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THE PAPER CHROMATOGRAPHY OF PHOSPHATE SPECIES 

Marjorle A. Rommel, Ph. D. 

The University of Arizona, 1964 

Director: Roy A. Keller 

Anomalous multiple spots which occur in the paper chromato

graphy of sodium orthophosphates are shown in this investigation to be 

caused by a combination of experimental factors. The treatment of the 

paper, the total concentration of phosphate and the ratio of sodium to 

phosphorus in the solution applied, the composition of the developer, 

and the time of development are overlappingly involved in the phenomenon. 

The identity of the two spots which sometimes appear after 

chromatographing a solution containing sodium orthophosphates at any 

pH was examined through neutron activation analysis of the spots in 

situ. The faster spot appears to be phosphoric acid; the slower spot, 

sodium dihydrogen phosphate, on the basis of the determined ratio of 

sodium to phosphorus. The identity of the species is the same whether 

the developer used is butanol/water or pyridine/ethyl acetate/water. 

The presence of sodium on the paper before and after acid-washing 

was also established by activation analysis. 

xi 
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Acid washing of the paper before use is necessary to achieve 

any movement of the phosphate. It is postulated that some acid is 

picked up from the paper by the advancing front of the developer. This 

acid interacts with the phosphate solute species to form phosphoric 

acid and/or sodium hydrogen phosphate, depending upon the amount 

of sodium present in the paper and in the applied solution, and upon 

the amount of phosphate present. A minimum amount of water in the 

developer is necessary for the extraction of acid from the paper. 

Increasing the water content above this minimum increases the 

separation between the two spots, but excess water in the developer 

apparently causes involvement of other mechanisms. 

The time factor in the appearance of multiple spots is of great 

importance. The second species resembles a smearing-out of the major 

spot at short development times, while extension of the time allows 

separation of the two species into discrete spots. 

The presence of acid or base in the developer has no effect on 

the multispot phenomenon with shorter development times, because such 

solutes lag behind the developer front. Very long periods of development, 

however, allow interaction of the solutes with the species actually 

contacted. 

The formation of multiple spots is a complex matter; any of 

several combinations of conditions can cause the appearance or altera

tion of one or the other of the species chromatographed. 



I. INTRODUCTION 

Although paper chromatography is now a common tool in analytical 

workshops, it still bears the reputation of being more art than science. 

Everyday familiarity with the technique reveals that it is fraught with 

artifacts and anomalies, usually combated with ritualistic attention to 

detail and religious adherence to recipes. That this is an uncomfortable 

state of affidrs is obvious; the main body of this dissertation is devoted 

to an attack on one of these artifacts, in search of understanding with 

which to focus some reality on some of the mysteries of the process. 

The need to raise paper chromatography to the status of applied science 

will not be expounded upon; it must suffice to say that investigation is 

overdue in some areas of this field, of which this is only one. 

A. Historical Background 

The particular anomaly under scrutiny is the appearance of more 

than one solute spot on a paper chromatogram where elementary theory 

and experience dictate that only one should appear. That one species 

should give only one spot is so widely accepted that this criterion is 

often applied as a measure of the purity of a solute. Too much faith 

in such rules has proved embarrassing and haras.aing to even experienced 
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workers. An example of the multiple zone anomaly in such a light is that 

discussed by E. Lester Smith (1), who reported a new member of the vita

min 9roup on the basis of a new solute zone in a partition chromato-

gram on a kieselguhr column. Further examination showed that the "new" 

species was really an established vitamin species in two zones, 

separated by inadvertent discontinuities in the butanol used as mobile 

phase. 

Aronoff (2) discovered that multiple spots may occur in the 

paper partition chromatography of lysine, the number and position of 

which were dependent on the pH of the aqueous solution of lysine 

applied. The anomaly appeared when the mobile phase was saturated 

phenol/water but disappeared when basic solvents such as collidine/water 

or butanol/water/pyridine were used. The relative intensities of the spots 

in the phenol case were roughly a function of the ionic species distribution 

for different pH's, as calculated from ionization constants. 

Solutions of certain amino acids gave DeVay, Weinhold and 

Zweig (3) multiple spots, which they related to the time lapse between 

preparation of the solutions and application to the chromatogram. Mention 

is made of the two spots being cationic and anionic species, evidence for 

which is the relative concentrations of these ions in alcohol solutions of 

the acids which were adjusted to different pH's using hydrochloric acid 

and/or sodium hydroxide. 
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Curry (4) noted that orthophosphate solutions adjusted In pH 

with acid and caustic soda showed more than one phosphate spot In a 

descending pyrldlne/ethyl acetate/water system. Using disodlum 

hydrogen phosphate, or sodium or potassslum mono- or di-hydrogen 

phosphates at usual concentrations of 0. 04 M, he got two spots of 

approximately equal intensity when the chromatograms were sprayed 

with molybdate reagent to color the phosphate-containing areas. The 

Rj values he reported are 0.17 to 0. 55. Free orthophosphoric abid 

gave only the faster-running spot, as did ammonium phosphate, while 

trisodium phosphate showed largely slower spot at 0. 05 with 

trailing. Experiments using butanol/water developer gave similar 

results, indicating that the effect was not the result of pyridine 

complexes. Curry found that by buffering solutions of potassium 

dihydrogen phosphate with acid or base, he apparently could correlate 

the number of spots with pH, since below pH 3 only the faster spot 

appeared, above pH 10 (sodium hydroxide added) only the slower one 

appeared, and between pH 3 and pH 9, two spots were in evidence. 

He did not note or vary the ratio of sodium to phosphorus in these pH 

studies, or specify the composition of the developer other than its 

components. He assumed the spots to be PO^ , HPO^ and H^PO^ , 

in order of increasing rate of travel down the paper, on the basis of the 

chromatographic results. No other means of Identification were employed 
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Curry also attempted, in this study, to determine the rate of the 

equilibrium 

H - P O . "  ^ H P O , " ~  +  H " * "  2 4 < 4 

in order to leam whether it could be slow enough to cause the multiple 

32 
spot phenomenon. He mixed H^ PO^ with Na^HPO^ (untagged) and put 

the mixture on a chromatogram. The resultant chromatogram showed 

counts at both sites of phosphate, indicating that the equilibrium in 

solution is too rapid to explain the observed separation. However, the 

fact that the equilibration was carried out before placing the spot on 

paper means only that the process studied was not the one on paper, but 

in aqueous solution where proton exchange is known to be very fast. 

From this viewpoint, it is not surprising that activity appeared in both 

spots. The error was neither noted nor any further proposal made. 

Work in a vein similar to Curry's was carried out by Erdem (5), 

who found that disodium hydrogen arsenate, in experiments similar to 

the phosphate work described above, yielded multiple arsenate spots. 

Following Curry, he attributed these to the HAsO^ and H^AsO^ ions. 

Erdem also examined systems containing cadmium(II) and ammonia, in 

which there are several ammine complexes, and from which can be 

obtained two or three spots, distinctly different, with a developer 

- consisting of propyl alcohol and 2 N ammonia. The different spots are 

thought to be due to different numbers of ammonia molecules coordinated 
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to the cadmium in each. Iron(II) with acetoacetic ester also gave multiple 

spots; here it was noted that traces of iron(II) and (III) salts are chromato-

graphically detectable. 

Erdem and Erlenmeyer (6) considered the cadmium-ammonia work 

in conjunction with the Curry efforts, and formed a theoretical explanation 

for such separations on the basis of hindrance to migration by coordination 

with the paper. Evidently the hindrance discussed was a mechanical rather 

than chemical effect. 

An extensive investigation into the production of multiple spots 

with metal ions and various anions, e.g., strontium halides, nitrate, or 

acetate, with aqueous butan-1 -ol and acetic acid as the mobile phase, 

was conducted by Pollard (7). The problem investigated was the 

competition between an anion and an added substance for one cation, 

+ - — 
such as a salt A B with C undergoing equilibrium according to 

a"*"b" + c' ^—> a''"c' + b" . 

The concentration of cation was about 0.25 to 0.5 N for most of the 

study. Some work was done with complexing agents, such as benzoyl-

acetone with copper, giving two spots in some cases, attributed to 

complexed and uncomplexed copper species. The explanation ventured 

for the multiple spots produced in the competing-anion cases is the 

formation of different salts by pairing of the cation with the various 

anions. The extent of the competition was related to the nature and 
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concentration of the anion in the mobile phase. These workers found that 

the relative positions and intensities of the zones were not affected by 

the initial cation concentration nor by variations of the water content of 

the mobile phase. The latter experiment was carried out with 0. 5 N 

strontium chloride and solvents consisting of 50 ml butanol/25 ml glacial 

acetic acid, and 0 to 50 ml water. Double spots were formed by all these 

solvent mixtures. Whether the results would have been the same for lower 

strontium concentrations is not indicated, since the limits of the Cation-

concentration study were not specified. It was also reported that when 

alkaline-earth impurities were removed from the paper by washing with 

dilute hydrochloric acid, no double chloride zones appeared, while 

unwashed papers showed calcium chloride zones when copper, sodium, 

aluminum, or zinc chlorides were studied. No mention is'made as to 

how it was ascertained that acid-washing removed the alkaline earths, 

other than the change in the resultant chromatograms. 

Two spots from a single starting compound were found by Has sal 

and Martin (8), who chromatographed glycosides with an ethyl acetate/ 

sodium benzoate/water system and also with chloroform/water. No other 

explanation is offered than indication that an artifact had been formed in 

the course of chromatography. Similar results were encountered by Peter

son and Reineke (9), in their study of antibiotics. The effect in this case 

appeared to be related to the addition of salts to the solution chromato

graphed. 
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Sodium and potassium chlorides gave two spots in a chromato

graphic system, enabling Partridge (10) to determine what he called the 

Rj values for sodium and chloride ions. 

Westall (11) attributed anomalous spots in organic chromato

graphy to the presence of inorganic salts, such as sodium, potassium, 

magnesium, calcium and barium chlorides. These anomalous areas had 

strongly basic character, as shown by dark spots appearing at such 

regions when the chromatograms were sprayed with bromothymol blue 

indicator. The nature of the basic material was not discussed. 

D-glucosamine gave two spots when sulfate ion in an amount 

equivalent to the amine was present in the applied solution, in work 

described by Waldron-Edward (12). Excess sulfate in the solution 

caused only the slower spot to appear, not only with the glucosamine 

but other amino acids as well. 

The paper chromatographic separation of polyphosphate species, 

now a fairly refined technique, has been well documented. This technique 

is not to be mistaken for a multiple spot phenomenon, but is a straight

forward separation of different chemical constituents, in the usual manner 

of chromatographic separations. Van Wazer (13), Hettler (14), M. Joyce 

Smith (15), Bernhart and Chess (16), and many others have reported on 

methods and refinements for procedures for such analyses. The analyses 

of mixtures of lower oxyacids of phosphorus are similarly an established 

technique, as described by several groups (14, 17, 18). Karl-Kroupa (19), 



in a paper discussing polyphosphate separations, lists values for 

orthophosphate ions in several solvents. The values given are 0.28 in 

basic solvent, and 0,68-0.73 in acid solvents. The work described 

indicated that the separation of ortho- from polyphosphates is reproduc

ible to about 0.5% (absolute), and that one source of error in such 

analyses is the hydrolysis of higher phosphates. The ring structures 

are fairly rapidly hydrolyzed, and triphosphate shows noticeable change 

in 6 to 8 hours. 

B. Theoretical Background 

The mechanisms by which separations are accomplished in paper 

chromatography is still the subject of controversy; there are several not 

entirely unrelated mechanistic ideas championed by various groups of 

workers (20). Ion exchange, adsorption, and a partition process analo

gous to liquid-liquid partition have all been advanced as possibilities 

for different systems. Stamm and Zollinger (21) have shown that more 

than one of these may be operable in a given case, in their work with 

azo dyes. They saw evidence that both adsorption and partition proc

esses are important in this chromatographic combination. From the 

standpoint of interpretation, the partition mechanism approach is the 

most usual. 

According to partition theory, the paper may be considered as 

the inert support of a stationary aqueous phase [Consden, Gordon, and 



9 

Martin (22)], or as a water-cellulose complex [Hanes and Isherwood (23)] 

which acts as the immobile phase. The movement of a solute spot or band 

along the paper is usually described in terms of its value, where 

_ Distance traveled by the ith solute . . 
f^ Distance traveled by the solvent front 

The R, value depends, according to Martin and Synge (24), upon the 
i 

relative amounts of the two phases in contact, and upon the partition 

coefficient of the solute. The R^ can be interpreted as the fraction of 

total solute that is present in the mobile phase at any cross section 

normal to the direction of flow [Laitinen (25)]. 

An equivalent expression for R, is 
i 

Rf  ̂ "TT L /A X (Equation 2) f 1 + a (A^/A ) 
i s m  

where A and A are the volumes of the stationary and mobile phases 
s m 

per unit length of migration path respectively and is the partition 

coefficient defined as 

^ _ Concentration of i in the stationary phase (Equation 3) 
"•i Concentration of i in the mobile phase 

Strictly speaking the partition coefficient is a ratio of activities, i. e., 

a (stationary) 

"I'T' = (mobile) 

which is proportional to of equation 3. If the activity is taken as 
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a i =  7 ^ 0 ^  

where 7^ is the activity coefficient, then 

7 .  (stationary) 
•!«' " (mobile) '1 • (Equation 5) 

If the activity coefficient in equation 5 is the same as that observed 

when bulk phases are in contact at equilibrium, then one may state that 

retention is due only to liquid-liquid distribution. This is rarely the 

case. For bulk phases the surface to volume ratio is very small. For 

chromatography, where the surface to volume ratio is very much larger, 

adsorption at an interface may contribute to retention. Keller and Stewart 

(Z6) prefer to write equation 2 as 

^f 1 + ajA , VA ] + p [A ,^/A ] + . . . (Equation 6) 
i s(l) m^ 1 s(2) m 

where a^, . . . are "partition coefficients" for all phases active in 

retention and A A . . . are measures of the extent of these 
s(l) s(2) 

phases. Only one term need describe liquid solution. Lacking the 

detailed knowledge of equation 6, it may be written 

f 1 + a,(A /A„) i s m  

where is a kind of average of the partition coefficients of all the 

retentive processes operating. 
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values are a distinctive property of each solute for a given 

paper and solvent; they are, however, extremely sensitive to even minor 

changes in experimental conditions. Equation 6 shows that the for a 

single species will depend upon the extent and nature of participation 

of surface phases, i.e., the composition of in terms of a^, . . ., 

^s(l)' ^s(2)' * • " the composition of the mobile phase, e.g., water 

content, and the amount of mobile phase are given by A . If any one or 
m 

all of these are a function of position along the migration coordinate, 

then R, will also depend upon this coordinate. R, values are, therefore, 
i 

useful in comparing the behavior of ions only when the conditions of the 

measurements are identical in several respects. 

Schute (27) discussed the ion exchange mechanism of paper 

chromatography as it is related to paper pre-treatment and the solute 

applied. The possibility of exchange depends upon the chemical form 

of the paper, the characteristics of the solute, and the nature of the 

solvent. 

The ion exchange capacities, in terms of carboxyl content, 

of various papers have been studied by Ultee and Hartel (28). The 

value given for Whatman No. 1 paper is given as 0. 008 milliequivalents 

per gram of paper. The chemical identity of the ions present for exchanging 

in the paper may be of primary importance in chromatographing certain 

solutes, for example, chelate-forming ligands. Helferrich (29) describes 

ion exchange chromatography as the stoichiometric exchange of counter 



ions. The counter ions of the solute, when taken up by the ion exchanger, 

release the original counter ion held by the exchanger and can be dislodged 

only when other counter ions take that place in the exchanger network. 

Such a competition for sites might be profitably remembered while consid

ering the effects of pre-treatment of chromatographic papers. 

Although it is not known whether the effect is one due to ion 

exchange or some precipitation process, the acid washing of papers has 

a marked effect on chromatograms of some solutes. Hanes and Isherwood 

(23) found that when basic solvents were used with Whatman No. 1 papers, 

spots of phosphate esters being chromatographed left "ghost" spots at the 

origin, and trails were left behind the moving spots. The effect was most 

prominent with inorganic orthophosphates, which scarcely even smeared 

out from the point of application. The effect was completely eliminated 

when the papers were washed with dilute hydrochloric acid and distilled 

water before use. These workers added sufficient calcium or magnesium 

acetate to an acid washed paper to bring the ash level up to the pre-wash 

level, and produced the chromatographic defect again. They concluded 

that alkaline-earth metals seem a probable cause of this interference. 

The recommended washing procedure given in this paper for Whatman 

No. 1 paper is thorough washing with 2 N acetic acid, followed by 

distilled water. 

Hettler (30), in his review of the paper chromatography of 

inorganic phosphorus compounds, lists treatments for various papers; 
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that recommended for the Whatman No. 1 Is washing for several days 

with acetic acid, then distilled water and a final rinse with 95% alcohol 

to prevent shrinkage of the paper. No reason for such an extended 

period of acid washing is given. Hettler also mentions an interference 

by calcium in the chromatography of the condensed phosphates, but no 

specific mention is made of orthophosphate discrepancies. 

Sato, Norris, and Strain (31) conducted a research into the 

effects of concentration and sorption upon cation migration in paper 

electrochromatography. Using an Eaton-Dikeman paper (grade 301), 

they found that, after washing the strips with 1 M nitric acid, 1 M 

acetic acid, and water, phosphate ions migrated at a rapid rate. This 

indicated, they conclude, that such ions as phosphate are not sorbed 

by the paper. An analysis of this paper before and after the acid washing 

gave the following results: the unwashed paper contained 0.12% ash, 

of which 46% was calcium; the washed and dried paper contained 0. 01% 

ash, of which about 0. 9% was calcium. No speculation was offered as 

to possible hindrance of phosphate migration on unwashed papers by 

f 

precipitation with calcium. 

Adsorption, usually considered as a physical process as opposed 

to ion exchange as a chemical one, is important in the latter mechanism, 

according to Helfferich (29, p. 8). From this viewpoint the distinction 

between the two processes becomes less significant. A sort of combined 

ad sorption-ion exchange-partition picture of the paper chromatographic 
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process is drawn by Hanes and Isherwood (24), who envision the station

ary cellulose phase as containing imbibed water which has properties 

quite different from those of ordinary wat6r. This water-cellulose 

complex competes with the flowing solvent for solute molecules. A 

complicated linking of hydrophilic groups on the solute molecules would 

lead to a distribution down the paper of solutes according to their com

petitive attributes. These characteristics would be determined by size, 

shape, substituent groups, solvation, and probably other molecular 

properties of both the solute molecules and the water-cellulose corniplex 

as described by of equation 6. The picture that emerges is quite 

complex, but is probably far more realistic than that originally proposed 

for paper. 

The compounds selected as solvents, or developers, for the 

chromatographic separation are almost entirely chosen empirically; 

solvent extraction data has been used as a guide, but behavior is not 

usually predictable on the basis of analogy with other processes. One 

basis of classification of solvents [Keller and Giddings in Heftmann 

(32, p. 113)] is their hydrogen bonding ability. This gives a series 

of solvents with hydrophilic or polar solvents at one extreme, hydro

phobic or nonpolar ones at the other, and a continuous transition in 

between. The polarity parameter, however, is not sufficient for a 

selection basis (32, p. 103). 
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With some solvent mixtures, two liquid fronts result from 

removal of water from the developer by the cellulose. The dry organic 

phase Is the leading front, followed by the bulk of the developing mix

ture, which may be an appreciable distance behind [Bailey,- (33)]. 

Opposed tO'thiS; very hygroscopic solvents which are miscible with 

water may extract water from the paper to produce a short front having 

a sharp change in composition from the bulk of the developer solution. 

Weinberg and Keller (34) used absolute ethanol as mobile phase, and 

found that this solvent removed water from the cellulose immobile 

phase to give a sharp change in the mobile phase, as detected by 

analyses of eluate from the paper. An investigation of the effect of 

this change on the chromatography of a solute was not undertaken. A 

third type of sharp discontinuity in the mobile phase, at some place 

other than at the front, has been described by Smith (2), who effectively 

ran several chromatographic processes sequentially in making bands of 

extra-dry, extra-wet, or equilibrated developer on a column. The 

experiment involved the diatomaceous earth kieselguhr used as inert 

carrier of water, suspended in n-butanol saturated with water. The 

discontinuities occurred when either a water-logged section or a dry 

section of diatomaceous earth was formed at the top of the column, 

which caused changes in the mobile phase as it moved down the column 

past this section. The result was a trapping of solute at the wet surface, 

or adsorption of solute by an abnormally dry section of kieselguhr, and a 
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discontinuity at some point in the middle of the chromatogram might be 

inadvertently caused by a small change in the composition of solvent 

added to the column. 

Smith also reported pH gradients in the mobile phase on buf

fered columns in which the kieselguhr held buffer solutions, from which 

some component might be extracted by the mobile phase. Phosphoric 

acid tended to leach out from the upper portions of a column loaded 

with potassium hydrogen phosphate intended to maintain a desired pH. 

The result was a higher pH at the upper portions of the column, and 

lower pH in the advancing solvent. 

A non-specific comment relative to some undesirable properties 

of freshly-prepared solvent is made by Hettler (30), who points out that 

values are not reliable until the second run for a batch of solvent. 

Whether this relates to a non-equilibrium situation at the solvent front 

or is a "batch treatment" phenomenon involving the entire bulk of the 

solvent, is not speculated upon in his article. 

Consideration of these pitfalls points up the need for caution 

in selection of developing solvents and in experimental technique. 

Hanes and Isherwood (23) mention the use of water-miscible solvents, 

the more usual water-saturated immiscible ones, and several general 

bases on which a solvent system might be selected. 

A mechanism by which the anomaly of multiple spots might 

arise is discussed by Keller and Giddings (35) in their review paper on 



the subject. It is pointed out that some solutes may undergo chemical 

conversion on the paper prior to application, after application but before 

development, or in the course of development. They propose that a 

primary requirement for one type of the multispot phenomenon is that 

the species involved be able to exist in at least two interconvertible 

forms. The important conclusion reached for this situation is that in 

order for multiple spots to form one of the kinetic steps in the conver

sion from one form to another must be slow, so that equilibrium is not 

established in the system. With this assumption they went on to cal

culate the concentration profiles, spot shapes and spot sizes for various 

assumed values for the rate constant. They noted that the slow proton 

exchange proposed by Curry is contrary to the properties of the ions 

observed in bulk solution. A specific query on this point addressed to 

A. J. P. Martin brought the reply that he did not expect reaction rates 

in the immobile aqueous phase of paper to be very much different from 

that observed in liquid water. 

In this dissertation, the major solute species chromatographed 

is the orthophosphate ion in varying degrees of protonation. The struc

ture of orthophosphoric acid (and its alkali metal salts in solution) is 

tetrahedral with respect to the oxygens surrounding the phosphorus 

atoms, as determined by Raman spectroscopy [Van Wazer (13)]. The 

successive dissociation constants for phosphoric acid in water are 

- 3  - 8  - 1 3  
7 . 5  X  1 0  ,  6 . 2  X  1 0  ,  a n d  4 . 8  x  1 0  .  P y r o p h o s p h o r i c  a c i d ,  t h e  
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simplest condensed phosphate, had successive constants at 1.4 x 10 \ 

1.1 X 10 2.1 X 10 and 4.1 x 10 [Lange (36)]. The structure of 

this acid is 

p o 

II II 
H-O-P-O-P-O-H [Van Wazer (13, p. 424)]. 

t  I  
0 o 

1 I 
H H 

The conversion of orthophosphate to pyrophosphate plus a 

molecule of water occurs, for sodium dihydrogen phosphate, at tempera

tures of about 150°C, with a heat of reaction of 14 Kcal per mole of 

phosphorus. At about 250°, the heat of reaction is 6 Kcal per mole of 

phosphorus. This conversion can be considered as very unlikely under 

the much milder chromatographic conditions, and not a source of anom

alous multiple spots. 

The solubilities of the sodium salts of ortho- and pyrophos-

phoric acids are given in Table 1 [Lange (36)]. 

The presence and location of sodium and phosphorus on the 

paper were determined by neutron activation analysis. This technique 

allowed in situ sodium to phosphorus ratios to be determined, and was 

a convenient method for the preparation of the short-lived sodium 

idotope. 
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TABLE 1 

SOLUBILITY OF SODIUM PHOSPHATES 

Salt Solubility, g/lOO ml 

Na-P0.-12H,0 28.3^^° 
3 4 2 

Na^HPO -TH^O 185^°° 

NaH,PO.-2HO 91.1°° 
2 4 2 

Na.P.O. 2.3°° 
4 2 7 

Na,H^P,0„*6H,0 6.9°° 

The isotopes of sodium and potassium used in the radiochemical 

24 32 
work are Na and P, both of which are produced by neutron activation 

23 31 
of the naturally occurring isotopes Na and P. These have a natural 

abundance of 100%, i. e., are the only isotopes of these elements which 

do occur in nature. The radioactive sodium isotope has a half-life of 

14.97 hours, decaying with a 1. 39 Mev beta particle and gamma rays 

of 1.38 and 2,76 Mev. Phosphorus decays with a half-life of 14.22 

days (341 hours) by emission of a 1.71 Mev beta particld [Friedlander 

and Kennedy (37)]. The rather low energies of these emissions dictate 

the use of a thin-window Geiger-MU Her tube as detector. 

The amount of an Isotope present in a sample is related to the 

activity induced by action by neutron bombardment by the equation 

A - KT /, -0.693t/T, A = N |3 s(l - e ) 



20 

where; A is the activity at the end of activation, measured in disinte

grations per second. 

N is the number of target nuclei 

0 is the neutron flux, neutrons per square centimeter per second 

£ is the capture cross-section for the target nucleus, centi

meters squared 

^ is the duration of irradiation 

T is the half-life, expressed in the same units as t 

[Overman and Clark (38)]. 

Application of this calculation to the determination of the ratio 

of the amount of one nuclide to another, e.g., the ratio of sodium to 

phosphorus in a salt, leads to the equation 

M -0.693t/T„ . A-^ N s.. (1 - e Na) 
Na _ Na Na 

K -0.693tA„. P ® 

where the symbols have the same significance as above, and the sub

scripts denote the values for the respective nuclides. It is noteworthy 

that the neutron flux does not appear in this equation since it has the 

same value for both nuclei for irradiation of a salt or simultaneous 

irradiations of different samples. The result is independent of the 

geometry of the reactor. 
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The activity, A, is that at the immediate end of irradiation of 

the sample. In order to determine this, since the monitoring of the 

sample is not physically possible at that time, and since two nuclides 

may be present, an extrapolation technique is used. This involves the 

monitoring of activity of the sample at time intervals, plotting the 

logarithm of the activity against time, and extrapolating the straight 

line to the desired time, the instant irradiation ceased. In the case 

of both phosphorus and sodium being present, the plot of time versus 

activity will have two straight-line segments, one with a slope typical 

of the short half-life of the sodium, the other typical of phosphorus. 

Extrapolation of the first will give the "zero-time" activity of sodium 

plus phosphorus; of the second, that of phosphorus alone. The appli

cation of this treatment requires sufficient difference in the half-lives 

of the isotopes to be determined simultaneously, with neither being 

excessively short or long for convenient activities for counting, and 

for practicality in handling. 

C. Statement of the Problem 

I The appearance of more than one solute spot on chromato-

i 
graphing phosphates on paper has been attributed to the different ionic 

j 

I species which are in equilibrium with each other. Theoretical calcula

tions show that this is unlikely unless drastic assumptions are made. 



This work deals with the establishment or disqualification of these 

assumptions and the search for an alternate mechanism. 

The problem will be approached by examination of the experi

m e n t a l  c o n d i t i o n s  w h i c h  l e a d  t o  m u l t i p l e  s p o t s ,  i .  e . ,  

a. Pretreatment of the paper 

b. Composition of the mobile phase 

c. Composition of the solution applied 

d. The identification of the ionic phosphate species within 

each zone using radiochemical techniques. 



II. EXPERIMENTAL 

A. Apparatus 

The paper chromatographic equipment designed for the descend

ing technique (Research Specialties Co., Richmond, California) is 

described and pictured by Macek (39, p. 135). 

A chromatographic oven (National Appliance Co., Portland, 

Oregon) was used to heat the papers during the procedure for detecting 

solute spots on the complete chromatogram. It circulated hot air 

around the hanging paper strips by forced-draft and vented to the 

laboratory. Thermostatic control maintained the temperature to within 

two degrees C of the control setting. 

All-glass racks were constructed to hold the paper strips 

vertically during drying and manipulation. The rack, specifically 

designed to avoid the use of metal clips, consisted of a straight 30 

cm length of 2 cm diameter glass tubing to which were fixed short 

lengths of glass rod at 5 cm intervals. The rods were bent into a 

sharp U-bend, the arms of which were parallel and approximately 6 mm 

apart. One end of the chromatogram strip was slipped into the U to 

securely hold the paper. The racks were mounted horizontally at the 

top of a ring stand by buret clamps. 

23 
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The examination of the strip paper chromatogram was performed 

with a Tracerlab Auto/Step Chromatogram Scanner, model SC-558. The 

paper strip was affixed by cellophane tape to a geared wand, which 

advanced the sample under a slit collimator in discrete steps. The 

length of the step advanced could be adjusted from 0 to 7 mm by means 

of a continuously variable control. The slit collimator which admitted 

the radiation from the sample to the detector was also adjustable. The 

detector was a Geiger-Mtlller type TGC-2 end-window tube, with a 

window thickness of 1. 9 milligrams per square centimeter and a recovery 

time of approximately 200 microseconds. From the geometry of the strip 

counting apparatus it was estimated that approximately 40% of the dis

integrations occurring within the site being counted actually discharge 

the Geiger tube. 

The Auto/Step Scanner could be set to determine the number of 

counts in a preselected time interval, or the time required for a preset 

number of counts. These features could also be combined so that the 

instrument was activated by whichever of the selected limits was 

reached first in the course of a counting cycle. This advantage 

allowed reasonably long counting times on low-activity sites, without 

wasting time Counting long counts on high-activity areas..which provide 

statistically meaningful counts in a shorter time interval. On com

pletion of the count, the data passed to a Tracerlab SC-88 Auto/Com

puter, which consisted of a Translator and Lister. The Lister printed 
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the sample site counted, the time duration of the count, and the count 

data. A Compute mode setting caused the Auto/Computer to calculate 

and print out the counts per minute. After printing, the Translator reset 

itself and the automatic step-scanner advanced the paper to the next 

site whereupon the cycle was repeated. 

A battery-powered hand monitor (Nuclear-Chicago, Chicago, 

Illinois) was used routinely to police the laboratory. 

Photographs of chromatograms were taken with a Polaroid-Land 

camera, with Polapan Type 42 film. 

Neutron activation of sodium and phosphorus was performed in 

the university's 100 Kilowatt TRIGA reactor. The activaton was limited 

14 2 
to one-hour exposures to a maximum of 10 neutrons per cm per 

second, in order that safely low levels of activity be achieved. 

Activated papers and radioactive solutions were stored, for 

safety reasons, in a steel box lined with lead 1 cm thick on all sides. 

Radioactive papers were handled with plastic-gloved hands or with 

crucible tongs; either method of handling provided sufficient protection 

from the low-energy radiations involved in this work. 

Micropipets, controlled by a syringe, were used to apply spots 

of solution to paper strips. 

The paper used for all chromatograms was Whatman No. 1, 

acid-washed. 
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B. Reagents 

The chemical reagents listed in Table 2 were used as received. 

Radioactive phosphate was supplied by Nucleonic Corporation 

of America, 196 DeGraw Street, Brooklyn, New York, as solutions of 

32 
disodium hydrogen ( P) phosphate, with an activity of ten microcuries 

per ten milliliter sample. This is the maximum allowable activity per 

sample exempt from licensing by the Atomic Energy Commission. 

C. Procedures 

1. Pretreatment of the Paper 

The 47 X 55 centimeter filter paper sheets were cut into strips 

55 cm long and 2. 8 cm wide. Each strip was folded at 2.4 cm and 5. 6 

cm from the end. This placed one fold in the bottom of the solvent 

trough and the other at the antisiphon rod, when the paper was put 

into place for chromatographing. A light pencil line drawn 8. 6 cm from 

the same end marked the position where the solution to be chromatographed 

was to be applied. The paper was handled at all times with plastic gloves, 

to avoid finger prints; this precaution was particularly necessary for 

samples to be neutron activated. 

Papers to be used for two-dimensional chromatography were cut 

into sheets 23 cm x 55 cm. The paper was folded as before and marked 

with a pencil line, so that the longer dimension of the paper was the first 

direction of solvent flow. 
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TABLE 2 

REAGENTS 

Reagent Grade Manufacturer 

Sodium pyrophosphate AR^ Mallinckrodt, New York, N. Y. 

Sodium phosphate, tribasic 
dodecahydrate 

AR Mallinckrodt, New York, N. Y. 

Sodium phosphate, dibasic 
heptahydrate 

CP^ Baker, Phillipsburg, N. J. 

Sodium phosphate, primary 
monohydrate 

AR Mallinckrodt, New York, N. Y. 

Ammonium molybdate, tetrai-
hydrate 

. AR Mallinckrodt, New York, N. Y. 

Sodium acetate, trihydrate AR Mallinckrodt, New York, N. Y. 

Pyridine AR Mallinckrodt, New York, N. Y. 

Isopropyl alcohol AR Mallinckrodt, New York, N. Y. 

n-Butyl alcohol AR Mallinckrodt, New York, N. Y. 

iso-Butyl alcohol AR Mallinckrodt, New York, •N. Y. 

Ethyl acetate AR Matheson, Coleman and Bell, 
Norwood, Ohio 

Benzidine hydrochloride AR Eastman Kodak, Rochester, N. \ 

Acetic acid, glacial CP Du Pont 

Ethyl alcohol, 95% 
c 

USP U. S. Industrial Chemicals Co., 
Anaheim, Calif. 

Nitric acid OP Baker, Phillipsburg, N. J. 

Ammonium hydroxide CP Baker, Phillipsburg, N. J. 

Karl Fischer Reagent AR Matheson, Coleman and Bell, 
Norwood, Ohio 

^AR - analytical reagent. 

^CP - chemically pure. 

'^USP - United States Pharmacopoeia. 
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Except for experiments designed to investigate effects of varia

tions in paper treatment, the strips were washed With 2 M acetic acid. 

The washing consisted of immersing the paper strips in a four-liter 

beaker filled to within an inch of the top with the 2 M acid. The papers 

were placed in this bath one by one, allowing the length of paper to 

gently fold on itself but avoiding sharp creases. About ten papers 

could be put into the beaker at the same time; more than this crowded 

the papers, causing creases. After five minutes in the acetic acid, the 

papers were removed, one at a time, to a beaker filled with distilled 

water for another five-minute immersion. They were then transferred to 

a fresh distilled water bath, then to a third, remaining in each for five 

to ten minutes. The pH of the last rinse-water was tested with short-

range pH paper, and if the indicator showed the water to be more acid 

than the distilled water right from the tap (about 4. 5), rinsing was 

continued. When the pH of the rinse water no longer dropped below 

4,5, the papers were removed from the'beaker and hung on the specially 

constructed glass racks. 

A stream of 95% ethanol from a polyethylene wash bottle was 

directed to first one side of the hanging paper, then the other, so that 

the entire length of the paper was treated with about 20 ml of the alcohol. 

This was followed by a rinse with ethyl acetate in a similar fashion, 

about 20 ml dispensed from a wash bottle. The purpose of these solvents 

was to remove any grease on the paper from previous handling ana to 



hasten drying of the papers. The alcohol and ethyl acetate treatments 

had no effect on the subsequent chromatogram. The ethyl acetate was 
J 

allowed to evaporate from the paper, hastened somewhat by placing the 

racks in a fume hood. Prepared papers were wrapped in paper, and could 

be stored for extended periods without any apparent alteration in proper

ties essential to the chromatographic system. 

The larger paper sheets used for the two-dimensional experi

ments required special handling to prevent tearing of the wet papers. 

The acid wash and successive rinses were done with a plastic dishpan 

to avoid folding the paper. After the five-minute immersion in the acid 

bath, the paper was carefully lifted onto a glass plate (a chromatographic 

tank cover) where it remained while the next immersion liquid was prepared. 

The glass plate supported the wet paper until it could be gently slipped off 

the plate into the rinse water. After rinsing until the rinse water did not 

change in pH on immersion of the paper, as outlined above in treatment 

of the strips, the paper sheet was, with the aid of the glass plate, hung 

up to dry. For this purpose, one of the steel rods from the drying oven 

was clamped at the top of a ring stand. Stainless steel clips were fastened 

along the rod with safety pins, and spaced about five centimeters apart. 

The wet paper was slipped onto the glass plate from the rinse water and 

allowed to hang over the edge of the plate about two centimeters. This 

edge of the paper was clipped to the rod, and the plate carefully slipped , 

from under the paper so that it hung free to dry. 
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HyidroChloric acid-washed,paper strips were prepared by immersing 

the cut papers in a solution of 2 N hydrochloric acid for five minutes, 

then in successive portions of distilled water until, as described above, 

the pH of the rinse water remained 4.5. Three rinses were usually suf-

ficieht. The wet papers were then transferred to glass racks, rinsed 

with ethanol and ethyl acetate from wash bottles, and allowed to dry. 

Ethylenediamihetetraacetic acitl (disodium salt) (EDTA) was 

used to wash papers for one experiment. Paper strips were immersed in 

2 M EDTA for five minutes, followed by distilled water, ethanol, and 

ethyl acetate rinses as outlined above. 

2. Preparation of Solutions to be Chromatographed 

Solutions tagged with radioactive phosphorus were all prepared 

from the solutions supplied by Nucleonic Corporation of America. The 

method of preparation depended upon the age and activity of the radio-

phosphate solution. Samples used within a week or two of receipt from 

the supplier were sufficiently active that they could be diluted; after 

a half-life (14.2 days) or so, dilution decreased the activity to a value 

too low for unambiguous results. Therefore, using newly-received 

samples, solutions of the phosphate salt to be studied were prepared 

by taking aliquots of stronger phosphate solutions, together with an 

aliquot of the radioactive solution and diluting to the required volume 

to achieve the concentration of phosphate desired. The presence of 



0 . 0 0 1  M  d i s o d i u m  h y d r o g e n  p h o s p h a t e  i n  t h e  " t a g g i n g "  s o l u t i o n  a s  i t  

was received could be ignored for most experiments because of the low 

concentration of the salt, relative to the phosphate being studied. In 

cases in which the presence of even this small amount of sodium inter

fered. the solution could not be tagged in this manner. In such instances, 

either the spots had to be sprayed to produce color, or neutron activation 

of the finished chromatogram had to be used to locate the phosphate. 

The preparation of solutions in which it was undesirable to 

dilute the radioactive species was accomplished by weighing the salt 

to be added accurately on an analytical balance, and adding it directly 

to the required volume of radioactively tagged solution. 

The thin glass walls of ordinary volumetric glassware fails to 

32 
stop the radiation from P, so that glassware containing radioactive 

solutions was handled as little as possible and stored in the lead-lined 

box. 

For experiments in which the sodium content of the solution was 

to be higher than achievable by dissolving a trisodium phosphate alone, 

sodium acetate or sodium chloride was weighed and added directly to 

the solution, along with the phosphate salt to be studied. This enabled 

the preparation of solutions of various pH values desired as well as the 

control of the sodium to phosphorus ratio. 

Solutions of varying pH values but definite sodium to phosphorus 

ratios were prepared by taking aliquots of stronger phosphate salt 
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solutions, adjusting the pH with ammonia and/or acetic or hydrochloric 

acids, and diluting to the volume required to produce the desired phos

phate concentration. Ionic strengths of the solutions used in these 

experiments were not controlled since they were found to be a small 

effect compared to the other experimental conditions under scrutiny. 

3. Preparation of the Chromatogram 

Papers to be spotted with solution were hung from the glass rack. 

Solutions to be chromatographed were applied to the origin line of the 

paper as a single circular spot using a 10 microliter pipet. Except in 

experiments in which the time of application was under study, the spot 

was applied to a dry paper and allowed to dry in the air. The 10 micro

liter volume was selected as large enough to give the desired amount of 

phosphate solution, yet small enough to yield a compact spot. The 

solution was applied by holding the pipet at the center of the origin 

line and applying pressure to the syringe slowly to avoiding running 

of the solution. 

4. Preparation of the Developer 

The solvents used to prepare the developer solutions were 

analyzed for water content by a simple colorimetric titration with Karl 

Fischer reagent. The distinctive brown color of the reagent served as 

the end point Indicator. The titration was performed in a 125 ml glass-
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stoppered Erlenmeyer flask. A small amount of pyridine was pretitrated 

to an easily-discerned brown color which is Indicative of excess titrant. 

The sample for analysis was pipetted into the flask, the solution swirled 

and titrated to match the initial color. The titrant was standardized 

against distilled water which wag delivered to the flask by a micropipet. 

The maximum amount of water miscible with a solvent was deter

mined by adding small volumes of water from a buret to a measured volume 

of the solvent in a separatory funnel. The liquid was shaken vigorously 

and allowed to settle. This operation was continued until the organic 

liquid appeared hazy after the liquid settled. 

Developer solutions were prepared a few minutes before use, 

in an open beaker. The usual order of addition of reagents for the system 

was water, pyridine, ethyl acetate, although this was not found to be a 

significant experimental variable. In experiments in which the amount of 

water in the developer was being varied, the pyridine and ethyl acetate 

were mixed first in the proportion 45 ml pyridine/100 ml ethyl acetate 

[Hanes and Isherwood (3)] and the requisite amount of this added to the 

measured volume of water in a beaker. The solution was stirred with a 

glass rod. 

Developer solutions containing some solute, such as phosphoric 

acid or a phosphate salt, were prepared by dissolving the solute in the 

water to be mixed with the organic solvent. 
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5. Preparation of the Chamber 

The chromatographic tank for a particular solvent system was 

prepared by placing In the tank a beaker containing two filter paper circles 

and the liquid to supply the tank-saturating vapor. In the case of the 

pyrldlne/ethyl acetate/water system, this liquid was water saturated 

with ethyl acetate and pyridine by shaking 100 ml of water with 45 ml 

of pyridine and 100 ml of ethyl acetate. For the butanol/water system, 

water saturated with butanol was used to saturate the tank with solvent 

vapor. In the experiment using 2, 4, 6-trimethylpyridine, a beaker con

taining water and one containing the organic liquid were both placed in 

the tank. The purpose of the filter papers in the beaker was to increase 

the rate at which solvent evaporated into the atmosphere of the tank by 

increasing the surface area of the solvent. 

6. Equilibration 

Papers were equilibrated with the vapor-saturated atmosphere 

of the chromatographic chamber for a minimum of eight hours prior to the 

addition of developer to the solvent trough to begin the chromatographic 

process. Except for the experiments in which length of equilibration time 

was a variable, the spot was applied to the paper as described above, 

allowed to dry until there was no visible evidence of liquid remaining 

at the origin, and the paper(s) transferred to the solvent trough to be 

placed in the tank. 
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The chamber was not cleaned and dried for every experiment, 

but once saturated with solvent vapor was used for several chromatograms. 

Exceptions to this procedure were those experiments in which the developer 

was allowed to drip off the bottom of the paper and form a puddle in the 

bottom of the tank. In these cases, it was discovered that the excess 

organic solvent appeared to distill into the beaker containing the aqueous 

solution, forming a layer of organic phase over the aqueous phase and . 

lowering the vapor pressure of the water in the tank. It became necessary 

in these instances to clean the tank between each of these experiments of 

longer duration, and to put fresh liquid in the beaker for equilibration 

purposes. 

7. Development 

The equilibrated chamber was disturbed as little as possible 

during the addition of developer to the solvent troughs. The procedure 

used was to slide the cover of the tank to one side just far enough to 

admit the stem of a small funnel, through which the developer was 

poured quickly from the beaker in which it was prepared. All troughs 

in the tank were filled at the same time, to minimize the disturbance 

to the atmosphere within that chamber, and the cover was immediately 

closed again. The development was allowed to proceed undisturbed 

until the solvent had passed,to the desired distance from the bottom of 
t 

the paper, or until a required time had passed. In some experiments. 
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papers were withdrawn from the tank at intervals; in these instances the 

withdrawal was accomplished through as small an opening in the tank as 

possible, and as quickly as possible. 

At the end of the development process, the excess developer 

'was removed from the trough by suction into a filter flask equipped with 

an aspirating bulb. The trough was removed from the chamber to the fume 

hood, where the papers were transferred to glass racks and allowed to 

blow dry. 

8. Detection with Spray Reagents 

Visible location of the phosphate species on the chromatograms 

was accomplished by the method outlined by Block, Durrum, and Zweig (26). 

Spraying of the solutions onto the paper had to be done very cautiously to 

avoid smearing of the spots. Excessively long exposure to ammonia vapors 

results in rapid fading of the blue color to a dull gray; hence this step also 

had to be done judiciously. The blue color of the sprayed spots fades on 

storage, rapidly in bright light, more slowly in darkness. The reagents 

used are 0.4% ammonium molybdate in 8% nitric acid, followed, after 

drying, with 0.05% benzidine hydrochloride in 10% acetic acid and 

exposure to ammonia vapors. 

9. Detection of Radioactive Species 

Detection of the location of radioactive species was useful 

both for determining relative concentrations of solute in double spots 



on one paper, and for experiments in which the spraying with color 

reagents might Interfere with further handling, such as neutron activa

tion. For the scanning of papers, the Tracerlab step-scanning device 

was adjusted to advance the strip at the rate of 5. 0 mm per counting 

site. The slit admitting radioactive particles to the Geiger tube was 

adjusted to a width of 5.1 mm, allowing slight overlap of sites. The 

counting time per site was variable, the optipium time being a compro

mise between the random errors inherent in short counting periods and 

the long strips used. It is most desirable to count the entire length of 

a strip in a time short enough to ignore the time difference between the 

counts at the beginning and, the end of the strip; the difference is due to 

the decay of a less-than-ne'gligible fraction of the atoms present?, The 

shorter half-life of sodium, 14. 97 hours, makes this a more critical 

consideration for sodium than for phosphorus, with a half-life of 341 

hours. The usual counting time for phosphorus alone was three minutes 

per site; for sodium one minute per site was used. 

The wand carrying the paper strip was positioned so that the 

first site counted was the 5 mm before the origin. This site was called 

"00" and the sample tally on the Lister adjusted accordingly. Counting 

was continued until the counting rate dropped to the normal background 

level determined in the absence of sample, or to the end of the paper. 
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1 0 .  Neutron Activation 

Preparation of samples for neutron activation consisted of coiling 

the paper tightly together with a clean, acid-washed paper. The purpose 

of the second paper was to prevent one part of the sample from touching, 

and possibly contaminating, the next layer. The tight coil was inserted 

into a polyethylene cylinder, the holder in which the sample was inserted 

into the nuclear reactor. The polyethylene cylinder was cleaned before 

use by washing with detergent, rinsing with distilled water and acetone, 

and drying. 

The cylinder containing the samples was delivered to the Nucleeir 

Engineering Department, where it was exposed to thermal neutrons for the 

requested length of time. The data necessary for the calculation of sodium 

to phosphorus ratios (radiation time and the time samples were withdrawn) 

and the amount of sodium present (irradiation time, when withdrawn, and 

neutron flux) was supplied by the reactor operator. In some cases, the 

activity of the activated samples was of too high a level for safe handling, 

in which event the Nuclear Engineering Department retained the sample 

until it was released by the radiation safety officer. 

1 1 .  Determination of Minimum Detectable Phosphate 

In order to establish an optimum sample size and a lower limit 

of concentration, determination of the minimum detectable phosphate by 

the color reagent method was undertaken. Using 10 microliter samples. 
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a 10 M solution of trlsodlum phosphate gave a clearly visible blue 

_4 spot, while a 10 M solution was not visible. Increasing the sample 

size to 20 microliters caused the spot to spread over nearly the entire 

width of the paper and to run. Decreasing the volume applied resulted 

-3 
in a decrease in intensity of the 10 M solution. Since 10 microliters 

gave the most satisfactory spot spread and sufficient color, this sample 

size was used throughout the experimental work herein described. 

The long papers used in all of these experiments were in 

deference to the time required to establish the equilibrium conditions 

necessary for the appearance of the anomalies under investigation. 



III. RESULTS 

A. Treatment of Paper 

Several attempts to use paper without any treatment other than 

the equilibration in the chromatographic chamber before chromatographing 

resulted in no movement of the spots from the origin. The solution 

applied was a buffer, 0.015 M in disodium hydrogen phosphate and ' . 

0. 04 M in sodium dihydrogen phosphate. The developers tried were 

butanol saturated with water and pyridine/ethyl acetate saturated with 
( 

water (about 24% water), both of which were allowed to flow to within 

a few centimeters of the end of the paper. 

Washing papers with a 2% solution of disodium dihydrogen 

ethylenediaminetetraacetate (EDTA) produced no better results with 

an identical sample developed with butanol/water, 1. e., no movement 

of the spots was obtained. The pyridine/ethyl acetate/water developer 

did move the solute spot, however. These spots were elongated and 

almost uniform in intensity. 

A series of papers were prepared in which the washing solutions 

were varied as shown in Table 3. 

The samples applied were varied in composition, to be discussed 

later, between 0.01 M and 0.05 M sodium dihydrogen phosphate, and 

40 
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TABLE 3 

SOLUTIONS USED FOR PAPER WASHING 

Paper No. Wash Solution, in order of use 

167, 168, 169 2 N acetic acid, 0.1 M EDTA, water, ethanol 
ethyl acetate 

1 7 0 ,  1 7 1 ,  1 7 2  2 N acetic acid, 0. 1 M EDTA, 2 N acetic 
acid, water, ethanol, ethyl acetate 

1 7 3 ,  1 7 4 ,  1 7 5  Water, ethanol, ethyl acetate 

182, 183, 184 2 N acetic acid, water, ethanol, ethyl 
acetate 

0 . 0 1  M  s o d i u m  d i h y d r o g e n  p h o s p h a t e  p l u s  0 . 0 1  M  s o d i u m  a c e t a t e .  Z n  

all cases, the acetic acid-washed papers, regardless of subsequent 

treatment, gave almost identical chromatograms, while the water, ethanol, 

ethyl acetate-washed papers gave only spots smeared out from the origin. 

The photographs of these experiments are shown with the discussion of 

variations in composition of applied solutions, figures 2, 3, and 4. 

acetic acid gave results identical to papers washed with acetic acid. 

The solutions applied for this comparison were phosphoric acid, trisodium 

phosphate, disodium hydrogen phosphate, sodium dihydrogen phosphate, 

all 0. 01 M. 

An attempt to match the pH of applied spot to the pH of the last 

rinse solution with which a paper was treated showed again that the 

Papers washed with 2 N hydrochloric acid, water, ethanol and 



treatment of the paper after acid washing had little or no effect; the 

c h r o m a t o g r a m s  w e r e  v e r y  s i m i l a r  f o r  s y s t e m s  o f  p H  4 ,  7 ,  1 0  a n d  1 2 .  

The preparation of solutions and papers for this work were without the 

knowledge later gleaned that total sodium content of the system is of 

major importance. The amount of sodium hydroxide used for pH adjust

ment, therefore, was not accurately recorded. 

In view of the similarity of results of various paper treatments, 

the acetic acid treatment was selected for papers used in experiments 

in which other variables were studied. 

1. Sodium Content of Paper 

The role of acid treatment of the paper relative to the subse

quent appearance of a chromatogram appears to be related to the fact 

that the total sodium content of the system is important. That there is 

sodium in paper even after acid treatment was discovered during the 

course of experiments in neutron activation aimed at the determination 

of the species present at a spot after chromatographing. An acid-washed 

paper to which no solute was applied was exposed, along with other 

11 2 
samples, to a neutron flux of 10 neutrons per cm per second for a 

period of an hour. This "blank" sample was then examined with the 

scanning equipment and found to exhibit a radiation having the character

istic half-life of sodium. More extensive examination was undertaken 

to determine, if possible, the amount of sodium present in treated and 

untreated papers. 
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Sections of paper were taken from the different batches of 

Whatman No. 1 papers. A section of each batch was washed with 

acetic acid, water, ethanol and eth/1 acetate in the manner used for 

the major portion of the experimental work. These sections, together 

with untreated sections of each batch, were subjected to neutron 

14 2 
bombardment of 10 neutrons per cm psr second, for 14 minutes. 

The samples were scanned at a series of time intervals, and the activity 

of each sample was plotted on semilog graph paper as a function of time 

elapsed after activation. Extrapolation of the straight line obtained 

back to "zero" time (after Irradiation) gave an initial activity for each 

sample, which was used to calculate the amount of sodium present on 

the papers. The straight line had the slope of pure sodium decay, 

indicating that other nuclides present were not activated in interfering 

amounts. The assumptions made in this calculation are that the geometry 

of the counting equipment allows an estimated 40% of the disintegrations 

to be counted, and that the tabulated values for neutron capture prob

abilities (cross-sections) are valid for the reactor conditions used. The 

values used for neutron flux and time irradiated are supplied by the 

Nuclear Engineering Department. The errors introduced by the assump

tions made affect all of the samples in the same degree, so that the 

relative values obtained are useful in any event. 

The results of this determination are shown in Table 4. 
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TABLE 4 

SODIUM CONTENTS OF PAPERS BEFORE AND AFTER TREATMENT 

Sample 
% Wt. sodium Milliequivalents Na/g 

Sample 
Untreated Acid-washed Untreated Acid-washed 

Batch 1 0. 33 0. 06 0. 14 0. 026 

Batch 2 0 . 7 4  0. 08 0. 32 0. 034 

It can be seen from the data that, although the sodium contents 

of the two batches of paper tested are quite different Initially, the acld-

washed values are very similar. No significant differences were noted 

between chromatograms run on the two batches of paper after acid-washing. 

A paper from batch 1 was examined for sodium after the 15% 

water/pyridine/ethyl acetate developer had passed down it chromato-

-3 ^ 
graphically. The neutron activation analysis showed that 5x10 > wt. 

sodium was left on the paper, which is 0. 002 milliequivalents of sodium 

per gram of paper. 

2. Age of Paper After Treatment 

The time lapse between treatment of paper and its use in a 

chromatogram was investigated by comparing results obtained with 

freshly prepared papers with some which had been stored. A solution 

of 0. 01 M trisodium phosphate was applied to a paper which had been 
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washed 11 months before and stored wrapped in paper. The chromato-

gram, developed with water-saturated pyridine/ethyl acetate, was -

identical, to one run on freshly washed paper, showing that storage time 

of treated papers is not a significant variable in this system. 

B. Composition of the Solution Chromatographed 

The occurrence of the multiple-spot anomaly investigated is 

caused by an interplay of several conditions, of which the composition 

of the spot solution at the time of application is only one. The investi

gation of its importance was undertaken along the lines of total concen

tration of phosphate solute, the ratio of sodium to phosphorus, and the 

pH of the solution. All of the papers used in this study were washed 

with acetic acid as described above, and all chromatograms were 

developed with the pyridine/ethyl acetate/15% water developer unless 

specifically noted otherwise. 

1. Solute Concentration 

A series of papers was; prepared by applying phosphates in the 

concentrations shown in Table 5. Papers 120 and 176-179 were allowed 

t o  d e v e l o p  f o r  a  l o n g e r  p e r i o d  t h a n  t h e  o t h e r s ,  a n d  h e n c e  a r e  n o t  t a b e  

compared directly with each other or with 126-132. The values 

could not be calculated because the solvent was allowed to drip off 

the end of the paper. Although photographs of these papers appear in 



TABLE 5 

PHOSPHATE CONCENTRATION VARIATIONS AND RESULTS 

Paper No. Solute Concentration Result 

126 Sodium dihydrogen phosphate . 0. 001 M One faint spot at 9.2 cm, measured from origin 
to the faster end of the spot. 

128 Sodium dihydrogen phosphate 0 .01  M One spot, 1.7 cm long, at 10.5 cm. 

130 Sodium dihydrogen phosphate 0 .02  M Two spots, one 1 cm long at 4. 6 cm; the other 
2.4 cm long at 10.5 cm. 

132 Sodium dihydrogen phosphate 0. 05 M Two spots about equal in size, one at 4. 6 cm; 
the other at 10. 5 cm. 

120  Sodium dihydrogen phosphate 0. 10 M Two spots, one 6.5 cm long at 8 cm; the other 
7 cm long at 14 cm. 

176  Phosphoric acid 0. 01 M One spot, 3 cm long, 20. 3 cm from the origin. 

177  Phosphoric acid 0. 05 M One spot, 5.5 cm long, at 20 cm. 

178  Phosphoric acid 0. 10 M One spot, 5. 5 cm long, at 20 cm. 

179  Sodium dihydrogen phosphate 0 .01  M One spot, 4 cm long, at 20 cm. 



conjunction with another discussion (Figure 1), a description of the 

results is given in Table 5. 

In the cases in which two spots appeared, the area between the 

two spots was devoid of blue color, denoting complete separation. It 

can be seen from Table 5 that there is a balance between concentrations 

and sodium content, and that 0. 01 M is about the level at which double 

spots occur with disodium hydrogen phosphate and trisodium phosphate. 

Accordingly, this concentration of phosphate was used for most of the 

investigation of the sodium to phosphorus ratio parameter. 

Papers 176-179 were all run in the same trough for the same 

length of time; samples 126-152 likewise were simultaneously chromato-

graphed. 

The concentrations shown in the table are based on the salts 

used as purchased, the molecular weights of which included waters of 

hydration, as shown in Table 2. 

2. Sodium to Phosphorus Ratio 

Erratic, unreconcilable results wer6 obtained with samples 

which were identical in phosphate content and pH (8. 5), but which had 

been adjusted in pH with different amounts of sodium hydroxide, accord

ing to the phosphate salt used. This led to the investigation of the 

importance of total sodium content and the ratio of sodium to phosphorus 

concentrations in the solutions applied. 
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A series of papers was prepared and chromatographed with 26, 4% 

pyridine/ 58. 6% ethyl acetate/ 24% water. The samples and results are 

shown in Table 6. 

TABLE 6 

RESULTS OF CHROMATOGRAPHING DIFFERENT SODIUM PHOSPHATES 

Paper No. Spot Solution pH Result 

92 0. 01 M NaH^PO^ 
2 4 

4. 5 Single spot, R^ 0,64 

93 0. 01 M Na^HPO^ 
2 4 

8. 5 Single spot, R^ 0, 64 

94 0. 01 M Na,PO^ 3 4 
12 Two spots, R^ 0. 64 and 0,40 

These solutions were prepared by dissolving the salts indicated, 

without any adjustment of pH. The two spots in sample 94 were not alike; 

the slower one was much smaller in size and intensity of the blue color 

was  much l e s s .  

In order to learn the effect of increasing the sodium to phosphate 

rat io  on  the  appearance  o f  the  smal l  s lower  spot ,  a  se t  o f  papers  was  

prepared as indicated in Table 7, The developer used for these chromato-

grams was 26,4% pyridlne/58. 6% ethyl acetate/15% water. 

Up to 0. 005 M added sodium ion, the resultant chromatograms 

were identical to the paper carrying 0, 01 M sodium phosphate alone; at 

0. 01 M added sodium, the size of the slower spot began to increase. 
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TABLE 7 

SOLUTIONS APPLIED IN STUDY OF SODIUM TO PHOSPHORUS 
RATIO EFFECT 

Paper No. 
The solution applied was 0. 01 M in trisodium 
phosphate and also contained the following 

100 Nothing else added 

97 0. 0025 M sodium hydroxide 

95 0. 005 M sodium hydroxide 

96 0 .01  M sodium hydrox ide  

98 0 .01  M sodium ace ta te  

99 0. 01 M sodium acetate and 0. 01 M sodium hydroxide 

From a barely visible spot about one-fourth as large as the faster spot, 

the slower one became half as large as the faster one with 0. 01 M 

sodium ion added, and almost the same size with 0. 02 M added sodium. 

The anion added with the sodium ion had no apparent effect, since the 

results were the same for papers numbers 96 and 98. In this set of 

chromatograms, the R^ value for the faster spot was 0. 56, and the 

slower one, 0.26, when it appeared. It may be noted that these R^ 

values differ from those obtained for the trisodium phosphate devebped 

with the water-saturated pyridine/ethyl acetate developer. 

A study of the relationship between total phosphate ion and 

total sodium ion concentrations was undertaken by preparing papers to 

which were applied the solutions indicated in Table 8. The phosphate 
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TABLE 8 

SOLUTIONS APPUED IN STUDY OF VARIATIONS IN TOTAL 
SODIUM AND PHOSPHORUS CONCENTRATIONS 

Paper No. Solution applied contained 

126 0 .001  M phosphate  ion .  0 .001  M sodium ion  

128 0 .01  M phosphate  ion ,  0. 01 M sodium ion 

130  0 .02  M phosphate  ion ,  0. 02 M sodium ion 

132  0 .05  M phosphate  ion ,  0. 05 M sodium ion 

134 0. 001 M phosphate ion. 0 .01  M sodium ion  

136 0 .01  M phosphate  ion .  0. 02 M sodium ion 

138 0 .01  M phosphate  ion .  0. 04 M sodium ion 

was added as sodium dihydrogen phosphate; the sodium in addition to 

that contributed by the phosphate, salt was added as sodium acetate. 

These solutions were chromatographed with 26.4% pyridine/58.6% 

ethyl acetate/15% water developer, which was allowed to drip off the 

end  o f  the  paper ,  prec luding  ca lcu la t ion  o f  R^ va lues .  Papers  126-132  

are repeated here from Table 5 for direct comparison. The resultant 

chromatograms are described in Table 9; the distances given are 

measured from the origin to the faster end of the spot. 

These results show both the effect of the total concentration 

of the sodium phosphate salt, in this case starting with Na/P of 1, 

and the effect of increasing that ratio. With the ratio of sodium to 
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TABLE 9 

RESULTS OF VARYIN^J TOTAL SODIUM AND 
PHOSPHORUS CONCENTRATIONS 

Paper No. Appearance 

126 One faint spot at 9.2 cm. 

128 One clear spot, 1. 7 cm in diameter, at 10.5 cm. 

130 Two spots, elongated faster one 2.4 cm long at 
10 .5  cm;  round s lower  one  1  cm in  d iameter ,  a t  
4.6 cm. 

132 Two spots, both elongated. Faster one 3.4 cm 
long at 10. 5 cm; slower one 3.1 cm longer at 
4. 6 cm. 

134 Phosphate apparently too smeared out to be 
visible at this low concentration level. 

136 Two spots, almost round, faster one 2.4 cm 
diameter at 10.1 cm; slower one 1.4 cm in 
diameter at 4.4 cm. 

138 Two spots, the faster 1.4 cm diameter at 10. 1 
cm; the slower 2.4 cm in diameter at 4.4 cm. 

phosphorus 1:1, two spots appear at some concentration between 0.01 

and 0. 02 M. Since there was no apparent theoretical reason to further 

pinpoint the concentration at which the second, slower, spot appears, 

the matter was not pursued. 

Comparison of the sodium phosphates with phosphoric acid 

itself was made by preparing a series of papers with samples as shown 

in Table 10. The pH of the solution applied is that resulting from the 
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TABLE 10 

SOLUTIONS APPLIED FOR COMPARISON OF SODIUM PHOSPHATES 
WITH PHOSPHORIC ACID 

Paper No. Solution applied pH 

176  0. 01 M phosphoric acid 2 .2  

177  0. 05 M phosphoric acid 

178  0 .10  M phosphor ic  ac id  

179  0. 01 M sodium dihydrogen phosphate 4 .5  

180 0 .01  M disod ium hydrogen  phosphate  7 . 5  

181  0 .01  M tr i sod ium phosphate  12 .  3  

solute only, since the acidity was not adjusted in any way. The pH 

values are mentioned rather incidentally at this point, and will be 

considered as a parameter in some detail shortly. Photographs of these 

chromatograms appear in Figure 1. 

From examination of Figure 1 it can be seen that only one spot 

is produced by chromatographing phosphoric acid, even up to an applied-

solution concentration of 0. 1 M, while a small second spot appears at 

0. 01 M in the case of the disodium hydrogen phosphate. As noted in 

Tables 8 and 9, two spots can be achieved with the mono sodium salt 

at a concentration between 0. 01 M and 0. 02 M. The chromatograms 

in this set were all run in the same trough, at the same time, for the 

same length of time. 



Figure 1. Comparison of Sodium Phosphates with Phosphoric Acid. 
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An experiment, mentioned in conjunction with Table 1, in which 

the washing of the chromatographic paper, the concentration of the 

phosphate salt, and the sodium to phosphorus ratio were varied one at 

a time in a set of chromatograms run simultaneously, is described in 

Table 11. The water, ethanol. and ethyl acetate riniSes, noted in 

Table 1, were performed, but are eliminated from the description of 

the washing sequence for the sake of brevity. 

The influence of the sodium in the applied solution was so 

evident from work described in Tables 8 and 9 that it was considered 

here, where the influence of the sodium discovered present in the paper 

was studied. The results of this experiment are shown in Figures 2, 3, 

and 4. 

Figures 2,3, and 4 show that for 0.01 M sodium dihydrogen 

phosphate, one acetic acid-wash is sufficient to remove sodium from 

the paper so that the solute can move from the origin, while the water-

wash alone causes the solute to smear out from the origin with very little 

movement at all. The effect of increasing the concentration of this salt, 

but retaining the sodium to phosphate ratio in the applied solution, is 

to increase the similarity between the washed and unwashed papers. 

Increasing the sodium to phosphate ratio at the 0. 01 M concentration 

level yields markedly less movement in all four papers, and, as in the 

previous experiments, causes double-spotting. The Inference that may 

be made from this observation is that the total sodium in the system, 



TABLE 11 

CONCURRENT VARIATION OF PAPER TREATMENT, CONCENTRATION 
OF PHOSPHATE. AND SODIUM TO PHOSPHORUS RATIO 

Paper No. Treatment Solution applied 

173  Water only 0. 01 M sodium dihydrogen phosphate 

170  2 M acetic acid, 
0. 1 M EDTA, 
2 M acetic acid 

0. 01 M sodium dihydrogen phosphate 

167  2 M acetic acid, 
0, 1 M EDTA 

0. 01 M sodium dihydrogen phosphate 

182 2 M acetic acid 0 .01  M sodium dihydrogen  phosphate  

174  Water only 0. 05 M sodium dihydrogen phosphate 

171  2 M acetic acid, 
0. 1 M EDTA 
2.M acetic acid 

0. 05 M sodium dihydrogen phosphate 

168 2 M acetic acid 
0. 1 M EDTA 

0. 05 M sodium dihydrogen phosphate 

183  2 M acetic acid 0. 05 M sodium dihydrogen phosphate 

175  Water only 0. 01 M sodium dihydrogen phosphate 
and 0. 01 M sodium acetate 

172  2 M acetic acid, 
0. 1 M EDTA, 
2 M acetic acid 

0 .01  M sodium dihydrogen  phosphate  
and 0.01 M sodium acetate 

169  2 M acetic acid 
0.1 M EDTA 

0. 01 M sodium dihydrogen phosphate 
and 0.01 M sodium acetate 

184 2 >M acetic acid 0. 01 M sodium dihydrogen phosphate 
and 0. 01 M sodium acetate 



Figure 2. 0. 01 M Sodium Dihydrogen Phosphate with Paper Treatment 
Varied. 
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Figure 3. 0. 05 N Sodium Hydrogen Phosphate with Paper Treatment 
Varied. 
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Figure 4. 0. 01 M Sodium Dlhydrogen Phosphate plus 0. 01 M 
Sodium Acetate, with Paper Treatment Varied. 



58 



59 

both applied and already in the paper, is the significant factor in the 

results observed in this experiment. That this is the case is further 

demonstrated in a later discussion. 

3. pH of Applied Solution 

In order to ascertain that the formation of multiple spots with 

sodium-laden samples is not related to the pH of the solution, a study 

was  made  in  which  the  so lut ions  appl ied  were  as  shown in  Table  12 .  

The ionic strengths of these solutions were not held constant, and its 

comparatively small effect can be seen in the solutions prepared to the 

same pH as the dissolved salts alone but containing ions from the acid 

and base used for pH adjustment. 

The chromatograms produced by developing these papers with 

26.4% pyridine/58.6% ethyl acetate/15% water for a period of 24 hours 

are shown in Figures 5, 6, 7, and 8. The solvent was allowed to pass 

the entire length of paper and drip off the end, so that values could 

not be calculated. The solvents did, however, move at very similar 

rates down the papers, so that direct comparisons between papers are 

reasonable, but not quantitative. 

Examination of Figures 5, 6, 7, and 8 reveals that not only 

do all of the solutes yield a faster spot with nearly the same location, 

but that this seems to be entirely independent of the pH of the applied 

solution. The variations within a set of the location of the faster spot 
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TABLE 12 

SOLUTIONS APPLIED TO STUDY EFFECT OF pH VARIATION 

Paper No. Solution applied pH 

274  0 .01  M tri sodium phosphate only 12 .  3 

275  0 .01- M. trisodium phosphate plus ammonia and HCl 12 .  3 

276  0 .01  M trisodium phopshate plus hydrochloric acid 9. 0 

277  0 .01  M trisodium phosphate plus hydrochloric acid 6. 8 

278  0. 01 M trisodium phosphate plus hydrochloric acid 4. 0 

279  0. 01 M trisodium phosphate plus hydrochloric acid 2. 1 

280 0. 01 M disodlum hydrogen phosphate only 7, 5 

281  0 .01  M disodium hydrogen phosphate plus ammonia 12 .  0 

282 0 .01  
and 

M disodium hydrogen phosphate plus ammonia 
HCl 

9. 0 

283  0. 01 M disodium hydrogen phosphate plus HCl 7. 0 

284 0. 01 M disodium hydrogen phosphate plus HCl 4. 0 

285 0. 01 M disodium hydrogen phosphate plus HCl 2. 0 

286 0, 01 M sodium dihydrogen phosphate only 4. 5 

287 0. 01 M sodium dihydrogen phosphate plus ammonia 12 .  0 

288 0, 01 M sodium dihydrogen phosphate plus ammonia 9. 2 

289 0. 01 M sodium dihydrogen phosphate plus ammonia 7. 0 

290  0. 01 
and 

M sodium dihydrogen phosphate plus ammonia 
HCl 

4. 5 

291  0. 01 M sodium dihydrogen phosphate plus HCl 2. 0 

292 0. 01 M phosphoric acid only 2. 2 

293  0. 01 M phosphoric acid plus ammonia 12 .  0 

294 0. 01 M phosphoric acid plus ammonia 9. 4 

295  0 .01  M phosphoric acid plus ammonia 7 .  2 

296 0 .01  M phosphoric acid plus ammonia and HCl 4. 0 

297 0. 01 M phosphoric acid plus ammonia and HCl 2. 2 



Figure 5. 0. 01 M Trisodium Phosphate with pH Varied. 
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Figure 6. 0. 01 M Disodium Hydrogen Phosphate with pH Varied. 
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Figure 7. 0. 01 M Sodium Dihydrogen Phosphate with pH Varied. 
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Figure 8. 0. 01 M Phosphoric Acid with pH Varied. 
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are mainly due to differences in the rate of solvent flow in the various 

samples. The differences, which are magnified by the long time involved 

(24 hours for these samples), are actually a maximum of about two centi

meters in these chromatograms. 

Figure 6 shows rather dramatically the effect of added ions on 

a sample in which the slow spot has Just barely the conditions to form 

at all. It was shown in Table 5 that the concentration of salt necessary 

to produce this second spot was, for this solvent, between 0. 01 and 

0. 02 M; the implications of the disappearance of the slow spot will be 

discussed later. The solution of the same salt and nearly the same pH 

but added ammonia and hydrochloric acid ions, paper 283, gives only a 

very faint, spot, while the solution of the salt alone had a prominent one. 

Increases of several degrees in the temperature of the room in which 

the chromatograms were run also had the effect of diminishing the size 

of the slower spot, although no attempt was made to make quantitative 

observations. 

4. Pyrophosphate as Solute 

That the species forming one or the other of the double spots 

might possibiy be condensed phosphate was.considered. To explore 

this possibility, an experiment was designed for the comparison of pyro

phosphate to the sodium salts used in other phases of this study. 

Pyrophosphate was selected as the most likely of the condensed 
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phosphates which might be found as a contaminant in sodium phosphates, 

and which might conceivably be formed by dehydration of one of these 

salts on paper. A series of papers was prepared using the solutions 

shown in Table 13. The pH values shown are those resulting from solu

tion of the salt only; no adjustment was made. 

TABLE 13 

SOLUTIONS APPUED FOR COMPARISON OF ORTHO- AND PYROPHOSPHATE 

Paper No. Solution applied pH 

266 ,  270  0. 1 M sodium dihydrogen phosphate 4. 5 

267 ,  271  0. 1 M disodium hydrogen phosphate 7. 5 

269 ,  273  0. 01 M sodium pyrophosphate (Na^P^O^) 9. 0 

Papers 266, 267, and 269 were developed with 26.4% pyridine/ 

58 .6% ethy l  ace ta te /15% water ;  papers  270 ,  271 ,  and  273 ,  wi th  24 .8% 

pyridine/55.2% ethyl acetate/20% water. The effect of developer com

position will be considered shortly. These chromatograms are shown in 

Figure 9. 

It can be seen from Figure 9 that the location of the spots 

resulting from chromatographing the pyrophosphate are markedly differ

ent from the simple phosphates, and that double spots can be produced 

with the condensed phosphate as well as the simple ones. Further 



Figure 9. Comparison of Pyrophosphate with Orthophosphate. 
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investigation along these lines was not undertaken. Orthophosphate 

present in the pyrophosphate was apparently at too low a level to be 

seen chromatographically. 

C. Composition of the Developer 

1. Water Content 

In the course of early attempts to produce multiple spots it 

was noted that results obtained seemed to be a function of the length 

of time a prepared developer was stored between preparation and use. 

Since there seemed no theoretical reason to expect rapid reaction 

between the pyridine, ethyl acetate and water at ordinary temperatures, 

and since there was a change in appearance from cloudiness to clarity, 

loss of water was suspected. The laboratory in which these solutions 

and chromatograms were made was not humidity-controlled and was 

subject to the very dry humidity conditions characteristic of the locale. 

An experiment, aimed at the investigation of the role of water 

in the developer was undertaken, with papers spotted with solutions 

prepared with radioactive phosphate in order that concentration com

parisons of spots might be made. The solution applied was 0. 01 M 

disodium hydrogen phosphate, adjusted to pH 8. 5 with a drop of dilute 

sodium hydroxides solution. Graphs of the radioactive phosphate 

locations on these chromatograms are shown in Figure 10; the amount 
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Figure 10. Changes in Location of Radiophosphate with Variation 
of Water Content of Developer. 
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of water added to the pyridlne/ethyl acetate (45/100 milliliters) developers 

is shown in Table 14. 

TABLE 14 

WATER CONTENT OF DEVELOPERS IN STUDY WITH 
DISODIUM HYDROGEN PHOSPHATE 

Paper No. % Water in developer 

44 1 5 %  

46 10% 

47 5% 

48 3 %  

49 2% 

50 1% 

The results of this experiment show that up to about 5% water 

in the developer, only one spot appears, and that is near the origin, 

while increasing the amount of water in the developer above 5% causes 

increasing proportions of phosphate to move into a faster-running spot. 

It can also be seen, from Figure 10, that increasing the amount of water 

from 5% to 10% increases the separation between the fast and slow 

spots. The chromatographing times for the samples shown in Figure 10 

were all the same. Developing disodium hydrogen phosphate with 

pyridine/ethyl acetate/24% water (saturated) resulted in only the 
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faster spot's appearance. .Since 15% water in pyridine/ethyl acetate 

yielded multiple spots quite reproducibly with the disodium and trisodium 

salts, this developer was selected for use in studies of the multiple spot 

phenomenon with this system. 

That the phenomenon of multiple spotting as a function of the 

water content of the developer is not peculiar to the orthophosphate 

species was demonstrated in the experiment with pyrophosphate, described 

in Table 13 and Figure 9. The dual purposes of examining the pyrophos

phate relative to the orthophosphate, and of attempting to apply the same 

experimental conditions to produce multiple spots with the condensed 

phosphate were incorporated into the series of papers. All of the papers 

which were developed with the same solvent were run in the same trough, 

at the same time, for the same length of time. It is significant to this 

investigation that the pyrophosphate also yielded two spots under condi

tions producing the multiple spot phenomenon. No tailing of either spot 

is evident, and the separation between the two spots is complete. The 

amount of orthophosphate present in the pyrophosphate, if any, was below 

the limit of chromatographic detection. 

2. Nature of the Solvent 

Scrutiny of the role played by the organic solvent was under

taken by using butanol as the organic water-carrier. The samples and 

deve lopers  used  for  th i s  exper iment  are  shown in  Table  15 .  
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TABLE 15 

WATER CONTENT OF BUTANOL DEVELOPER 

Paper No. Solution applied 
% Water in 
developer 

321 0. 01 M trisodium phosphate 15 

322 0 .01  M sod ium d ihydrogen  phosphate  15 

323 0. 01 M trisodium phosphate 10 

324 0. 01 M sodium dihydrogen phosphate 10 

327 0 .01  M tr i sod ium phosphate  15 

329 0. 01 M trisodium phosphate 15 

The solution containing 15% water was cloudy, indicating that 

the butanol was saturated with water and carried an excess. Chromato-

grams 329 and 327 were developed for 26 and 100 hours, respectively. 

Samples 321-324 developed for 211 hours. Figures 11, 12, and 13 show 

these chromatograms. 

This experiment shows that the butanol developer, while moving 

the solute much slower than the pyridine/ethyl acetate, still gives a 

chromatogram with multiple spots. These differ from those formed with 

the pyridine/ethyl acetate system in that the trisodium salt gave only 

the slower spot in butanol/water, while the disodium hydrogen phosphate 

showed separation into two. The R^ values are not available, since the 



Figure 11. 0. 01 M Trisodium Phosphate Developed with Butanol/Water 
for  26  Hours  (No .  321 )  and  100  Hours  (No .  327 ) .  
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Figure 12. 0.01 M Trisodium Phosphate (No. 321) and 0.01 M 
Sodium Dihydrogen Phosphate (No. 322) Developed 
with 15% Water in Butanol. 
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Figure 13. 0.01 M Trisodium Phosphate (No. 323) and 0.01 M 
Sodium Dihydrogen Phosphate Developed with 10% 
Water in Butanol. 
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solvent dripped off the edge of the paper eight hours after the solvent 

was added to the troughs. 

An attempt to use collidine (2, 4, 6-trimethylpyridine) as the 

water-miscible portion of a developer with ethyl acetate was not fruit

ful. This rather viscous liquid very slowly absorbed the water shaken 

with it, and the chromatograms run with this solvent all showed only 

the original spot applied at the origin, still precisely at the origin, 

after 77 hours. 

A cursory examination of solvents recommended by Hanes and 

Isherwood (3), using ammonia and alcohols, was made. The solvents 

tried were; 

40 ml isopropyl alcohol/20 ml isobutyl alcohol/29 ml water/1 ml 

concentrated ammonia, and 

30 ml isobutyl alcohol/30 ml ethyl alcohol/39 ml water/1 ml 

concentrated ammonia. 

These developers gave spot movement almost along with the solvent 

front, but only one spot in all cases. Apparently the water and/or 

ammonia content of these one-phase systems is far above that neces^ 

sary to eliminate the slower spot. These solvent systems were 

abandoned in favor of the pyridine/ethyl acetate/water developer. 



D. Time of Development 

As could be noted in Figures 11, 12, and 13, the appearance 

of the spots, and separation into two, is related to, among other vari

ables, the length of time the chromatogram developed. A more detailed 

i l lus tra t ion  o f  th i s  e f f ec t  i s  shown in  F igure  14 .  Chromatograms  212  

through 217 were all spotted with a solution of 0. 01 M sodium dihydrogen 

phosphate plus 0.02 iM sodium acetate, making a sodium to phosphorus 

32 
ratio; of 3;1, and enabling the use of a P tagged solution of the phos

phate, scanned to check on spraying technique. The developer used was 

26.4% pyridine/58.6% ethyl acetate/15% water; the individual develop

ments were terminated by quickly and carefully removing a paper from 

the trough, containing the entire set, at the desired time, with a minimum 

opening of the tank. The development times of the samples shown in 

F igure  14  are  g iven  in  Tab le  16 .  

The progress of the separation of the two spots, and the relative 

rates of travel, can be easily seen from Figure 14. It can also be noted 

that the smear of color between the two spots fades out with longer 

development, until, with paper 213, the separation is fairly complete, 

with only a faint tailing of the fast spot in evidence. 



Figure 14. 0. 01 M Sodium Dihydrogen Phosphate plus 0. 02 M 
Sodium Acetate, With Time of Development Varied. 
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TABLE 16 

DEVELOPMENT TIMES USED IN STUDY OF THE TIME PARAMETER 

Paper. No. Time (hours) 

216  9 .5  

215  11 .5  

214  17 

213  22 

212 32 .5  

217  41 .  5  

E. Development in Two Dimensions 

The nature of the species forming the slower spot was some

what illuminated by chromatographing a sample in two dimensions. Ten 

microliters of 0. 01 M trisodium phosphate was applied to each of papers 

320 and 317, which were 23 x 55 cm. These were developed lengthwise, 

with the usual solvent, for about five hours. Paper 320 was then sprayed 

with color reagents to ascertain that two spots had been obtained. This 

sample is shown in Figure 15. The other paper. No. 317, was not 

sprayed after removal from the tank, but allowed to dry and the folded 

portion of the paper was cut off. A strip of paper was cut from the 

bottom of the chromatogram, which had also been wet with developer 

during the first development, and marked with fold lines. This strip 



Figure 15. 0. 01 M Trisodium Phosphate Developed in First 
Direction. 
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was fastened to the side of the chromatogram to be used as the new 

origin, using lengths of fine glass rod. The paper was mounted in the 

trough by the new folded section, re-equilibrated overnight, and again 

developed with 15% water/pyridine/eth/1 acetate developer. The result 

of development after nine hours is shown in Figure 16. There is evident 

in this photograph the formation of another fast spot from the original 

slow one during the secortd chromatographing. This new spot travels 

at the same rate with the solvent as the original fast spot, indicating 

that they are, in all probability, the same species. 

F. Determination of the Sodium to Phosphorus Ratio 
of Species on Paper 

Another attack on the problem of the identity of the two spots 

on the paper was made using neutron activation of the paper after 

chromatographing. The activity induced in both sodium and phosphorus 

atoms by exposure to a neutron flux was charted as a function of location 

on the paper, using the step-scanning counter. The rates of decay of 

these two nuclides enable the determination of both, using a series of 

scans to chart the decay and location of the sodium, which soon . 

becomes undetectable, then a few more scans to locate the phosphorus. 

Since the activity of each is proportional to the amount present on the 

paper at the time of Irradiation, the relative amounts of the two atoms 

present at any one counting site can be determined. The procedure for 
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Figure 16. 0.01 M Trisodium Phosphate Developed in Direction 
Normal to First Development (Second Development). 
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this is discussed theoretically in an earlier section. An example of the 

decay  curves  obta ined  by  these  count ing  s equences  i s  shown in  F igure  17 .  

It will be noted that there is a curved portion between the two portions 

of straight line, which reflects the rapid relative decline in sodium 

activity, and is therefore a mixture of the two decays, sodium and 

phosphorus. The more vertical straight line segment represents the 

sodium decay; the more horizontal line is the phosphorus. 

A set of samples carrying known amounts of phosphorus and 

sodium were irradiated and counted in a series of scans as done for the 

chromatograms, to be used as a guide to the reliability of the sodium 

to phosphorus ratios, and to the amount of these ions actually present. 

The results of these and the irradiated chromatograms are shown in 

Table 17. The effect of different amounts of water in the developer 

can be seen on the distance traveled by each spot, and on the relative 

ratios of sodium to phosphorus. It can also be seen that there is in 

some samples sodium at sites where phosphorus activity is negligible. 

This is not mentioned in all samples, since the lone sodium was not of 

prime interest; the lack of mention does not necessarily indicate, that 

such lone sodium was not present, but only that it was not noted 

specifically. In general, .this sodium trailed behind the slow spot 

and/or preceded the fast one. 
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Logarithm 
of activity, 
counts per 
minute 

Time, hours after irradiation 

Figure 17. Extrapolated Decay Curves of Sodium and Phosphorus After 
Neutron Activation. 
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TABLE 17 

SODIUM TO PHOSPHORUS RATIOS DETERMINED IN SITU 

r. o 1 4.J li J T-» 1 Distance ; Na/P Paper No. Solution applied Developer , . ^ . r j 
^ from origin .found 

NaH,PO^ 2 4 

Na ,HPO.  
2 4 

Na .PO.  3 4 

176  O.OIMH.PO^ 
3 4 

177  0 .05  MH,PO^ 
3 4 

178  .  0 .  10MH,PO^ 
- 3 4 

179  O .OlMNaH-PO.  2 4 

180  0 .01  MNa,HPO^ 
2 4 

181  O .OlMNa-PO.  3 4 

103  .  0 .  01  M Na_PO.  3 4 

101  O .OlMNa^PO,  

104 0.01 MNa,PO, 

- 1 .0 ,  1 .2  

- 2 .0 ,  2 .0  

- 3 .  1 ,  3 . 0  

15% water /pyr id ine /  10 .  5 cm 0 .13  
ethyl acetate 17 .  5 0 .03  

15% water /pyr id ine /  16 .5  0. 08 
ethyl acetate 17 .  5 0. 14 

15% water /pyr id ine /  4 0 .29  
ethyl acetate 16 0. 05 

15% water /pyr id ine /  3 0. 83 
ethyl acetate 18 .  5 0 .24  

15% water/pyridine/ 5 0 .75  
ethyl acetate 18 0. 19 

15% water /pyr id ine /  4. 5 1 .2  
ethyl acetate 18 0. 19 

24% water/pyridine/ 5 1. 3 
ethyl acetate 11 0. 39 

24% water/pyridine/ 6 1 .2  
ethyl acetate 11 0 .22  

17 no P, high 
Na peak 

5% water/pyridine/ 2 0 .77  
ethyl acetate 5. 5 1 .3  
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TABLE 17--Continued 

Paper No. Solution applied 
- , Distance 
Developer , . , 

from origin 
Na/P 
found 

107 0 .01  M Na-PO.  
+ 0.02 M^NaOAc 

10% water/pyridine/ 
ethyl acetate 

3 
7 

1 .0  
0 .85  

323  0 .01  M Na-PO^ 
3 4 

10% water/butanol 5 
20 

0 .80  
no P, high 

Na peak 

324 0 .01  M NaH-PO.  2 4 
10% water/butanol 5 

12 
17 

1 .2  
0. 38 

no P, high 
Na peak 
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Photographs of papers 176-181 appeared in Figure 1, from which 

it can be ascertained that the fast spots are approximately at the same 

distance from the origin, about 20 cm. The notable feature about the 

data from these samples is the fact that the sodium to phosphorus ratio 

at the faster spot is always about that found when phosphoric acid was 

the solute chromatographed; while the slower spot, and even one too 

faint to see, in the case of sample 179, have ratios of about 1, regard

less of the starting salt. The appearance of sodium at a site nearly 

devoid of phosphorus is shown in Figure 18, sample number 323, The 

sites at which there is phosphorus maintain considerable activity with 

time lapse of 40 or so hours, while the sodium unaccompanied by phos

phorus is marked by peaks which shrink to almost background level in 

this space of time. 

An attempt was made to compare the peaks of activity for peaks 

of sodium only for samples 323 and 324, with peaks of known amounts of 

sodium, since these samples were activated along with standard samples 

of sodium phosphates. There is, in a sample of 10 microliters of 0. 01 M 

_7 NaH^PO^, 1 X 10 mole of phosphorus and of sodium. The lone sodium 

peaks in both samples 323 and 324 indicated the presence of approxi-

~7 
mately 2.4 x 10 moles of sodium, at the site of the peak, [the 

_3 
exchange capacity value given by Ultee and Hartel (8) of 8 x 10 

-7 
milliequivalents per gram is 1 x 10 mole per site, using an experi

mentally determined value of 0.01 gram of paper per spot site. ] 
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A - 24 hours after Irradiation 

B - 40 hours after Irradiation 

B 
g 
•H e 
iH 0) 
a 
U1 
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B 

Distance from origin, cm. 

Figure 18. Scans of Paper No. 323 at 24 and 40 Hours After Neutron 
Activation 



89 

G. Time of Spot Application Relative 
to Chromatographing 

In order to learn the effect of drying and tank-equilibrating 

the applied solution before chromatographing, a series of samples was 

run in which the spot was applied: 

a) before equilibrating the paper overnight in the tank 

b) just before adding the developer to the trough 

c) just as the solvent front approaches the origin. 

In cases a and b, the results were identical although the spot in a dtied 

and that in b did not. In case c the spot smeared out and never became 

a rounded spot at all. These results indicate that the overnight equilibra

tion apparently does not affect a change in the nature of the solute-paper 

interaction that does not occur almost immediately. This interaction, 

however, does not occur when the solute is added at the solvent front 

and is immediately taken up in the solvent and smeared out. 

H. Solute Added to Developer 

An experiment to observe Interaction of phosphate solution 

added to the developer with a radioactive phosphorus-tagged spot 

applied to the paper revealed two rather interesting facets of the 

chromatographic system: the phosphate solution, as indicated by the 

blue coloration produced after spraying, travels behind the solvent 
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front visible on the paper; solute applied as a spot is displaced ahead of 

phosphoric acid traveling with the developer, as shown by scanning the 

paper for the tagged spot. Both of these phenomena are shown in Figures 

19 ,  20 ,  and  21 ,  which  are  th^  samples  descr ibed  in  Table  18 .  

TABLE 18 

CONCENTRATKW OF PHOSPHORIC ACID: ADDED TO DEVELOPER 

Paper No. Time of 
development 

Solution applied, 
0. 01 M NaH-PO 
{ P tagged) plus 

Aqueous portion of 
developer/15%, in 

pyridine/ethyl acetate 

136  4 hours 0. 01 M sodium acetate water 

137  4 hours 0. 01 M sodium acetate 0. 1 M H-PO^ 3 4 

206 7 hours 0. 02 M sodium acetate water 

207 7 hours 0 .02  M sod ium ace ta te  0. 005 M H-PO^ 3 4 

201  7 hours (no spot applied) 0 .005  M H,PO.  3 4 

217  41 hours 0 .02  M sod ium ace ta te  water 

218  41 hours 0. 02 M sodium acetate 0. 005 M H-PO. 
3 4 

221  41 hours (no spot applied) 0. 005 M H,PO^ 3 4 

In Figure 19, the blue stain showing the location of the phos

phoric acid can be seen behind the slow spot, which has been separated 

from the fast spot by developer moving ahead of the phosphoric acid 

band now appearing. Both papers were developed for the same length 



Figure 19. 0. 01 M Sodium Dihydrogen Phosphate plus 0. 01 M Sodium 
Acetate Developed Four Hours, with and without Phosphoric 
Acid in Developer. 
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Figure 20. 0. 01 M Sodium Dihydrogen Phosphate plus 0. 02 M 
Sodium Acetate, Developed Seven Hours, with and 
without Phosphoric Acid in the Developer. 



92 
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Figure 21. 0.01 M Sodium Dihydrogen Phosphate plus 0. 02 M 
Sodium Acetate, Developed 41 Hours, with and without 
Phosphoric Acid in the Developer. 
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of time with their respective solvents. The graph shown in the figure is 

drawn to the same scale as the actual chromatogram, and shows the 

location of the radioactive phosphate on paper 137. It illustrates that 

the spots on sample, 137 are in the same location as those on the chroma

togram developed with the usual water-carrying solvent. 

Figure 20 pictures the slight alteration in the location of the 

slow spot as the phosphoric acid developer in paper 207's developer 

advanced farther down the paper. The sample with water in the developer 

would have been identical to that developed with the acid-laden solvent, 

if the development had been stopped earlier. Paper 201, having had no 

spot applied, shows the progress of the acid as a control. 

The complete displacement of the slow spot up to the fast one 

is illustrated in Figure 21; again, the comparison between sample 218 

and the control without spot, number 221, shows that the radioactive 

phosphate, located with the graph shown, seems to be ahead of the 

phosphate in the developer, rather than mixing with it. All of the three 

papers were run for identical times of development. 

It is noteworthy that the separation of the fast and slow spots 

is complete, shown in Figure 19, before the phosphoric acid in the 

developer reaches the slow spot, and that the arrival of the acid at 

the slow spot changes it in such a way as to make it move rapidly 

enough to catch up to the faster spot. 



An experiment in which the solute added to the developer solu

tion was sodium dihydrogen phosphate instead of phosphoric acid led 

only to still slower-moving smears from the developer's phosphate, and 

similar results as to the effect on the radiophosphate-tagged spots. The 

matter was not pursued beyond this, with the acid-laden developer. 

Addition of a basic species to the developer's water component 

was examined for effect; sodium acetate was dissolved in the 15% water 

to be added to the pyridine/ethyl acetate to make 0.1 M and 0. 01 M solu

tions. This resulted in both cases, as with the phosphoric acid, in 

chromatograms identical to those with no acetate in the developer. Since 

there was no way to follow the progress of the acetate ion, or hydroxyl 

ions due to hydrolysis of that species, the development was allowed to 

proceed only until the separation of the phosphate spots was complete. 

The presence of either acid or base in the solvent used as developer 

seemed to have no noticeable effect on the original separation of the 

spots; the solvent front seemed not to be carrying any species different 

from that carried with water alone in the pyridine/ethyl acetate. 

I. Relative Spot Population 

32 
By making scans of P-tagged chromatograms and comparing 

the relative heights of the two peaks of activity which appear in the 

double-spot samples, the relative distribution of the original solute 

could be estimated. Since the spots were often not round, but slightly 
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orescent-shaped,, areas under the curves were not measured, but peak 

height taken as a fair measure. Table 19 shows the relative proportions 

appearing In the samples examined, H^PO^/NaH^PO^ being the height 

of fast spot/siow. 

TABLE 19 

RELATIVE PROPORTIONS OF FAST AND SLOW SPECIES 

Paper No. Solution applied H-PO./NaH-PO. 3 4 2 4 

130 0.02 M NaH,PO. 
2 4 

6. 3 

133 0. 05 M NaH-PO^ 
2 4 

1.8 

P4 0.001 M NaH PO^ plus 
0.01 M soduim acetate 

0.93 

136 0. 01 M NaH,PO^ plus 
0. 01 M sodium acetate 

2. 3 

138 0. 01 M NaH^PO^ plus 
0. 03 M sodium acetate 

0.44 

An example of the distribution picture is shown in Figure 19, 

which illustrates the undisturbed distribution graph, before the acid 

in the developer arrives at the slow spot to upset the system. 

J. Atmosphere of Chromatographic Tank 

The equilibration of papers before addition of the developer to 

the troughs to start chromatographing was always allowed to proceed 



for at least eight hours. The solutions put into the tank were, 'for the 

shorter chromatographic times, presumed to remain the same, unchanged 

by the presence of the organic phase in the trough and passing down the 

paper. The longer times, i. e., several days, however, in which the 

solvent dripped off the end of the paper into the bottom of the tank, did 

produce some change in the saturation solution placed in the bottom of 

the tank, in the beaker described earlier. The change was not notice

able in the set of chromatograms first run in the tank after a fresh 

equilibration liquid was used; but if the tank were not cleaned and the 

liquid in the beaker replaced after one of the long-term experiments, 

the subsequent chromatogram was affected. The manner in which the 

change occurred seems to have been in the formation of a film of 

organic liquid forming over the liquid in the beaker, lowering^ the 

vapor pressure of the water. The effect of the chromatogram can be 

seen by comparing Figure 22 with Figure 5; the chromatograms were 

identical in every way, including time of devtelopment, except for the 

state of the tank. The set shown in Figure 22 was placed in the tank 

after a long-term development on a previous set of samples, without 

replacing the liquid or cleaning the tank. Figure 5 shows the effect of 

cleaning the tank before the papers were placed in it, and replacing 

the liquid in the saturation-beaker. The distance traveled by the 

phosphate on the papers in Figure 22 has been markedly retarded 



Figure 22. 0. 01 M Trisodium Phosphate with pH Varied, 
Developed in Organic Vapor-Saturated Tank. 
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compared to that shown in Figure 5; the atmosphere in the tank, being the 

only variable.appears to have been the cause. 



IV. DISCUSSION 

In the foregoing chapters, experiments have been described 

which explored the part each of the major parameters in a chromato

graphic system plays in the formation of a chromatogram. The mechan

ism of the movement of the solute which is pictured from the results of 

these experiments must be consistent with chromatographic theory as 

well as the data gleaned in this investigation. 

Hints that perhaps all is not simple capillary movement as the 

solvent travels down the paper have been dropped here and there in the 

literature. For example, Hettler's comment (30) that solvents do not 

yi^id reproducible values until they have been used several times 

indicates that a developer must somehow interact with the paper to 

cauau changes in the solvent during its first contact with the paper. 

Weinberg and Keller (34) definitely saw a short, sharp change in the 

composition of the solvent at the advancing front; the extraction of 

water from the paper undoubtedly gives the solvent at the front some 

chromatographic properties different from the bulk of the developer. 

The mysterious region of the solvent front is the point on which 

the main focus of attention must fall in this discussion, for it is this 

short contact-area of the developer which seems responsible for the 

100 
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separation of the original solute into two spots. The clean separation 

between the two indicates that the developer is carrying apart two phos

phate species; any equilibration between the two that was proceeding at 

the original application site cannot occur after the solvent front arrives 

at the origin. If it could, there would be a smearing out of the solute, 

not a clean-cut division. The discontinuities described by Weinberg 

and Keller (34), by Bailey (33), and by Smith (1), are due to a dlrth or 

an excess of water in a narrow band in the developer. They do not 

appear to be a means of providing any ions to cause the transformation 

of a species such as HPO^ " to H^PO^ in the amounts used in these 

experiments. In the formation of the multiple spots described in this 

dissertation there seems to be involved a short discontinuity at the 

solvent front which arises from some species other than water being 

picked up from the paper by the developer. 

As a working hypothesis, the mechanism for the formation of the 

multiple spots in these experiments requires that: 

a) Contact with the acid-washed paper causes the developer 

to have a front enriched with a protonated species, prob

ably acetic acid from papers washed with that acid. 

b) The identity of the fast spot is phosphoric acid. 

c) The identity of the slow spot is sodium dihydrogen phosphate. 

s 
S  

1 
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d) These species are either formed by reaction with hydrogen 

ions on the paper at the application site, or, in cases of 

higher concentrations of phosphate, with the paper at the ' 

site and with the acetic acid-bearing front of the solvent. 

The sodium acetate formed by the exchange precedes the 

phosphoric acid down the paper. 

The neutron activation analyses of the sodium to phosphorus 

ratio at the spots showed that the faster of the observed phosphate spots 

is either phosphoric acid or some solvated species akin to it. Since 

both butanol/water and pyridine/ethyl acetate/water solvents, very 

different in character, produced identical analytical results for the 

sodium to phosphorus ratio, phosphoric acid seems the most likely 

identity. On the same sodium:phosphorus basis, the slower spot, 

regardless of solvent or starting salt, ends up as sodium dihydrogen 

phosphate or some solvated relative of that species having a 1:1 ratio 

of sodium to phosphorus. The source of the protons needed for forma

tion of these species is probably the only obvious source available in 

the system: acetic acid from the acid-washed paper. The actual sodium 

to phosphorus ratio determined included that on the paper at the time the 

solution to be chromatographed was applied. 

If the proton pick-up Jay the phosphate occurs at the site of spot 

application before the development of the chromatogram, then there must 
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be present, in the paper covered by the spread spot, sufficient hydrogen 

16ns to account for the number needed. The data in Table 20 shows the 

relative amounts of these presumably protonated species formed under 

different conditions; the milliequivalents of hydrogen ion needed in 

each case to do this protonation, and that required to protonate all of 

the acetate added in the spot solution, is shown in Table 20. Using 

TABLE 20 

MILLIEQUIVALENTS OF HYDROGEN NEEDED FOR PROTONATION OF 
SPECIES APPLIED TO PROBABLE SPECIES CHROMATOGRAPHED 

Meq. required for pratC>na:tion 

Paper No. Solution applied of phosphate of acetate 
to observed added with 

species spot solution 

130 0. 02 M NaH,PO. 
2 4 

1. 7 X 10-^ -

133 0. 05 M NaH-PO. 2 4 
3. 2 X 10-^ , -

134 0. 01 M NaH PO^ 
plus 0.01 M sodium 

5. 0 X 10-^ 1 X 10-^ 
f  

0. 01 M NaH PO^ 
plus 0.01 M sodium 
acetate (NaOAc) 

136 0. 01 M NaH PO. 
plus 0. 01 m NaOAc 

7. 0 X 10-5 1 X 10-^ 0. 01 M NaH PO. 
plus 0. 01 m NaOAc 

138 0. 03 M NaH-PO . 2 4 
6. 0 X 10-' 3 X lo"^ 

Ultee and Hartel's exchange capacity (28) fot the Whatman No. 1 paper, 

0. 008 milliequivalents per gram, the hydrogen ion available after acid 
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-5 
washing, assuming complete exchange. Is 6.6 x 10 mllllequlvalents 

per square centimeter. The applied spots covered an average of 1.54 

square centimeters, or 0. 013 gram of paper; hence the paper under the 

-4 
spread spot could supply a maximum of about 1x10 mllllequlvalents 

of hydrogen Ion. .The paper passed by the solvent before It reached the 

origin could provide, on the basis of the Ultee and Hartel determination, 

-4 
approximately 9x10 milllequivalents of hydrogen ion, as a maximum. 

In the experiments in which solutions of low concentrations of phosphate 

were applied (Table 5), the fast spot alone appeared, Indicating that the 

hydrogen ion available by exchange with the paper and/or the acetic acid 

at the solvent front was probably sufficient for conversion of all the phos

phate applied to H^PO^. The hydrogen ion needed depends upon the 

number of sodium ions to be replaced and the number of phosphate ions 

Involved. 

The fact that papers washed in acid allowed spot movement, 

while unwashed papers or those washed in water only did not (Table 11, 

Figures 2, 3, and 4) is further evidence for the importance of the hydrogen 

ion put on the paper In place of some other ions. Some of the ions replaced 

were sodium, as shown by activation analyses before and after washing. 

Subsequent washing with the sodium salt or EDTA did not noticeably 

change the results, indicating that alkaline earth metals are either all 

washed out by the acetic acid treatment, or do not interfere. 
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The effect of the water content of the developer, demonstrated 

in Figures 9 and 10, is consistent with the hypothesis that acetic acid 

is picked up by the solvent front in that, up to a minimum water content 

(Figure 10) of 5%, very little spot movement occurs, while from 5 to 10% 

water, increasing amounts of fast spot appear, and above that value up 

to excess water, the separation rate is the major parameter increased. 

There is, then, a minimum water content necessary to pick up any acetic 

acid, but the increase of the water content above 10% does not Increase 

the number of phosphoric acid molecules generated. Above the water-

saturated level, the effect becomes somewhat unpredictable, because 

the excess water in the developer undoubtedly causes other mechanisms 

to enter the picture. The butanol, being less miscible with water, was 

saturated at less than 15% water, so that distances moved by the two 

spots should not be directly compared with the results from the 15% 

water/pyridine/ethyl acetate developer. The fact that at the saturation 

level of water in the developer double spots may still occur if the phos

phate and/or sodium concentration is at some relatively high level indi

cates that the protonation of the phosphate is a competitive affair. 

Although the competition for the phosphate may be among 

several cations, or positive sites of some kind on the paper's cellulose 

fibers, one competitor must be sodium. Evidence for this postulate is 

the effect of variations in the sodium content of the solution applied, 

and in the neutron activation analyses showing that when some sodium 
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is removed from the paper, the phosphate can move away from the origin. 

The data shown in Table 7, in which the sodium content of the applied 

solution was varied while the phosphate concentration was held constant, 

indicates that the relative amount of phosphate left behind in the slower 

spot increases in a regular manner with increasing sodium ion concen

tration. The effect was the same for sodium acetate and sodium hydroxide, 

showing that the identity of the anion is not of significant importance. 

Variation of both the sodium to phosphorus ratio and the total concen

trations of the two constituents, outlined in Tables 8 and 9, indicate 

that both parameters are involved in the multispot phenomenon. The 

slow spot appears at a concentration of 0. 02 M when the sodium to 

phosphorus ratio is 1:1, at 0. 01 M phosphate ion when the ratio is 2:1. 

The diameter of the slow spot increases relative to the faster one as the 

ratio is increased to 4:1, at a phosphate concentration of 0. 01 M. The 

amount of H^PO^ formed may, evidently, be retarded by a relatively 

large number of sodium ions in the competition against hydrogen ion 

for the phosphate, according to the equation, 

NaPO.^ + H"^ ^HPO." + Na"^. 4 < 4 

That this is not due to a shift of equilibrium by pH changes in the 

solution applied is shown in the-study of the effect of changes in the pH 

of the applied solution. In Figures 5, 6, 7, and 8, sets of chromatograms 
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are shown in which the sodium to phosphorus ratio and total sodium 

concentration are held constant, while the pH of the solution was varied 

with hydrochloric acid and/or ammonia. The pH ranges from over 12 to 

about 2, yet the chromatograms show no significant differences from 

each other or from the solution containing the salt with no pH adjust

ment made. An exception to this is the disodium hydrogen phosphate, 

which barely has a slow spot in the unadjusted solution and which loses 

the slow spot on addition of ammonia and hydrochloric acid to make a 

solution of nearly the same pH as the salt alone but with the added 

electrolytes. The implication is that, if the working hypothesis is 

correct and the fast spot really is phosphoric acid or some solvated 

relative of it, that ammonium ions may either provide the protons neces

sary for the conversion, or the ammonium ion may travel with the phos

phate, as counter-cation. The fact that Curry got only a faster spot 

with ammonium phosphate solutions also points in this direction. The 

pH of the solution does not seem to be involved from the standpoint of 

equilibrium shift in the applied solution, perhaps because the small 

volumes applied do not contain enough excess or deficit hydrogen ions 

to affect significant proportions of the phosphate ions. 

The hypothesis that the front of the solvent is involved in the 

multispot formation, while the rest of the developer merely separates 

the two species formed, is strengthened by the experiments in the 

application of solute at the solvent front, in time of development, in 
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the presence of acid and base in the developer, and in the presence of 

sodium ions in front of, and separated from, the phosphate, which 

travel at or near the solvent front. The latter "lone" sodium ions were 

noted in the chromatograms in which the solvent front was not allowed 

to go past the end of the paper. In accordance with the working hypo

thesis, the sodium is probably accompanied by acetate ion. 

The time-of-development study illustrates, in Table 16 and 

Figure 14, the relative rates of travel of the slow and fast spots, an 

indication of their different identities, and the fact that the spots do 

not noticeably change in size as the separation occurs. The movement 

as a discrete spot, rather than a pronounced smearing out, is evidence 

for the assumption that an equilibrium is not being shifted in the removal 

of one species from another, but that some definite proportion of the 

original phosphate is moving out away from the rest and apparently 

retains its identity as it travels. Being passed by the developer no 

longer changes the slower spot into faster-moving material, nor the 

faster one into the slow species. 

The application of the phosphate at the origin just as the 

solvent reached that point, described in chapter 111, section F, resulted 

in a smeared out streak, rather than the neat spots usually produced. 

From the standpoint of the working hypothesis, this indicates that the 

establishment of the proportions of the two species may partly depend 
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upon the interaction of the solute with the paper's hydrogen Ions, and 

partly upon the solvent front's initiating the equilibrium that may . 

proceed between the acetdte and phosphate ions as the solvent front 

reaches the application site. Applying the spot at this front puts the 

whole solute into the moving, acetic acid-rich solvent front, and 

hence into a situation wherein the equilibrating species actually do 

smear out, because they cannot be separated as before. 

The addition of phosphoric acid to the developer, described in 

chapter. Ill, section G, gives further indication that the faster spot is 

really the protonated, phosphoric acid, species, in that the first 

developer that passes the applied spot gives rise to the double spot, 

but when the phosphoric acid in the developer arrives, in the sort of 

double front that occurs, all of the slow spot catches up to the fast 

spot. Figures 19, 20, and 21 show the progressive steps outlined; 

the first separation of the applied phosphate, followed by the arrival 

of the phosphoric acid in the developer, followed by the disappearance 

of the slow spot into the fast one, indicating that the acid in the 

developer has changed the slow spot into the same species of which 

the fast one is composed. 

Assuming that the two spots are identical after the slow one 

has been protonated by the phosphoric acid in the developer, then in 

the same solvent, they must travel with the same velocity, and the 

phosphate that was originally the slower species would never catch up 
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to the one leading the procession down the paper. However, the presence 

of the phosphoric acid in the front advancing the slow spot makes this 

portion of the developer a different solvent, either by virtue of the prob

able greater hydration of the acid, or of the different components. In 

either case, and the actual one is probably somewhere in between, the 

expression for the in terms of the cross-sectional areas of stationary 

and mobile phases will be altered (Equation 2). If the greater hydration 

of the acid is the primary effect, the term A in the equation's denomina-
m 

tor will increase, making A /A smaller, and R, approach 1/1. If the 
s m I 

change in the solvent is actually sufficiently great that the solvent may 

be considered almost a different one, then the a term will change, and 

again the R^ will be altered. The fact that the formerly slower spot 

catches up with the formerly fast one does not mean, then, that the 

two species are traveling at different R^'s, but that they are in two 

different situations. If the slower spot had not been present, and the 

faster one had been contacted by the advancing phosphoric acid-front, 

that spot would have been "speeded up" in the same way, and would 

move with the same new velocity or R^ as the one observed in the experi

ment described. The inference is that the spot which appears to have 

been accelerated to the point of catching up to the other will, when the 

two are consolidated and both in the same developer fraction, move with 

the same rate, since they will be identical and in identical situations. 
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The addition of a base to the developer, sodium acetate, was 

studied only from the appearance of the spots on the chromatogram, since 

no means for tracing the acetate ion was available. The description of 

the spots resulting from the development of the sodium phosphate salts 

with acetate-bearing pyridine/ethyl acetate points out that the chromato-

grams look just like those developed with the usual solvent. The ten-fold 

increase in acetate ion concentration gives no appreciable change in the 

appearance of the chromatogram, and the results are the same as for 

pyridine/ethyl acetate/water without the sodium acetate. If the solvent 

front were basic, i. e., could not contribute the hydrogen ions to the phos

phate, or picked up the protons from the paper to neutralize the acetate 

base instead of donating them to the phosphate in return for sodium ions, 

two spots would not have occurred, according to the working hypothesis 

under scrutiny. Since two spots did occur, the frontal acid band of the 

solvent must have been present, with the acetate ion sufficiently behind 

as to not affect the spots. These chromatograms were developed for five 

hours. The determination of the sodium content of the paper after developer 

had passed down it shows that the solvent does exchange ions with the 

paper, or extracts some sodium salt. 

The sodium ion separate from the phosphorus was not specifically 

studied, since most of the chromatograms were developed for such long 

periods of time that the solvent dripped off the paper for at least several 
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hours. In the instances in which it was noted, it was detected by the 

radioactivity induced by neutron activation. Since the samples developed 

with butanol were activated along with known amount of standard samples, 

the estimate of the amount of "lone" sodium was fairly accurate. Com-

-7 
parison of the amount of sodium added with the phosphate (1x10 mole 

_7 
for NaH2PO^) with that estimated at the "lone" sodium peak (2.4 x 10 

moles) makes plain the movement of sodium from the papfer. Since some 

sodium did stay with the phosphorus at the slow spot, the amount that 

appears without phosphate cannot have come from the solution applied. 

The sodium removed from the paper by the developer was probably 

replaced by hydrogen ions from the acetic acid in developer front, or 

some cationic species of the solvent, or some of each. The "lone" 

sodium spot is probably sodium acetate. 

The concept of several substances from the developer or its 

postulated acid front being substituted for sodium ions on the cellulose 

is strengthened by the experiment with two-dimensional development. 

The leaching out of more fast spot species from the original slow spot", 

leaving some slow species even after the second development, is shown 

in Figures 15 and 16. According toi the working hypothesis, the slow 

spot was NaH^PO^, which is changed to H^PO^ as the acetic acid-

carrying solvent front reaches it. If all the acetic acid put on the paper 

were • picked up by the solvent front during the development in the 

first dimension, then there would be no acid front the second 
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development. But if the drying of the paper between developments 

removed the organic solvent, leaving behind on the paper the protons 

that may have held the pyridine, ethyl acetate, or water to the cellu

lose, with say acetate as counter-ion then there might feasibly be, 

again, a few acetic acid molecules to be picked up at an advancing 

solvent front. The smearing of the slow spot by the second development 

Indicates that the discontinuity in the solvent is less sharp, even though 

the developer was, as.usual, freshly prepared. . 

The equilibration of the paper with water-saturated-with-solvent 

vapors before chromatographing may also have a role in this solvent-front 

formation, as seen in comparison of Figures 5 and 22. The changes 

wrought in the paper in the equilibration step are apparently mainly 

water saturation, but the complex cellulose-water system is not under

stood sufficiently to allow speculation about the condition of dissociation 

or orientation of the water in the "cellulose-water complex. " 

The over-all view of the conditions under which the multiple 

spots are formed by ortho- and pyrophosphate is one of overlapping, 

interlocking complexity. The pretreatment of the paper, the entire 

composition of the solution applied, the composition of the developer, 

the atmosphere in the tank, and the time of development are all of major 

consequence. Thse conditions overlap and interact so that a variety 

of combinations of the parameters can produce the multiple spots. 
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