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A method of using adsorption in a dIfferential 
countercurrent maimer was invented in 1906 by Michael 
Tsvrett. 

The invention of this specialized l oratoxy pro 
coduro, which Tswott called chroiatography, brought 
about, and will continue to bring about conquests in new 
fields of science and tecbnology. Its applicatIons are 
widespread and varied; it may be used for resolutions of 
miztures of certsLn substances; for the quantitative and 
qualitative analysea of both organic and inorganIc cori- 
pounds; for the purification of substances; for doter- 
ninations of molecular structure and homogeneity, and 
other important procedures. 

A serious limitation encountered in the field of 
ehromatograph, however, has boon the lack of an adequate 
quantitatIve theory. Ideally, such a theory of chromatog- 
raphy should defino or describe the fornation and develop-' 
nient of the adsorptive zones, their rates of movement, 
their d1riensons of concentratIon, and their spatial re- 
lationships. A rule or set of rules is needed which might 
accurately predict the character of the chronmtogram 
without the need for empirical investigation, and also 
clarify experimental results and lead to predictIons of 
possible new methods and observations. 

Much work has boon done to arrive at this goal, 
but no Investigator has been able to present a theory 
quantitative enough or Infallible enough to be practical. 

¶ftLe present work was undertai:en in order to invest- 
igate the possilility of the develoiient of a quantita- 
tivo theory based on the Freunlich and the Lanuuir ad- 
sorption coofficienta, i. e., the constants of the ad- 
sorption isothoris. 

An attempt bas boon made to relate those coeffi- 
cients with the adsorption affinities in the ohromato- 
graphic column, using oil soluble dyes for the adsorbates, 
silica gol for the adsorbent, and a benzene-ligroln 
mixturo for the solvent and developer. 
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THE CORRElATION 0F AD$ORPTION COEFFICIENTS 
AND CHROMATOG-RAPHY OF SOME OIL SOLUBLE DYES 

INTRODUCTION 

NATURE AND USES 0F CHROMATOGRAPHY. A method of' 

using adsorption in a differential countercurrent manner 

was invented by Michael Tswett in 1906 during his studies 

on the chemistry of' chlorophyll. The invention of' this 

specialized laboratory procedure, which Tswett named 

chromatoßraphy, has brouit about, and will continue to 

bring about, conquests in new fields of science and tech- 

noloy. Its applications are widespread and varied; it 

offers an experimental procedure to the investigator not 

only in all fields of chemistry, but also in other fields 

such as physiology. 

One of the important advantages of chromatography 

over other laboratory procedures has been its capacity 
to effect the separation of small amounts of substances 

from very large quantities of' solvent (6, pp. 764.,.765). 

Compared with distillation, chromatography possesses 

several advantages. Ev-en for difficult separations, it 

may use effectively the simplest apparatus; separations 

may be brought about by this method whereas they may not 

be by distillation because of the substances' inherent 

instability at increased temperatures, or because of 

excessively high boiling point ranges. 
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Two or more compounds structurally alike with the 

exception of very small differences have been spatially 

separated easily and rapidly by means of chromatoraphic 

adsorption, whereas by other means resolution has proved 

to be most difficult or impossible (19, p.111). 

Methods of chromatography have been found useful 

also in qualitative and quantitative analyses, both organic 

and inorganic; determinations of molecular structure; the 

testing of the identities or nonidentities of substances; 

purification of substances; control of technical products; 

and regeneration of substances from complex addition corn- 

pounds (19, pp. 6-11, 304-324). 

Chromatographic observations have provided new 

clues to the mechanism of many obscure phenomena, especial- 

ly those of photosynthesis (12, p.25). 

Along with the methodt s advantages, however, a 

number of disadvantages have been encountered. Inherent 

in the procedure, because it is one of adsorption, is the 

possibility that substances may undergo chemical change 

when in the adsorbed state, or at any rate during the 

process of adsorption and desorption. 

It has been shown, for example, that cis compounds 

may be isomerized to the trans forms; Zecbmeister and co- 

workers found some transformation of cis-benzoin oxime and 

cis-anisoin oxime to the corresponding trans forms, when 
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these compounds were adsorbed (20, pp. 1922-1924). 

Hydrolyses, such as observed to occur when diacetyl toxi- 

carol in chloroform solution was passed throui a column 

of activated alumina (i, pp. 717-718), have presented 

certain problems. 0f course, preventatives for certain 

chemical reactions have been found, e.g., the treatment 

of charcoal columns by hydrocyanic acid to obviate the 

oxidation of amino acids on such columns (14, p. 5). 

It has often been found simpler to circumvent 

these difficulties by the ¿bice of a different adsorbent 

or solvent which would permit separation without decompo- 

sition. 

THE HEED FOR A THEORY 0F CHROMATOGRAPHY. Probably 

a much greater limitation encountered in the field of 

chromatography is the lack of an adequate quantitat±ve 

theory. Ideally, a theory of chromatography should define 

or describe the formation and the development of the zones 

of adsorbates, their rates of movement, their concentration 

dimensions, and their spatial relationships (2, p. 213). 

Workers in this field have felt a great need for a 

workable rule or set of rules which might accurately pre- 

diet the character of the chromatogram without the need 

for empirical investigations, and also clarify experimental 

results and lead to predictions of possible new methods or 

observations. 



Much work has been done to arrive at this coal, but 

no investigator has been able to present a theory or set 

of' theories quantitative enough or infallible enough to 

be practical (13, pp. 181-182). Attempts to establish these 

theories have been based largely on the physical and ohemi- 

cal properties of the particular systems involved, and of 

the individual components of those systems. 

The present work was undertaken in order to investi- 

gate the possibility of the development of a quantitative 

theory based on the adsorption coefficients of the ad- 

corbatee. By adsorption coefficients is meant those 

empirical constants dependent on the nature of' the com- 

pounds and on the temperature. These constants are k and 

n in the Freundlich equation, x/m kcl/1, and a and b in 

the Laniuir equation, x/m ac/i-i-bc, where x is the 

number of milligrams of substance adsorbed by m grams of 

adsorbent, and e is the concentration of adsorbate. 

An attempt has been made to relate these coeffi- 

ciente of ordinary Freundlich-type adsorption with the 

adsorption affinity in the chrornatographic column. The 

latter quantity has been characterized by LeRosen (7, 

p. 1905) as R, and defined as the ratio of the displace- 

ment of' the adsorptive zone to the displacement of the 

solvent. 



IOHANI5h OF ADSORPTION. At the surface of a sub- 

stance, either a solid or a liquid, the molecular forces 

are in a state of unbalance or unsaturation; that is, the 

molecules or ions in the surface do not have all their 

forces satisfied by union with other particles. As a 

result, solid and liquid surfaces tend to satisfy their 

residual forces by attracting onto their surfaces gases or 

dissolved substances with which they come in contact. This 

phenomenon is known as adsorption; the substance attracted 

to a surface is called the adsorbed phase or adsorbate, 

while the substance to which it is attached is the ad- 

sorbent. 

If a solution of one or more compounds, either 

colored or colorless, is shaken with a suitable adsorbent, 

there occurs between the two phases a partition that is 

determined by mass relationships and adsorption coeffi- 

cients (19, p. i). Thus it may be seen that adsorption is 

a distributIon process. 

Similarly, chromatography is an adsorption process 

which owes its superiority over the simple adsorption to 

its countercurrent nature. 

Chrornatographic adsorption, as is any adsorption, 

is produced by forces acting between the molecules of ad- 

sorbent and those of the substance to be adsorbed, forces 

similar to those which hold together the atoms in a 



molecule. These forces depend on the nature of the ad- 

sorbent (io, p. 813), and on the molecular arrangement of 

the substances passed through the column. 

ATTEMPTS AT ESTABLISHING- THEORIES. In the past 

few years since 1930, in which chromatography has come to 

receive recognition as a standard analytical tool, many 

quantitative theories have been proposed; some of these 

have bearing on this experiment. 

J. N. Wilson in 19O (18, pp. 1584-1588) was the 

first to develop differential equations governing the 

process of chromatography, specifically zone profiles and 

adsorption equilibrium conditions. However, his equations 

were capable of more than one solution, as found by DeVault 

(4, pp. 533-534) and Weiss (17, pp. 297-303), who haire 

shown that correct results could be obtained only when the 

adsorbed amount was strictly proportional to the concentra- 

tians of a band of a single solute possessing a non-linear 

isotherm change with development. 

Wilson indicated that the length of the column and 

the amount of pure solvent required for the separation of 

two substances were related to 

of the two solutes; but Coates 

1314) have obtained results wh 

with this. The latter present 

the separation of two solutes, 

the adsorption 

and G-lickauf 

ich were not in 

a mathematical 

the adsorption 

coefficiente 

5, pp. 1312- 

agreement 

analysis of 

of which 
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follows a Langmuir isotherm. They found that, for sub- 

stances difficult to separate, the minimum amount of 

adsorbent was proportional directly to the quantities to 

be separated, and inversely to the saturation capacity of 

the adsorbent and the square of the relative difference 

of the adsorption coefficients of the solutes. This 

theory will not work well for the Freundlich type of iso- 

therms, because the mutual influence of the two solutes 

cannot formally be expressed; neither is it valid for 

linear isotherms, Coates and 0-l!ckauf also investigated 

the form of chromatograms as characterized by various 

types of isotherms. 

Weil_Ivialherbe (16, pp. 303-312) has related the 

exponential coefficient of Freuridlichts isotherm to the 

shape of the elut ion curve of the chromatogram. 

The rate of the movement of the adsorbed zone as 

a function of column position, initial concentration, and 

initial volume, has been investigated by LeRosen (8, pp. 

87-90). The initial concentration of the solute affects 

the leading edge of the zone slightly; the other variables 

are negligible in their effects. 

Rates of development predicted from isotherms, 

using silicic acid-celite adsorbent, and also a technique 

for determining precisely the distribution of a compound 

in a zone on a column, i.e., the profile of the zone, were 



studied by Trueblood and Malmberg (15, PP. 4112-4124). 

These investigators worked with six compounds, five of 

which were 4-nitroaniline and four different derivatives 

of this compound, which are closely related in structure 

but vary widely ìn adsorption affinity; the sixth was a 

compound of very dissimilar structure with an inter- 

mediate adsorption affinity. 

Even though their work in some cases showed good 

agreement between experimental data and theoretical pre- 

dictions, it was evident that thirty-eight per cent of 

the final results were merely qualitative; the deviation 

from the theory the case from fifteen 

to fifty per cent. 

The literature, including the latter paper, reveals 

no adequate general study of adsorption coefficients of 

organic compounds or any reasonable basis for comparison 

with theory (9, pp. 39-41). 

PURPOSE OF THE INVESTIATION. Accordingly, the 

present investigation was undertaken to test a theory on 

organic compounds differing in nature from those used by 

Trueblood and Ialmberg. 

An attempt was made to affirm the postulation that 

chromatographic behavior could be accurately predicted 

from the knowledge of adsorption coefficients, and that the 

prediction should not necessitate the prior determination 



of chromatoraphic data. 

The investigation was to show whether the theory 

would be valid for organic compounds unlike in both 

molecular structure and adsorption affinity. That there 

would be a quantitative correlation of theory with 

empiricism when considering compounds which are similar 

in molecular structure might be safely predicted. 

To achieve this, four oil soluble dyes, shown in 

Table 1, were used. Two of these were azo-type dyes; 

the others, anthraquinone dyes. 



SUDAN BLUE 
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OH 
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SUDAN YELLOW GGA SUDAN ORANGE RA 

rn.p. 117'-I)8 m.p. 13!34 

THE OIL SOLUBLE DYES 

USED FOR ADSORPTION 
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EXPERI1ENTAL PRO CEDURES 

ILATERIALS USED FOR ADSORPTION. The adsorbent used 

in all of the work was Davison commercial activated silica 

ßel, mesh size 200. This adsorbent was dried before use 

by heating to 200°C, for about two hours, then cooled in 

a vacuum desiccator. Care was taken at all times to keep 

the exposure of the adsorbent to air at a minimum. 

For the solvent and developer, a mixture of benzene 

and liroin was used. Commercial grade benzene, dried with 

calcïum chloride and sodium, and 28-38°C. ligroin were made 

up in a volume ratio of 90.0% and 10.0%, respectively. 

The compounds which constituted the adsorbed phases 

were commercial oil-soluble dyes of reagent grade. Melting- 

point determinations were used to check their purity, 

These compounds were Sudan Blue G-A (l-methylamino-4-p- 

toluinoanthraquinone), Sudan Green 4B (1,4 p-ditoluino- 

anthraquinone), Sudan Orange RA (1-benzeneazo 2-naphthol), 

and Sudan Yellow GGA (p-dirnethylamino azobenzene). 

Concentrations of all the dye solutions, both 

original and equilibrium, were determined quantitatively 

with a Beckman Iodel B Spectrophotometer, 

Working, with dye solutions of known concentrations, 

the Beer-Lambert law was found to be obeyed very well 

in all cases, even though the useful range of optical 
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densities often did not coincide with the absorption max- 

lIna. 

DETEHiiINATION OF ISOTHERNS. In the measurement of 

adsorption isotherms, a volume of 15.00 to 20.00 muli- 

liters of dye solution was pipetted into a glass-stoppered 

flask which contained 0.600 gram of adsorbent. After being 

thoroughly mixed, the mixture was allowed in each case to 

stand for forty minutes. The proportion of adsorbent to 

solution was so chosen that the amount of adsorption of 

the compound fell within a range of 20 to 65 per cent. 

The original concentrations ranged from 0.05 to 1.40 mliii- 

grams per milliliter; the equilibrium concentrations 

varied from 0.03 to 0.61 milligram per milliliter. 

Concentrations of the dyes were kept within such a 

range that linear isotherms should 'be obtained. This was 

necessary to insure the independency of R in relation to 

concentration. 

CHROiïATOGRAPHIC PROC.EDURE. Each chromatograrn was 

carried out in a graduated Pyrex tube, of which the inside 

diameter was 19 millimeters and the length was 200 muli- 

meters. 

After the method of Trueblood and 1ialmberg (15, 

p. 4115), a slurry of the adsorbent and the solvent was 

poured into the tube without suction, permitted to stand 

for about two minutes; then the suction of the aspirator 
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was applied and the colunrn contracted. into position in 

about thirty second.s. The final height of the latter was 

140 to 160 millimeters. 

To prevent erosion ot the top of the column by the 

solvent, a flat circular fine-mesh wire screen was placed. 

over the surface of the ad.sorbent before addinE solvent. 

One milliliter of sample, containing 0.1 milligram 

of dye was used. for each chromatogram. By checking with 

other concentrations it was found. that the chromatography 

of the dyes was independent of concentration. 

The rate of movement of the adsorbed zone in the 

column was based on the measurement of the movement of 

the midpoint of the zone. This was permissible because 

of the linearity of the isotherms in the systems investi- 

gat ed. 

No correction was made in the development rates for 

a possibility of coning or surface spreading of the zone, 

even though some investigators found that the true mid- 

point of the zone was from five to ten per cent below the 

surface midpoint (15, p. 4116). In all phases of the 

experiment the temperature was 23+2°C.; for each individual 

isotherm, the temperature was constant. 

To determine the value of the interstitial 

volume per unit length of chromatographic column, which is 

required for the calculation of R, the ratio of the linear 



14 

rates of movement of the midpoint of the zone and the 

developer throuEh the column (7, p. 1906), the stoppered 

column was weighed before and after puttinE in it a known 

amount of adsorbent and an unknown amount of solvent which 

was exactly enough to fill the interstitial spaces of the 

packed column. By difference it was possible to calculate 

the volume of the solvent, thus obtaininß ° . The weicht 

iI, of adsorbent per unit length of column, which also was 

required in order to mathematically determine R, was found 

from the measurement of the heißht of the weiEhed adsorbent 

packed in the column. The interstitial volume in muli- 

liters per millimeter length of column was 0.218; k was 

found to be 0.185 gram per millimeter. 



15 

EXPERI1vEITÂL RESULTS 

TABLES OF THE L3OTHERMS. Data obtained in deter- 

minina the adsorption isotherms on silica e1 of the four 

dyes used are given in Tables 2, 3, 4, and 5. The corres- 

ponding isotherms are shown graphically in Figures 1 to 4. 

CONSTANTS OF THE ISOTHNS. To determine the 

Freundlich adsorption coefficIents, for each compound a 

plot was made of log x/m against log C. The ordinate 

intercept was taken as k; n was equal to the reciprocal of 

the slope. In the case of the Langmuir coefficients, b 

was found as the slope divided by the ordinate intercept, 

and a, the reciprocal of the intercept, from the plot of 

C/x/m versus C. The values of these constants are given 

in Table 6. 
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Sudan Blue 

C, me/mi x/xn, m/ C, m/rn1 x/in, m/ 

0.049 2.58 0.292 16.93 

.090 3.67 .358 18.07 

.149 6.27 .387 20.40 

.180 10.67 .490 23.67 

.200 13.00 .610 26.33 

TABLE 3 

Sudan Green 

C, m/m1 x/m, m&/ C x/m 

0.033 0.425 0.335 4.12 

.066 .85 .480 5.00 

.130 1.75 .479 5.50 

.202 2.45 .548 6.27 

.264 3.40 
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Sudan 0rane 

C, me/ml x/nì, m&/ C 

0.073 0.68 0.428 4.30 

.142 1.45 .496 5.08 

.220 2.28 .573 5.67 

.283 2.92 .650 6.25 

.352 3.70 .718 7.00 

TABLE 5 

Sudan Yellow 

C, me/ml x/m, mE/e C xis 

0.118 2.05 0.390 5.25 

.195 2.63 .450 6.25 

.225 3.63 .520 7.00 

.326 4.33 .605 7.40 



Compound Coefficients 
k n a 

TABI$ 6 

b 
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R(calc) Pt(obs) R0/R0 

s Blue ¿457 1.05 53,4 0,01 0.023 

s Green 10.9 1.12 12.9 0.18 0.090 

s Orange 9.7 1.00 10.0 0,00 0.107 

s Yellow 10.6 1.25 15.6 0.50 0.082 

0.0076 0.328 

0.044 0.489 

0,022 0.205 

0.0065 0.080 
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DISCtJSION OF RESULTS 

The isothernas of all four systems were found to be 

linear, or nearly so, within the rance of concentrations 

studied, 

In Table 6 are found the results of the studies 

designed to find correlation between adsorption coeffi- 

dents and the rates of development of the chromatorams. 

There are presented for each dye the empirically-determined 

constants, or coefficients, for each isotherm; the rate of 

development calculated from the equation, R s 'Ma 
i + 

where a is the Freundlich coefficient k or the Laniuir 

coefficient a; the rate of development observed, i.e., 

the ratio of the linear rates of movement of the midpoint 

of the zone and the developer throui the column; and the 

ratio of the observed development rate to that calculated. 

Theoretically, since all the isotherms were essen- 

tially linear, the Freundlich constant k and the Langrnuir 

constant a should be equal; however, in these experiments 

they were found to differ slightly. The effect on the 

results was negligible when R was calculated from an 

average of k and a. 

A more marked disaEreement was obtained in the 

comparison of the values of R. The ratios of the observed 

to the calculated ranged from 0.080, that of Sudan Yellow, 
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to 0.489, that of Sudan Green. For ud.an Blue, the ratio 

was 0.328, and that of' sudan OranBe was 0.205. 

No correlation of adsorption coefficients with the 

development rates can be seen for any of the four dyes, 

excepting the indication that the greater the value of the 

Langnuir adsorption coefficient b, the higher the value of 

the rate ratio. Since this latter relationship is not a 

linear one, it is difficult to evaluate its siEnificance 

from the limited data available. 

Obviously, the adsorption in the columns was much 

greater than was indicated by the isotherms. It has been 

predicted, and confirmed in certain cases, that the more 

rapidly developed zone, i.e., the adsorbate which exhibited 

relatively less adsorption affinity, would move at a rate 

which was more nearly equal to the predicted rate than 

was that of the zone developed more slowly (15, p. 4118). 

However, no evidence supporting that postulation was ob- 

tamed in this experiment. 

The only work described in the literature in which 

sorne correlation was found between theoretical and experi- 

mental rates oÍ' development was that of Trueblood. and 

Ia1mber (15, p. 4117). 

It has been mentioned, however, that their results 

yielded quantitative correlation in only thirteen of 

twenty-one systems, or 62%. 



In several cases, investigators have observed that 

the constants of the isotherm, usine charcoal for the 

adsorbent, varied with dilution and, the amount of adsorb- 

ent (5, pp. 78-79; 11, pp. 225-228). This arouses the 

speculation, that, in the determination of the isotherms, 

the proportions of adsorbent to solution could have been 

so chosen that the resultinE per cent of adsorption in 

each case would have been an optimum value, i.e., a value 

more conducive to positive correlation. 

What such a value might be, if possible, was not 

indicated by the data, since for the four dyes the per 

cent of adsorption ranged widely, from approximately 

twenty to approximately sixty-five per cent. 
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001W LUS ION 

The results indicate that there is no correlation 

of adsorption coefficients with the chromatographic be- 

havior of certain oil soluble dyes in benzene-ligroin 

solutions on silica gel. 

Results obtained in this investigation show that 

relationships that have been reported to hold fairly well 

for some systems do not apply to all adsorbate-adsorbont- 

solvent combinations, 
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SU1MARY 

A quantitative experimental study has been made of 

the adsorption and the chromatographic behavior of some 

oil soluble dyes on silica gel, using a mixture of benzene 

and petroleum ether as solvent and developer. 

Adsorption coefficients have been obtained by 

graphical methods from the adsorption isotherms using both 

the Freundlich and the Lannuir relationships. Values of 

R have been experimentally determined in the chromato- 

graphic studies. 

The attempt to correlate the adsorption coeffi- 

cients with the experimentally-observed ratios of the 

linear rates of movement of the midpoint of the zone and 

the develoDer through the column, was based on the fact 

that, in the range of concentrations studled, all the iso- 

therms were essentially linear. 

All the results were indicative of much greater 

adsorption in the 

interpretation of 

correlation, of t: 

chromatography of 

tamed. 

column than would be predicted from the 

the isotherms. Consequently, no direct 

.ie adsorption coefficients with the 

the oil soluble dyes, could be ascer- 
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