. I chlorides into solution had been 

evolved, and runs for Gp. I on the original unsorted solution of all 

cations gave low accuracy. 

Final tests were made by two third-year-students, using the ulti- 

mate form of the scheme. Their record with unknowns of five or six 

cations was 100 %, so unknowns of as many as 15 cations were attempted. 

These exposed the barium difficulty, which has been discussed. It was 

solved by controlling with HNO3 the pH and the nitrate concentrations 

of mixtures of knowns. After this both students completed a consider- 

able number of analyses of these complex mixtures, in which concentra- 

tions of some ions were in the region of one microgram, with complete 

success. 

Color prints of representative chromatograms and of densitometric 

scans, indicate the quality of the separations accomplished with these 

very small cation concentrations. 
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Plate 1. Chromatogram of 2A spots of 0.1 M knowns, and 2X spot 
of 0.1 M mixture of all cations of Gp. I. 
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Plate 2. Chromatogram of 2X spots of 0.05 M knowns, and 2X spots 
of 0.008 M mixtures of two unknowns of all cations of 
Gp. LIA. 
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Plate 3. Chromatogram of 2X spots of 0.05 M knowns, and 2a spot 
of 0.03 M mixture of all cations of Gp. IIB . 
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Plate 4. Chromatogram of 2X spots of 0.1 M knowns, and 2a spot 
of 0.025 M mixture of all cations of Gp. IIIA, by 
ultra-violet (2537 Á) illumination. 
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Plate 5. Chromatogram of 2X spots of 0.1 M knowns, and 2A spot 

of 0.03 M mixture of all cations of Gp. IIIB, by 

ultra-violet (2537 Á) illumination. 
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Plate 6. Chromatogram of 2a 

of 0.025 M mixture 
violet (2537 R) illumination. 

crimson and orange 

spots of 0.1 M knowns, and 2A spot 

of all cations of Gp. IV, by ultra- 

(Ba2+ and Sr2+ are 

respectively in visible light.) 
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Plate 7. Chromatogram of 2a spots of 0.1 M knowns, and 2X spot 

of 0.03 M mixture of all cations of Gp. V, by ultra- 
violet (2537 Á) illumination. (K+ is red in visible 

light.) 
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Plate 10. Densitometer scan of Gp. IIB chromatogram. 
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Plate 11. Densitometer scan of ultraviolet color photograph of Gp. IIIA chromatogram. 
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Plate 12. Densitometer scan of two sectors of Gp. IIIB chromatogram. 
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Plate 13. Densitometer scan of Gp. IV chromatogram. 
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Plate 14. Densitometer scan of three spliced sectors, visible and 

ultra violet color photographs of Gp. V chromatogram. 
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IV. SUMMARY AND CONCLUSIONS 

From this study a scheme of radial paper chromatography for the 

common cations has been developed. The ions are first separated by the 

usual wet -analysis into five groups and two sub- groups. Six different 

developing solutions are employed to resolve two lambda samples 

approximately 0.1 M in the metal ions. Sharp bands clearly separated 

from bands due to other cations are obtained in every case, except with 

Al a+ and Cr3 +, which overlap. With seven different detector sprays, 

microgram amounts of every ion may be detected. 

The scheme provides a confirmatory analysis of high sensitivity 

for 24 cations. It also provides the student with a practical 

introduction to the important technique of chromatography. 

The method has been laboratory tested. Results show that a care- 

ful worker can consistently detect microgram amounts in mixtures 

containing a dozen or more cations. 

The procedures are readily applicable to the analysis of trace 

elements in soil, or biological fluids. The scheme has been used for 

the analysis of minerals. Because of its sensitivity the method should 

permit detection of low concentrations of cations in effluent water 

from industrial operations, in contaminated air, organic pesticides, 

foods and drugs. Inorganic ions in plants should be readily detectable 

(148) and such precision analysis of the ashed roots of shrubs and 

trees should enable conclusions to be drawn on the nature of the 

underlying rock. 
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Since the equipment is simple and light, it may be possible to 

develop kits for analyses in the field. For such work the technique 

might be adapted to use the thin -layer sheets now commercially 

available. Some preliminary trials with these were promising. 
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RADIAL PAPER CHROMATOGRAPHIC ANALYSIS OF COMMON CATIONS 

Introduction 

The following scheme of analysis of the common cations makes use 

of paper chromatography by radial development on high -purity filter 

papers. The paper is held in a horizontal position between two petri 

dishes of identical diameter. A suitable solvent (the developer) forms 

a vapour phase which at constant temperature and within the closed 

volume, equilibrates with the (substantially) monomolecular layer of 

water molecules coating the cellulose fibers of the paper. Capillary 

rise of the developer through a wick in the center of the paper then 

leads to a radial movement outward. Very small samples of known single 

cations as well as the mixture of unknown cations are then carried 

along by the developer. Each cation moves at a characteristic rate, 

which is determined by a number of factors, the chief of which is a 

continuous partition occurring between the moving developer (mobile 

phase) and the water -layer (fixed phase) adsorbed on the paper fibers. 

The partition coefficient for a particular ion is, of course, 

determined by the relative solubilities of that ion or one of the com- 

plexes it may form, in the two solvents, i.e. the developer and the 

water. Some of the other factors are: a certain amount of adsorption 

between some ions and active sites such as aldehyde groups of the 

cellulose molecules; oxidation -reduction processes between some of the 

ions, and between ions and the cellulose molecules (which are sensitive 

to pH changes occurring during the outward movement of the developer); 

and the formation of complex -ions, e.g. with the Cl ion, or even of 
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chelates, e.g. with such developer components as benzoylacetone (or 

1 -phenyl -1,3- butanedione). 

H2 

C 

C6C6115 - C 
/ \C 

- CH3 

.0 

M 

A metal chelate of benzoylacetone. 

A peculiar virtue of the radial technique is the two -dimensional 

effect resulting from the movement of the developer, and hence the 

cations, both radially and peripherally. Ideally this produces arc - 

shaped bands which are sufficiently narrow to permit a separation even 

when the rates of movement of two ions (RF values) are only slightly 

different. (RF : distance from original center of cation spot to 

center of cation band / distance from original center of cation spot 

to developer front.) 

When the solvent front has advanced sufficiently (the limit of 

course being the edge of the petri dishes) the paper is removed and 

air -dried to remove excess developer. In only a few cases the ion is 

characteristically colored, so that it becomes necessary to spray the 

developed chromatogram with an indicator solution which will produce 

specific complexes with the separated cations, such complexes being 

recognizable by their color when viewed by visible light, or by 

fluorescence while being exposed to ultra -violet radiation. 

C 

0. 

II II 
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The extreme sensitivity of the chromatographic technique consti- 

tutes at once an advantage and a liability. One can detect visually 

less than 2X of 0.1 M of any of the common cations, in some cases less 

than iX of 0.01 M. Further, a spectrophotometric densitometer can 

lower these limits of detection by an average factor of 10 -2. But such 

sensitivity demands extreme care by the analyst to avoid contamination 

of the apparatus, the developers, or the detectors. During the appli- 

cation of the spot -samples of the cations one must even avoid handling 

the paper, except by its edges, since, e.g. Na+ from finger prints may 

be detected. Clearly it is also wise to rinse the petri dishes with 

distilled water and dry with clean cellulose tissue. 

The metal salts you use as knowns commonly contain detectable 

impurities of other metal cations, e.g. even reagent grade AgNO3 nearly 

always contains traces of Hg2++ which will show up in the completed 

chromatogram. (It is sometimes extremely laborious to prepare cation 

samples of sufficient purity to show only one band.) However the 

impurities always appear in much fainter bands. Furthermore, since 

single cation knowns are always run on the same sheet of paper as the 

unknown sample, one may readily recognize the impurity, e.g. of Hg2{+ 

in Ag +, or of Zn2+ in Mn2 
+. 

An additional problem in interpretation 

of a chromatogram is provided by traces of ions in the highly purified 

chromatography paper, e.g. Fe3 +. These may be reduced by acid washing 

of the paper before use, but it has been shown that Fea+ is continuous- 

ly leached out and is still detected after many weeks of washing. 

However in practice Fea+ in the unknown can be easily distinguished 
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by differences in density and width of band, from Fe1+ originating in 

the paper. 

There are several other problems associated with this technique. 

The maximum loading of the paper by the sample is quite small. If this 

loading is exceeded some of the ions will "tail" (form broad diffuse 

bands which obscure bands of lower RF value). For this reason the 

student is advised to run each of the seven groups in duplicate, spot- 

ting the second paper with the unknown cation solution diluted 1:4. In 

the radial method one is limited to a relatively small distance within 

which the bands must be resolved, i.e. only a limited number of ions 

can be separated in any one run (very large discs pose problems of 

support thus demanding more complex apparatus). In turn, this forces 

the analyst to make a preliminary simplification by dividing a complex 

mixture of cations into groups. Several schemes for accomplishing this 

preliminary division of cations into smaller groups have been worked 

out using ascending or descending paper chromatography or by successive 

elutions from columns of suitable packing material (i.e. by adsorption - 

desorption chromatography). However, for the purpose of the present 

scheme, which is of particular value as a confirmatory scheme, prelimi- 

nary separation into groups is accomplished by the familiar wet- assay. 

Unless the group separations, as outlined for example in King 

"Qualitative Analysis and Electrolytic Solutions ", are performed with 

care, one may encounter difficulties in the subsequent paper chromatog- 

raphy of the groups. Because of the sensitivity of the chromatographic 

technique there is seldom danger of failing to detect an ion because 

its concentration has been lowered by faulty wet -assay separations. 
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However there is considerable likelihood that confusion may result in 

the chromatogram if group cut -offs have not been sharp, so that 

considerable amounts, e.g. of mercury (as HgS2 anion) turn up in 

the Arsenic Subgroup. Such confusion is less likely if there has been 

an orderly progression through the analytical groups, for Pb2+ 

have shown up in Gp. I and can be expected (and detected) in Gp. II; 

similarly Hg2+ if present will have been discovered in the Copper 

section of Gp. II. 

Generally, the student is likely to be impressed by the relative 

simplicity as well as the high sensitivity of the chromatographic tech- 

nique. The separations within the groups and subgroups are quite 

straightforward. Thus Fe3 +, Mn2 +, Co2 +, Ni2 +, even if all are present, 

are readily identified in one run, and it is not necessary to first 

remove the Mn2 +, then the Fe3+ and Co2+ separately from the Ni2 
+. 

In 

the same way this chromatographic procedure detects at one time all or 

any of the cations Cu2 
+, Cd2 +, Hg2 +, Pb2+ Bi3 +. 

In practical applications, e.g. to chromatographic analysis of 

ashed roots of shrubs, the high sensitivity of the method is of great 

value in detecting trace amounts of elements in the underlying rock. 

By planimetric measurements of spot area, or by densitometric 

comparison with spots of known concentration, the chromatographic 

procedure may be made semi -quantitative. Spot area is directly 

proportional to log spot concentration. 

will 
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Part 1. Preliminary Separation of Cations into Groups by 

Standard Wet -Assay Methods 

Your original unknown must be separated into the following groups, 

which may contain the cations as indicated: 

Gp. I 

Gp. IIA (Main) 

Gp. IIB (Sub) 

Gp. IIIA (Main) 

Gp. IIIB (Sub) 

Gp. IV 

Gp. V 

Agl+, 
Hg2 

2 
++, Pb2+ 

Cu2+, Cd2+, Pb2+, Hg2+, Bi3+ 

As3+, Sb3+, Sn4+ 

Co2+, Ni2+, Mn3+ 

A13+, Cr3+, 
Zn2+ 

Bat+, Sr2+, Ca2+ 

Rl+ Nal+, 
Mg2+ 

The separations that follow are procedures modified from such 

texts as E. J. King, "Qualitative Analysis and Electrolytic Solutions ", 

typical of sulfide schemes utilizing thioacetamide. 

* NOTE: If you are using a fixed -angle (oblique) centrifuge, 

ordinary round -bottom semi -micro 3 ml test -tubes will permit you to 

pipette off supernatant solution from precipitate quite readily. In 

this case substitute "test- tube" for "centrifuge- tube" wherever the 

latter term occurs below. However with a centrifuge that swings up to 

the horizontal position you should use conical -end centrifuge -tubes 

where specified in the following procedures. 

, 

Fe3+, 
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Group I 

To 5 dp of the sample of original unknown solution in a 3 ml 

centrifuge tube* add 1 dp 6 M HC1 and thoroughly stir. If a ppt 1 

forms, allow it to settle and add a further dp of HC1 to determine the 

completeness of the pptn. Finally centrifuge and pipette off most of 

the clear supernatant soin, transferring it to a 3 ml semi -micro tt for 

further test of completeness of pptn with another dp of HC1. There is 

no need, when chromatographic separations are planned, to scratch the 

test tube walls nor to wait for slow pptn of PbC12 to occur. If no 

immediate further white ppt is seen, this soln 2 is to be labelled 

"Gp. II, III, IV, V" (to it will be added the washings* below). 

Add to the ppt 1 5 dp boiling distilled H20, and warm in the hot 

water bath with stirring for one minute. Immediately centrifuge and 

while hot at once pipette off wash water* and add it to soin 2. Repeat 

this operation with a further 5 dp of boiling H2O and add washings to 

soin 2. 

While heating upon the hot water bath the ppt 1 is dissolved with 

stirring and drop -wise addition of a minimum amount of a freshly - 

prepared mixture of 4 N NH4Ac and 4 N NH4CNS in equal parts. This 

saturated solution is now diluted with twice its volume of distilled 

water. It contains the cations, if any, of Gp. I, and is used for 

spotting the chromatogram for Gp. I. 

Obviously, if there was not the slightest trace of a ppt upon 

adding HC1 to the original unknown, detectable amounts of Ag 
+1 

or 

++ 
are unlikely, and you may be justified in omitting the 
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chromatogram for Gp. I. The Pb2+ may be in such low concentration 

that the Ksp of PbC12 is not exceeded in the warm solution. However in 

such case it will be readily detected as the much more insoluble PbS 

in the Gp. II ppt. 

Group II 

To the soin 2 labelled "Gp. II, III, IV, V" add 2 dp of 3% H202 

and heat for 5 minutes in a boiling water bath. (Do not be concerned 

if the soin is turbid, since this is usually due to Sb0C1 or Bi0C1, 

which are readily converted to the sulfides in a later step.) 

Add 6 M NH40H to the soin until it is basic to litmus or to wide - 

range indicator paper. To the basic soin add 2 M HC1 drop-wise until 

the pH is 0.5 according to short -range pH paper. (If you make the soin 

too acid, bring it back with a drop of 6 M NH40H.) Add 4 dp of 13% 

thioacetamide soin (hereafter abbreviated TA), and then enough drops of 

distilled H2O to make a total volume of 2.5 ml. Mix well, then check 

again that the pH - 0.5 (at which point Alkacid paper is bright yellow, 

and Modified Methyl Violet is orange). 

Heat the soin containing TA at pH 0.5 in a bath of boiling H2O . 

for 5 minutes. Centrifuge and pipette soin into another tt. Again 

check pH and add 2 dp TA and heat for several minutes more in the 

boiling water bath. Again centrifuge if more ppt appears. Continue 

heating with added TA until no further ppt 
3 

appears. Then dilute 

several dp of the clear soin with twice its volume of H20, add 1 dp TA 

and heat again. Finally if a ppt appears treat the whole soin 
4 

in 

3 
the same way, and transfer the soin to a casserole. Combine ppts if 

ion 
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several portions have been obtained, and wash twice with about 20 dp 

hot H2O containing 1 dp 6 M NH4C1. Add the washings to soin and 

label "Gp. III, IV, V ". 

(At this point an ALTERNATIVE PROCEDURE would be to follow the 

older separation of the Arsenic Subgroup IIB with ammonium 

polysulf ide . ) 

To the ppt 
3 

add 10 dp 0.5 M KOH and heat briefly in the water 

bath. Centrifuge and transfer soin 5 to a centrifuge tube. Repeat the 

extraction with a second portion of KOH soin. Combine soins 5, recen- 

trifuge and transfer the clear soin 
5 

to a clean tt. 

To soin 
5 

possibly containing the cations of the IIE Subgroup, add 

1 dp TA, heat for 5 minutes in the water bath, then carefully add 2 M 

HC1 drop -wise until the soin is just acid to litmus, and centrifuge. 

Draw off the supernatant liquid as completely as possible and discard 

it. Add 5 -10 dp of 12 M HC1 to the ppt (Gp. IIB), and heat with stir- 

ring for 5 minutes in the boiling water bath. Centrifuge and transfer 

supernatant soin 6 to a casserole. Wash residue (colloidal sulfur) 

with 2 dp of 12 M HC1 and add washings to soin 6 in casserole. Evap- 

orate soin over a microflame to a volume of about 5 dp, and label this 

concentrated soin 
6 

"Gp. IIB ", to be used for spotting as the unknown. 

To ppt 
3 

possibly containing the cations of the (Main) GROUP IIA 

(COPPER GROUP) add 2 dp H20, and 3 dp 6 M HNO3. Warm in the water bath 

5 minutes with stirring. If any dark -colored residue remains add 1 dp 

6 M HC1 with stirring. This soin ' will be labelled "Gp. IIA ", to be 

used for spotting as the unknown. 

4 
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Group III 

Add 1 ml 12 M HC1 and evaporate the soin 4, possibly containing 

cations of Gps. III, IV, V, almost, but not quite, to dryness in the 

casserole. Add 1 dp 6 M HC1, then a few dp H2O and transfer the soin 

to a tt. Wash the casserole twice with small amounts of H2O taking 

care that the total volume of the soln and washings in the tt is not 

more than 2 ml. Now add 6 dp 6 M NH4C1 and make the soin just alkaline 

with 15 M NH40H (check with litmus). Then add 1 further dp of NH40H. 

A ppt may form at this stage, which will redissolve, to be followed by 

the permanent sulfide ppt 9. Add 4 dp TA and heat on the boiling water 

bath for at least 5 minutes. Centrifuge, pipette off soin 
8 

into a 

casserole, and wash ppt 
9 

twice with 10 dp hot H2O containing 1 dp 

0.2 M NH4NO3 soin. Combine the washings with soin 8 and label 

"Gp. IV, V ". 

To the ppt 
9 
add 10 dp 16 M HNO3 and warm until the ppt is 

dissolved. Centrifuge and transfer soin 10 to a tt (the residue is 

sulfur, to be discarded). Heat soin in the boiling water bath and add 

KC103 to it a few crystals at a time (maximum 50 mg previously weighed 

out). After each addition bring again just to a boil. Do not attempt 

to separate any ppt which may form (possibly black Mn02). 

Neutralize the acid soin 10 with 6 M NaOH and add 5 -10 dp in 

excess, then add 1 dp 3% H202 and warm for a few minutes. Centrifuge 

and wash any ppt with about 10 dp H2O containing 1 -2 dp of the 6 M 

NaOH. Combine washings and soin 11 in a centrifuge tube and centri- 

fuge again to remove last traces of the hydroxides of (Main) Gp.IIIA. 
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The ppt 12 is dissolved with warming in 2 -4 dp 12 M HC1, then diluted 

with sufficient H2O to bring the total volume to approximately 5 dp 

(0.25 ml), which is used to spot the appropriate position for the 

unknown on the (Main) GROUP ILIA (IRON GROUP) chromatogram. 

The soin 11 is made strongly acid with 6 M HC1 to a pH of 2 -3 

according to wide -range pH paper. Add 5 dp formaldehyde ( 37% in H2O 

stabilized with CH30H), and heat in boiling water bath for 5 minutes 

while stirring. After adding 6 dp 6 M 14H4C1 make the soin just alka- 

line with 15 M NH40H (check with litmus), then add 1 further dp NH40H. 

Add 4 dp TA and heat on boiling water bath for at least 5 minutes. 

Centrifuge, pipette off soin and discard it. Wash ppt with 5 dp H2O 

and discard washings. 

Dissolve ppt in 3 dp 6 M HNO3 and 2 dp H20. This soin is used to 

spot the appropriate position for the unknown on (Sub) GROUP IIIB 

(ALUMINIUM GROUP) chromatogram. 

Group IV 

Add to the soin 8, possibly containing cations of Gp. IV, V, 1 ml 

12 M HC1 and evaporate to dryness over a microflame. Add 5 dp 16 M 

HNO3 and again evaporate to dryness, finally baking walls and bottom of 

casserole in the flame until dense clouds of ammonium salts are no 

longer evolved, but DO NOT HEAT TO RED HEAT. 

Cool and add 2 -3 dp 6 M HC1, then with a glass rod rub the acid 

against the walls and bottom of the casserole. Dilute with 10 dp H2O 

and after thorough stirring transfer soin 
12 

to a centrifuge tube. 

Rinse casserole with a further 5 -10 dp H2O and add the rinsing to the 
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first soin. Centrifuge and pipette clear soin to a clean tt. Discard 

any organic residue remaining. 

To soin i2 add 1 dp 6 M NH4C1, then make soin basic with 15 M 

NH40H (use glass rod to stir thoroughly). Add 5 dp (NH4)2CO3 soin 

(prepared by dissolving 2 g of the powdered salt in 10 ml H2O and add- 

ing 0.8 ml of 15 M NH40H), and stir again. Set tube in a bath of warm 

13 
(not hot) water for barely 1 minute. Centrifuge and separate soin 

(possibly containing Gp. V cations) into a casserole. 

Wash thoroughly the ppt 14 (precipitated carbonates of Gp. IV) 

with a few dp H20. Add washings to soin 13. Then dissolve the ppt 
14 

with warming in 2 -3 dp 6 M HC2H302. Use this soin to spot as the 

unknown on the Gp. IV chromatogram. 

Group V 

Acidify soin 13 with 5 M HC1, evaporate down to a volume of 

approximately 5 dp, and use this soin to spot as the unknown in the 

appropriate place on the Gp. V chromatogram. (Mg2+ is easily detected 

here. However if the wet separation was not complete it may show up in 

the Gp. IV chromatogram, where it is readily recognized as a UV 

fluorescent band in front of the Ca2+ band.) 
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Part 2. Chromatographic Analyses of the Separated 

Groups and Subgroups 

A. General Directions for Preparation of Chromatograms 

NOTE: You should verify your understanding of these terms as used 

in the instructions that follow. Thus: 

20 "drops" s= 1 ml approximately (more precisely you will have 

previously calibrated your pipette, since there is considerable 

variation in the volume of a drop of aqueous solution delivered 

by various pipettes). 

"Developer" means a solvent, of one or several phases, that is 

only slightly miscible with water, and that permits a partition 

process by which several cations may be separated. 

"Detector" means a reagent which on reacting with a given cation 

produces a compound recognizable by color in visible light, or 

by fluorescence under ultra-violet illumination. 

With a sharp pencil mark the 14 discs of Whatman #1 Chromatogra- 

phic Paper as suggested in the following diagrams, two each for Gp. I, 

IIA (MAIN), IIB (SUB), IIIA (MAIN), IIIB (SUB), IV, V. A compass 

should be used to mark the central circle, with radius = l cm, and a 
clean ruler to mark off the five sectors. Label the sectors as indi- 

cated for the known cations of the group, and for the unknown mixture. 

CAUTION: EXTREME CLEANLINESS IS ESSENTIAL. 
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Make a neat hole at the center, from the underside (i.e. unmarked 

surface) of each disc with a sharply pointed glass rod, and introduce 

into this from the underside, the sharply pointed tip of a filter -paper 

wick (tapered from 0.5 cm and approximately 3.5 cm long). Pull this 

wick firmly into the hole to ensure a good contact with the paper. 

Then bend the lower end of the wick slightly with the fingers, and 

support the disc upon the bottom half of a petri dish, ready for 

spotting. 

Now use the fine end of a clean toothpick to apply two lambdas* 

(IX = 10 -3 ml) of the group unknown, first to a practice piece of 

filter paper, until you have mastered the technique, then accurately 

to the pencil- marked origin of the appropriately labelled sector of 

your first disc of paper. 

* NOTE: On Whatman #1 Paper and on Whatman silica -gel SG#81, 

2X spot is approximately 4 -5 mm in diameter. Using 1 dp of the group 

unknown diluted with 4 dp distilled H20, spot this diluted unknown on 

a second disc, which may be needed if you encounter some misadventure 

later in the procedure. The more dilute soin of unknown may give 

clearer separation of bands. In any case the repetition disc will 

demonstrate the reproducibility of chromatograms run under identical 

conditions. 

In the same way use a fresh toothpick to apply 2X spots of each of 

the known cation soins to the appropriately labelled positions on both 

discs. The same procedure is followed for each of the other main or 

subgroups. NOTE AGAIN: TAKE EXTREME CARE TO AVOID CONTAMINATION OF 

THE KNOWNS, UNKNOWNS, OR DISCS. 

a 
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When the discs have been spotted and air -dried, they may be sepa- 

rately stored until next laboratory period between clean pages of your 

notebook. The wicks will then fold flat and will need to be brought 

again into a vertical position, with a slight bend at the lower (broad) 

end, when you are ready to commence the development of the 

chromatogram. 

This is done by pipetting 5 ml of the DEVELOPER solvent proper for 

that particular group of cations into a clean petri dish. (Avoid 

moistening the rim of the dish.) The disc is now carefully centered 

over the petri dish so that the wick dips into the solvent, and the 

matched diameter petri dish is accurately placed as a cover. Within 

the closed space an equilibrium is established between the liquid and 

the vapor phases of the solvent. During development of the chromato- 

gram the temperature should be kept as constant as possible. 

When the solvent front has come within approximately 0.5 cm of the 

inner wall of the petri dish (the moistened area will be elliptical 

because of the linear direction of the paper fibers), remove the discs, 

lightly mark with a pencil the solvent fronts, and hang the discs by 

means of a clean clothes -pin, to air -dry. 

Allow the developer to evaporate, then remove the wicks, and 

either store the discs between clean pages of your notebook until next 

laboratory session, or proceed directly to spraying the discs with the 

Detector solutions. 

The DETECTOR SOLUTION(S) for the particular group being analyzed 

is sprayed evenly and thoroughly over the whole surface of the disc. 

However, it is important to avoid flooding the paper with so much 



123 

indicator solution that it runs and streaks. (You may find it conven- 

ient to hang a second clothes -pin from the lower edge of the disc, so 

that it remains vertical despite the blast from the sprayer.) In 

procedures for groups where exposure to NH3 is indicated, the most 

convenient method may be to use a cylinder of NH3, or to hold the paper 

horizontally over a petri dish containing a little concentrated 

ammonium hydroxide. When exposure to concentrated NH40H and then to 

H2S is indicated, the paper should be lightly sprayed with NH40H and 

immediately exposed, while still moist, to H2S, preferably from a 

cylinder of the compressed gas. Alternatively the gas may be generated 

in a petri dish containing a little solid Na2S on which concentrated 

HC1 is dropped. It is somewhat less effective to hold the paper 

horizontally over a petri dish containing concentrated (NH4)2Sx soin. 

Where spots are not visible in ordinary light, but fluoresce or 

absorb under ultra violet light, (which can be within the range 2500- 

3600 X), you should lightly outline the spots in pencil while viewing 

the fluorescence in a completely darkened room. (CAUTION: Ultra- 

violet radiation quickly damages the eyes, so take care not to look 

directly at the light source.) 

In a few cases the colored complexes are rather slow to develop; 

rather more frequently they fade somewhat quickly, so the chromatogram 

should be interpreted and the spots outlined both soon after spraying 

and again, if possible, overnight. Immediately before re- examination 

under UV light the chromatogram should be exposed again to NH3. 

Unless a good distinct band is seen for a particular cation on at 

least one of your chromatogram pairs, you should report "Trace, 
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probably due to impurities since it also appears in approximately equal 

intensity on the known sector ". Such impurity traces are particularly 

likely with Fell', Hg2++, and Zn2 +, which should be very carefully com- 

pared with the spots of the corresponding knowns. Such comparison of 

the bands in the unknown with those of the 2X 0.1 M knowns will usually 

leave no doubt whether a particular cation was included in a given 

solution of unknown. 

B. Specific Directions for Chromatograms of Each Group and Subgroup 

Silver Group I. Place on a sheet of clean paper a 15 cm disc of 

Whatman SG#81 paper (silica -gel coated), and mark it with a sharp 

pencil as shown, also labelling each sector with the appropriate nota- 

tion for unknown or specific known. (Here --as with Croups IIA, IIB, 

IV --you may substitute Whatman #1 paper, but it does not give quite 

such clean separations. Machine -slotted Whatman ##1 "KCT" is commer- 

cially available, however the separations are not better than on 

unslotted paper.) 

Enlarge the central prick made by the compass point, insert the 

wick, and support the labelled disc on the lower half of a petri dish, 

v. figure 1. 

KNOWNS of Ag +, Hg2++, and Pb2+ are prepared as follows. Using the 

highest purity nitrates available (Baker Analyzed, Fisher Certified --or 

better grade), prepare a few ml separately of rather concentrated 

aqueous soins of each salt in labelled test -tubes, and precipitate at 

room temperature with a few dp of concentrated HC1. Centrifuge each 

precipitated chloride, pipette off, and discard the supernatant soln, 
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wash twice with small amounts of cold distilled íi20, and discard the 

washings. Add drop -wise and with stirring a mixture of equal parts of 

4 M NH4CNS and 4 M NH4Ac barely sufficient to dissolve the ppt, then 

add to this saturated soin sufficient H2O to make 2/3 saturated soln 

of Ag +, 1/3 saturated soin of Hg2, and 1 /10 saturated soin of Pb2 
+. 

Figure 1. Diagram to show suggested marking of chromatogram sheet. 

In dim light and with clean toothpicks apply 2A samples of the 

UNKNOWN, and of the three KNOWNS, precisely on the indicated intersec- 

tions as labelled. NOT INFREQUENTLY STUDENTS FORGET TO APPLY A 

CERTAIN CATION, OR APPLY IN A WRONGLY LABELLED SECTOR. 

(point of 
application(\g 
of tooth 
pick) 
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Shield from light during approximately 3 hours run in the 

DEVELOPER: 90 ml n -BuOH shaken at 20 -23 °C to form a homogeneous solo 

with 10 ml distilled H2O containing 1.5 g NH4Ac. 

Remove disc from the petri dish pair and place on inverted upper 

half of the dish so that you can lightly mark with pencil the solvent 

front. Allow developer to evaporate from paper for 10 or 15 minutes, 

and remove wick. 

Use a clean dry stainless steel clip (or clothes -pin) to hang the 

disc in a fume -hood. A second clip at the bottom will keep the paper 

vertical. 

Spray one face of the disc evenly and thoroughly with a fine mist 

spray, using an all -glass sprayer. The INDICATOR is Dithizone* 

(diphenylthiocarbazone) 0.05% in CC14, filtered before use. (This 

Indicator solution in a glass- stoppered bottle has a shelf -life of 

several months.) The colors of the metal complexes formed are most 

vivid in the first few minutes, but slowly fade. They can be restored 

by re- spraying. The reverse or back side of the chromatogram is then 

exposed to a short puff of H2S gas, preferably from a small 

demonstration cylinder. 

* Dithizone is 

S 

- N os N- C- N- 
( 

H 

Interpretation of the chromatogram, in general, is a simple matter 

of comparison of the position (RF value) and color of the bands in the 

N- 
1 

H 
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unknown sector with those of the bands in the sectors of known cations. 

These are indicated in the diagram below. 

Difficulties encountered in interpretation have been discussed, 

v. p. 111. Note that you should not report presence of a given metal 

unless a distinct band is evident. "Ghost" bands or traces can be 

recognized as due to impurities in the knowns. Similar bands in the 

unknown sectors should be interpreted with caution: they may be due 

to faulty group separations in which case the chromatogram for the 

succeeding groups should be studied. Thus Pb2+ may show as a trace in 

the Gp. I chromatogram but clearly in the Gp. II chromatogram. Simi- 

larly Hg2++ may be faint in Gp. I chromatogram, due to oxidation to 

Hg2 +, but will then show up unmistakably in the Gp. II chromatogram. 
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Silver Group I 

Paper: Whatman SG81 

Developer: n -BuOH : H2O containing 1.5 g NH4Ac an 90 ml : 10 ml 

Detector: (1) * Dithizone (Diphenyithiocarbazone) 0.05% in CC14, 

filtered before use. 

(2) NH4OH then H2S can be used as alternative detector on 

other side of chromatogram. 

* 

-C-N- N 
II I 

H 
I 

S H 

Run' 2 hours 

solvent front 
pencil marked 
(note it is 

lliptical) 

faint red .. 

line due to 
thiocyanate 
anion 

Ag° trace 
reduced 
by light 

Figure 2. Diagram showing suggested spotting, and results for unknown 

containing all three cations. 

... 

0- R H 



GROUP I 

Indicators: 

Ion 

pb2+ 

(1) Dithizone 

(2) NH4011/112S 

2A Spot 
Concentration 

1/10 satd. 

Color of Band 

(1) red 

Background 

(1) greenish 

RF 

0.00 -0.14 

Comments 

tails, slowly fades 
(2) brown (2) colorless 0.00-0.11 (2) bands narrower 

than for dithizone 
Ag+ 2/3 satd. (1) orange 0.31 -0.39 i.e. limit of 

(2) dark brown 0.32 -0.38 detection is lower 

1/3 satd. (1) orange red 0.64 -0 .82 
(2) brown 0.66 -0.80 

All known applied as thiocyanates /acetates. 

Colors in visible light. 

Hg +F 
2 
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Copper Group IIA 

Paper: Whatman SG #81 

Developer: n -BuOH : 36% HC1 : H2O = 100 : 2 : 20, with 250 mg 

*Tartaric acid per 100 ml developer prepared just before 

use; run 4 hours. 

Detector: Spray with conc. NH40H, then expose at once to H2S. 

* Tartaric acid H0\ 

HOCH 
co. 
\ 

HOCH 

HO" 

Figure 3. Diagram showing suggested spotting, and results 
for unknown containing all five cations. 

= 

C 



GROUP IIA 

Indicator: NH4011/112S 

2a Spot 
Ion Concentration 

Pb2+ 0.05 M 

Cu 2+ 0.05 M 

Cd2+ 0.1 M 

B13+ 0.1 .. M 

Hg2+ 0.05 M 

Color of Band 

dark grey 

olive -green 

yellow 

brown 

grey 

All knowns applied as nitrates. 

Colors in visible light. 

Background 

white 

RF 

0.00 

0.10 -0.30 

0.42 -0.53 

0.58 -0.63 

0.72 -0.82 

Comments 

spot hollow if other 
ions present 

band often hollow, 
darkens slowly to brown 
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Arsenic Group IIB 

Paper: Whatman SG #81 

Developer: n -BuOH : 1- phenyl- l,3- butandione *(benaoylacetonn) 50 ml 

: 5 g, then saturated immediately before use with excess 

0.1 N HNO3 at room temperature, upper layer separated and 

used. 

Detectors: Cut paper in half along interrupted line, and spray one 

half with (1), the other half with (2) . 

(1) Dithizone 0.05% in CC14, then exposed to NH3 

(2) Concentrated NH4OH, then at once exposed to H2S 

* Benzoylacetone 0 0 

II il 
s -C -Cfl2 -C -CH3 

(2:) 

Run 5 hours 

Figure 4. Diagram showing suggested spotting, and results 
for unknown containing all three cations. 

2 

(1) 



GROUP IIB 

Indicators: (1) Dithizone 

(2) NH4OH/H2S 

2A Spot 
Ion Concentration Color of Band Background 

RF Comments 

Sb3+ 0.05 M ( (1) pale red 
(2) orange 

(1) blue green 
slowly to 
pale orange 

0.00 -0.13 (1) colors soon fade 

Asa+ 0.1 M (1) pale orange (2) colorless 0.48 -0.63 
(2) yellow 

Sn4+ 0.05 M (1) lavender 
(2) colorless 

0.70 -0.91 (2) faintest brown in 
high conc. 

All knowns applied as chlorides. 

Colors in visible light. 
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Iron Group IIIA 

Paper: Whatman #1, first washed with Developer below to decrease Fe3+ 

content of paper. 

Developer: Acetone : 36% HC1 : H2O as 8 : 1 : 1; run ̂ -- 2 hours. 

Detector: *Kojic acid (5: hydroxy- 2(hydroxymethyl)- 4 -pyrone) : 

t8- Hydroxyquinoline (8- quinolinol) . 50 mg : 250 mg in 50 ml 

60% EtOH. Immediately before examination under UV light, 

expose to NH3 from conc. NH40H. 

* Kojic acid 

Ho 

II 
0 

t 8-Hydroxyquinoline 

Iron traces in paper 

Figure 5. Diagram showing suggested spotting, and results 
for unknown containing all four cations. 

CH2OH 

HO: 



GROUP IIIA 

Indicator: Kojic acid /8- hydroxyquinoline 

2X Spot Color of Band 
Ion Concentration (UV) Background RF 

Ni2+ 0.1 M purple dark 
absorber 

cream in 
visible 
light 

0.10 -0.29 

Mn2+ 0.1 M brown dark 
absorber 

0.33 -0.47 

0.1 M brown dark 
absorber 

faint 
blue UV 

fluorescence 

0.62 -0.75 

Fe3+ 0.1 M brown dark 
absorber 

0.96 -0.99 

All known applied as nitrates. 

Comment, Color of Band 
(Visible Light) 

blue, fades after 24 
hours 

after 6 hours becomes 
pale brown 

after 12 hours 
becomes ochre 

grey -black 

Co 2+ 

Ci 
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Aluminium Group IIIB 

Paper: Whatman #1 

Developer: n -BuOH saturated with H2O at room temperature, upper layer 

from separatory funnel then run off and 36% ECl added just 

before use = 92 : 7; run ̂  3 hours. 
Detectors: Cut paper along interrupted lines as indicated and spray 

portion marked (1) for A13+ and Zn2+ with (1), portion 

marked (2) for Cr3+ and Zn2+ with (2): 

(1) Kojic acid : 8- hydroxyquínoline = 50 mg : 250 mg in 

50 ml 60% EtOH. Immediately before examination under 

W light, expose to NH3 from conc. NH40H. 
(2) *Diphenylcarbazide 0.2% in glacial HAc : EtOH = 1 : 9 

freshly prepared and kept not longer than 3 hours in 

amber glass- stoppered bottle. 

* Diphenylcarbazide 

0 

11 -N-N-C-N-N 
1 I I 

H H H 

Figure 6. Diagram showing 
suggested spotting, and 
results for unknown con- 
taining all three cations. 

I 

H 



GROUP IIIB 

Indicators: (1) Kojic acid 

(2) Diphenylcarbazide 

2A Spot 

/8- Hydroxyquinoline 

Ion Concentration Color of Band Background RF 

A13+ 0.1 M (1) yellowish green 
fluorescence 

(1) cream 0.18-0.24 

(2) -- 

Cr3+ 0.1 M (1) purple dark 
absorber 

0.20-0.32 

(2) purple 

Zn2+ 0.1 M (1) orange yellow 
fluorescence 

(2) pale pink 0.90-0.95 

(2) crimson 

All known applied as sulfates. 

Comments 

(1) by UV light 
(2) colors slow to 

appear unless 
heated by infra- 
red lamp and 
exposed to NH3 



Alkaline Earth Group IV 

Paper: S 

Developer: 

Detectors: 

138 

& S #507C 

McOH : 36% HC1 : H2O Q 8 : 1 : 1, prepared immediately 

before use; run 1 hour. 

Cut paper along interrupted lines as indicated and spray 

portion (1) for Ca2+ and possible Mg2+ which may show here 

as well as in Gp. V chromatogram, with (1). Spray (2) 

portion for Bat+ and Sr2+ with (2). 

(1) Kojic acid : 8-Hydroxyquinoline s 50 mg : 250 mg in 

50 ml of 60% EtOH. Immediately before examination 

under UV light, expose to NH3 from conc. NH4OH. 

(2) *Dipotassium salt of rhodizonic acid (K salt of 

dihydroxy- diquinone) 1% in H2O (must be freshly 

prepared and kept not longer than 24 hours). 

* Rhodizonic acid dipotassium salt 

( 1) 

0 
u 

Figure 7. Diagram show- 
ing suggested spotting, 
and results for unknown 
containing all three 
cations (and Mg2 +). 

flOK 

d 



GROUP IV 

Indicators: 

Ion 

(1) Kojic 

(2) Rhodizonic 

2A Spot 
Concentration 

acid /8- Hydroxyquinoline 

acid dipotassium 

Color of Band 

salt 

Background RF Comments 

Ba2+ 0.1 M (2) scarlet (2) pale grey 0.22 -0.32 

Ba 2+ 0.1 M (2) orange (2) pale grey 0.38 -0.47 

Ca2+ 0.1 M (2) yellowish white (2) pale grey 0.55 -0.63 

(1) faint yellow 
fluorescence 

(1) pale 
bluish 
fluorescence 

(1) fluorescence 
fleetingly visible 
only after NH3 

(Mgt) 0.1 M (1) yellow 
fluorescence 

0.77 -0.84 exposure 

(Be2 +) 0.1 M (1) yellow -green 
fluorescence 

0.90 -0.98 

All known applied as nitrates. 
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Alkali Group V 

Paper: Whatman #1 

Developer: McOH : 36% HC1 : H2O = 8 : 1 : 1, prepared immediately 

before use; run -`-1 hour. 

Detectors: Cut paper along interrupted lines as indicated. 

(1) For R +, the high concentration of HC1 must be reduced, 

preferably by leaving exposed to air overnight (some- 

what quicker in a vacuum desiccator; however do not 

expose to I.R. or warm in oven), then after thorough 

exposure to NH40E, spray with *Hexanitrodiphenylamine 

(p- dipicrylamine) 200 mg in 20 ml boiling 0.1 N 

aqueous Na2CO3 (AVOID INHALATION OF THE VAPOR). The 

K+ complex is bright red but obscured by intense 

orange background of paper. To bleach background 

immerse the sector briefly in a petri dish of 0.1 N 

HC1, after which the red a band becomes clearly 
visible. 

(2) For Mg2 +, spray with Kojic acid : 8- Hydroxyquinoline 

= 50 mg : 250 mg in 50 ml of 60% EtOH, then expose to 

NH3 before viewing by UV light. 

(3) For Na +, as with K+, the HC1 concentration must be 

reduced by exposure to the air overnight at room 

temperature, during which time it is important to pre- 

vent any contamination of the paper by NH3. The 

paper is then sprayed with magnesium uranyl acetate, 
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MgUO2.Ac4 in aqueous HAc, and immediately, while wet 

with the spray, examined by UV light. 

This reagent is prepared as follows: 10 g 

UO2(C2H302)2.2H20 is dissolved in 6 ml glacial acetic 

acid and made up to 50 ml with distilled H20. Then 

33 g Mg(C2H302)2.4H20 is dissolved in 6 ml glacial 

acetic acid and 20 ml H20. Both solutions are heated 

to boiling point, and when clear the magnesium solu- 

tion is slowly poured into the uranyl solution. The 

mixed solution is cooled and diluted to 500 ml, let 

stand overnight, and filtered. 

* Hexanitrodiphenylamine 

NO2 NO2 Ñ'//r\ 
1 

02 11' NO2 021; 

(1) 

Figure 8. Diagram showing suggested spotting and spraying pattern, 
and results for unknown containing all three cations. 

NO2 



GROUP V 

Indicators: (1) Hexanitrodiphenylamine 

(2) Kojic acid /8- Hydroxyquinoline, then NH3 

(3) Magnesium uranyl acetate 

Ion 
2X Spot 

Concentration Color of Band Background RF 

0.1 M (1) bright red pale yellow 0.04-0.16 

0.1 M (3) yellow 
fluorescence 

purple dark 
absorber 

0.20-0.32 

Mg2+ 0.1 M (2) yellow 
fluorescence 

faint bluish 
fluorescence 

0.68 -0.82 

Comments 

orange background 
bleached by HC1 dip 

background begins to 
fluoresce after few 
mine. 

paper exposed to NH3 
only after kojic acid/ 
8- Hydroxyquinoline spray 

All unknowns applied as nitrates. 

+ 

Na+ 
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APPENDIX II 

Class Tests 

The first test was made with 373 freshman students, using Gp. I 

cations only. The chromatogram was run as a confirmatory subsequent to 

the usual wet analysis. The papers were run first in n -BuOH : HAc 

2,5- Hexandione 10% in Ac20 . 1 : 1 : 1, then dried until the next lab- 

oratory period, run again in n -BuOH : Pyridine : H2O . 5 : 1 : 1, and 

finally sprayed with dithizone. Students expressed great interest in 

the technique, and were impressed by the fact they were detecting the 

cations with 2 x 10-3 ml instead of the one or two ml of the wet scheme. 

For the analysis of the results, the reports of 69 students were 

not considered, since these three sections were directed by a Labora- 

tory Instructor who had much experience in chromatographic techniques. 

In this group there were no cations missed, and there were no false 

reports. 

The remaining 304 students made 1216 cation tests. In reports on 

these tests there were 40 errors by wet assay, and 27 errors by 

chromatography. 

Three circumstances served to reduce the apparent superiority of 

the chromatographic method: 

(1) The conditions of the experiment permitted students to modify 

their reports on the wet assay, as a result of doing the chroma- 

tography after the classical analysis. Laboratory Instructors 

noticed that this had occurred in quite a number of cases. 

: 
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(2) The précis prepared for the students mentioned the purple color of 

the developed Ag+ spot, but failed to point out the diagnostic 

value of the black tail of reduced Ag°. A number of students 

quizzed subsequently to the turning in of reports commented they 

had notices; the black stain but had failed to report Ag+ because 

no purple had yet appeared. 

(3) Students were pressed for time and could do no repetition of the 

chromatography, nor even wait a few hours for the indicator colors 

to develop. To check on this disability the chromatograms for 

sections #7, #8 and #9 were examined some days later. There were 

then six chromatograms easily read, but wrongly reported earlier. 

The second test of the scheme, in tentative form, was made by 81 

sophomore students. No means of getting the Gp. I chlorides into solu- 

tion had been devised at that time so students were directed to try the 

Gp. I developers and detector on the original unknown mixture. The 

results were the poorest of any group, only 39% detection being 

achieved. This of course underlined the necessity for sorting this 

group before chromatography. A successful procedure was subsequently 

discovered and used in the final scheme. 

Though the chromatographic results were dependent upon satisfac- 

tory group separations, the experiment was so set up that 50% of the 

students, by random sampling, were required to use only the wet confir- 

matory tests, the other 50% could only use the chromatographic 

technique. 

Some measure of the poor quality of the students' performance with 

the wet- analysis, which obviously limited the chromatographic success 
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(e.g. there was a progressive failure from Gp. II through Gp. IV), is 

seen in the results for Gp. II cations Hg2+ and Cd2 +. The wet - 

confirmatory group achieved respectively 73 and 62 percent success 

only. Poor detection technique, e.g. attempting to form the sulfides 

of the cations by holding a bone -dry paper briefly above a dish of YeS 

and H2SO4, attempting to determine fluorescence with a weak Mineralite 

in an undarkened laboratory, spraying with the wrong detector, were 

perhaps the chief causes of the poor results obtained. 

There were also a few causative factors for which the students 

could not be blamed. They suffered from too little time, unsatisfac- 

tory sprayers, too few Litt sources and dark -rooms, and a laboratory 

atmosphere high in NH3 which seriously desensitized the papers. We 

found we could not detect Mg2+ in two lambdas of a known spot. Not 

surprisingly the success for this ion was only 50%, against 86% by the 

wet- confirmatory. Only in Gp. V was the success larger for the chroma- 

tographic method, (e.g. K++ 100%, Na+ 53%, against 44% and 40X 

respectively by the wet method). 

The tests served the useful purpose of warning that a revised 

precis would need to be very detailed. When finally amended, the stu- 

dent directive, as it appears in APPENDIX I, was checked by two third - 

year students. 

Working with better equipment and more time these students used 

the final scheme to achieve 100% success with nearly 40 unknowns con- 

taining four to six cations. On extending the unknowns to contain 12 

to 15 cations, there emerged an inexplicable failure to detect Ba2+ 

consistently. This was finally traced down, as previously explained. 
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to premature precipitation of the barium nitrate in low pH solutions 

where total [NO3`] exceeded 1 -1.5 M. It was corrected by adjustment 

of pH and nitrate concentration through [HNO3]. Ultimately both 

students analyzed these complex mixtures with complete success. 


