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Reprinted from the Journal of the Chemical Society, 1940. 

109. Adsorption at the Interface between Two Fluids. Part III. The 
Adso1·ption of Five Dyes at a Mercury-Wate1· Interface. 

By C. W. GIBBY and C. ARGUMENT. 

The adsorptions of methylene-blue, Congo-red, Bordeaux extra, indigo-carmine X, 
and Solway ultra-blue B at mercury-aqueous solution interfaces have been measured. 
In each case the adsorption passes through a maximum as the concentration increases, 
and is always positive. Interfacial-tension measurements have also been made, and 
values of the adsorption calculated from them by means of Gibbs's equation. These are 
not in agreement with the measured values, and are in some cases negative. 

IN Parts I and II (J., 1936, 119, 1306) the adsorptions of certain dyes at water-organic 
liquid interfaces were measured, and compared with those calculated by means of Gibbs's 
equation, r = -c(dafdc)fRT, from measured values of interfacial tensions. 

The present report deals with the adsorptions, at the mercury-water interface, of three 
of these same dyes, Corigo-red, Bordeaux extra, and methylene-blue, and also of two 

FIG. 1. 

J! 
I 2 .l 

I 2 6 g.-mo/s.(x!O-J)/1. 3 4 5 
O!fe concent:l'ation. 

I. iW:elllylene-blue (measured). 
II. Melllylene-bltiB (tlleoreli~,;al). 

others, indigo-carmine X (the potassium salt of indigotin-5: 5'-disulphonic acid) and 
Solway ultra-blue B (the sodium salt of 1-amino-4-anilinoanthraquinone-2-sulphonic acid). 
The last two were chosen to include two types of structure, indigoid and anthraquinonoid, 
not previously studied. Attempts to carry out measurements of this type for the mercury­
water interface seem to be limited to those of Patrick (Z. physikal. Chem., 1914, 86, 545), 
whose determinations are only comparative. 

\lVith all five dyes the measured adsorption passes through a maximum with increasing 
concentration (Figs. 1, 2, 3; Table I). A similar phenomenon was observed in many of 
the cases previously studied (locc. cit.), though both the adsorbing liquid and the experi­
mental method were entirely different. 

The areas of interface per molecule adsorbed at the concentration of maximum adsorp­
tion are shown in Table n:together with the approximate areas of the molecules, found by 
drawing projections of their outlines to scale on a plane, as in Parts I and II. It has been 
assumed that the molecule of Solway ultra-blue B is coplanar, hence the area estimated in 
this case is a maximum value. The ratios of the two sets of values suggest considerable 
orientation of the molecules at the interfaces. The difference between the ratios for 
Congo-red and Bordeaux extra is striking, as the structures of these two dyes are closely 
related. 

596 
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FIG. 2. 
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V. Bordea11x extra (measured). 
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TABLE I. 

Surface Adsorption Surface Adsorption Surface Adsorption 
Initial area coeff. Initial area coeff. Initial area coeJI. 
concn., X 10"\ X 107, concn., X 10_., X 107 , concn., X lo-4, X 107, 

g.fl. cm.1 • g.fcm.s. g./1. em.•. g.fcm.o. g./1. cm.0• g.fcm.1• 

Methylene-blue. 
0·425 2·15 1-4±0·1 0·850 1·55 4·1 ± 0·4 1·710 1-40 5·8 ± 0·6 
0·500 1·61 2·1 ± 0·2 1·000 2·11 2·6 ± 0·3 2·000 1·16 4·6 ± 0·5 
0·650 1·74 1-6 ± 0·2 1·300 1·33 5·7 ± 0·6 

Congo-red. 
0·125 1·61 2·5 ± 0·3 2·000 1·87 53·5 ± 5·4 3·000 1·57 47·8 ± 4·8 
0·250 2·06 5·7 ± 0·6 2·000 2·34 49·0 ± 5·0 3·500 1·41 29·1 ± 2·9 
0·500 1-61 15·2 ± 1·5 2·500 1·40 54·0 ± 5·4 4·000 1·96 22·2 ± 2·2 
1·000 1·32 24·5 ± 2·5 2·800 1·74 53·0 ± 5·3 6·000 1-18 5·7 ± 0·6 
1-500 1·36 30·3 ± 4·0 

Bordeaux extra. 
0·100 3·05 0·9 ± 0·1 0·500 1·54 3·7 ± 0·4 1·000 1-56 1-1 ± 0·1 
0·200 3·80 1-4 ± 0·1 0·600 1·70 2·3 ± 0·2 2·000 1·45 0·8 ± 0·1 
0·330 l-01 2·4 ± 0·2 0·730 1·77 1·6 ± 0·2 

Indigo-carmine. 
1-110 1·50 0·9 ± 0·1 2·810 1·30 2·8 ± 0·3 6·000 1·33 1-5 ± 0·2 
1·730 1·46 1·4 ± 0·1 4·000 1·56 2·5 ± 0·3 7·700 0·84 1·7 ± 0·2 
2·500 1·42 2·2 ± 0·2 5·000 1·48 2·0 ± 0·2 

Solway ultra-blue. 
0·300 2·08 0·8 ± 0·1 1·850 1·96 2·4 ± 0·2 3·300 1·61 1·7 ± 0·2 
0·700 2·84 H ±0·1 2·400 1·43 2·2 ± 0·2 3·860 1·85 1·3 ± 0·1 
1·000 1·29 1-8 ± 0·2 2·800 1·27 1·8 ± 0·2 5·000 1·56 l-1 ±0·1 
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Methylene-blue .................... . 
Congo-red .................... f •••••• 
Bordeaux extra .................... . 
Indigo-carmine .................... . 
Solway ultra-blue ................. . 

TABLE II. 

Actual area, A.2• 

140 
192 
153 
168 
176 

FIG. 3. 

Area of interface per molecule 
at maximum adsorption, A.1• 

63 
2 

33 
27 
28 

0·~ 1·0 1·2 g.-1111J1s.(A!O-~J/l. (fnrflfr·r:trl'."!!.'nf). 

1·0 t.'s-g.-mols.(xto-Z];t.'(Solwa!l ultra-6/u~) 
Dye concentration 

VII. I·ud·igo-ca7m·i·11B (n18asurad). 
VIII. ., ., (theoretical). 
IX. Sol111ay ultra.-bltte (maasrcred). 

X. (theoretical). 
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Interfacial tensions between mercury and aqueous solutions of the dyes have been 
determined by a drop-number method, and are shown in Fig. 4 and Table III. Exact 
agreement between measured adsorption and that calculated from the form of Gibbs's 
equation quoted above is not to be expected, on account of the latitude in evaluating 
dafdc, the use of concentrations instead of activities, and of factors such as the influence 
of electrical double layers, of which Gibbs's equation takes no account. The values of the 
interfacial tensions and of the adsorption coefficients calculated from them are nevertheless 
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TABLE III. 
Concn., Drop a, Concn., Drop a, 

g.fl. no. dynesfcm. g.fl. no. dyuesfcm. 
Methylene-blue. 

0·000 208 374 0·200 222 362 
0·100 216 363 0·400 226 346 

Congo-red. 
0·000 208 374 0·260 225 347 
0·022 213 366 0·500 226 347 
0·044 216 361 0·760 224 348 
0·063 220 364 1-000 221 352 
0·125 224 348 1·500 220 354 

Bordeaux extra. 
0·000 208 374 0·400 223 350 
0·050 212 368 0·500 225 347 
0·100 214 365 0·600 226 346 
0·200 218 358 0·750 225 347 
0·300 221 353 0·910 218 358 

Indigo-carmine. 
0·000 208 374 0·500 244 322 
0·063 223 350 1-000 249 316 
0·125 230 340 1-500 251 313 
0·250 238 329 2·000 253 311 

Solway ultra-blue. 
0·000 208 374 0·500 223 359 
0·060 210 371 1·000 227 344 
0·100 212 368 1·500 229 341 
0·200 21"7 360 2·400 231 330 

Concn., 
g.fl. 

1-000 
2·000 

2·000 
3·000 
4·000 
5·700 
7·000 

1-000 
1·500 
2·000 

2·800 
4·200 
7·000 

4·000 
5·000 
7·000 

Drop 
no. 

230 
232 

220 
221 
222 
225 
227 

216 
214 
216 

254 
254 
254 

232 
232 
232 

a, 
dynesfcm. 

340 
337 

354 
353 
351 
347 
344 

361 
364 
361 

310 
310 
310 

337 
337 
337 

recorded (Table III, Fig. 4; Figs. I, 2, 3) because of the great discrepancies between the 
latter and the measured values. With methylene-blue, Solway ultra-blue B, and indigo­
carmine X the interfacial tension falls with increasing concentration to a practically con­
stant value, leading to a " theoretical " adsorption curve of the same form as that found 
by measurement, though of different dimensions. In this they resemble the behaviour of 
methyl-orange, Congo-red, and Bordeaux extra when adsorbed on benzene, chlorobenzene, 
and light petroleum. For the last two dyes the interfacial tension-concentration curves 
show two inflexions, similar to those found for the surface tension of laurylsulphonic acid 
and quoted by McBain and Mills ("Report on Progress of Physics," 1938, 5, 30, where 
references are given to other tension curves which reach or pass through a minimum). 
These lead to " theoretical " values for the adsorption which change from positive to 
negative and again from negative to positive with increasing concentration. This change 
of sign is independent of the use of concentrations instead of activities in Gibbs's equation, 
and of errors in assessing the numerical magnitude of dcr/dc. In none of the cases investi­
gated do the curves representing the "theoretical" and measured adsorptions coincide at 
small concentrations, as would be the case if the only cause of the discrepancy were the 
omission of activity coefficients. No evaluation of possible activity coefficients could be 
carried out, therefore, as was done for methylene-blue (on chloroben~ene), Congo-red (on 
benzene), and Orange-II (on light petroleum) in Part II. 

ExPERIMENTAL. 

Adsorpt·ion Mea.su1eme1ats.-Mercury stored in a reservoir A (Fig. 5) fell in a very rapid 
stream of small drops through a fine jet B, dipping below the dye solution contained in the 
inclined tube C. The drops moved slowly down to tlte syphon D, through which they passed 
as a sludge, aided if necessary by gentle stirring with a glass rod, and fell into a beaker E. The 
stability of the drops was such that in all the recorded experiments, except some of those with 

·the most dilute solutions, very little coalescence could be detected in the syphon D. In some 
cases, particularly with Bordeaux extra, the drops remained stable for as long as two montlts, 
and coalescence of the mercury could be brought about only by centrifuging at high speed. 
In the case.s of greatest stability the mixture of mercury and solution was uniformly semi-solid, 
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and only after centrifuging could a distinct layer of solution be seen on top of the mercury. 
The volume of the mercury used was measured directly, centrifuging being carried out first if 
necessary. The volume of the solution carried through with the mercury was that added. 
from a burette to keep a constant level in the graduated neck F. The difference in concentration 
between the original solution and that in E was measured in a tintometer. It was found neces­
sary to centrifuge the solution again before comparison, to remove a large number of extremely 
minute drops of mercury, probably secondary drops formed at the jet, which otherwise pro­
duced a spurious deepening of the tint. The size of the mercury drops was found by catching 
a number of them on a lightly greased glass plate held under the surface of a solution a short 
distance below the jet. The diameters were then measured on the calibrated eyepiece scale 
of a microscope. A large majority of the drops were of uniform diameter within 2%, and very 
little variation was caused by changes in the concentrations of the solutions, the drops not being 
formed under quasi-equilibrium conditions, as was the case in the measurement of interfacial 
tensions. The values so obtained, of the order of 0·02 em., were confirmed by measurements on 
drops caught on greased plates as they emerged from the syphon D, and on others which had 
been flowing for some time down a gentle slope. Different times of contact between the mer­
cury and the solution were ensured by using alternately two adsorption tubes of different 
lengths, 45 and 60 em., and by varying the angle of slope. In the majority of the experiments 
recorded the time of contact was 1·5-2 mins. The drop sizes were varied by using different 

FJG. 5 • 

• 

tiE 
jets. As variation in these factors produced no corresponding variation in the results, it 
was concluded that the interfaces were saturated. All measurements were carried out at 
approximately 17°. 

Intet'facia.l Tensioir.s.-The drop pipette used for the determination of drop numbers against 
the dye solutions was made from fine-gauge capillary tubing, blown out into a bulb of 1·206 c.c. 
capacity, measured between two constrictions formed above and below it. The lower constric­
tion was of such a size that about 10 mins. were required to fill the bulb with mercury from 
below by ~::vacuating from above with a pump. The average radius, measured along several 
diameters with a travelling Jnicroscope, was 0·0400 ± 0·0002 em. The falling drops were counted 
automatically, as in previous work, and an average of several successive readings with each 
solution was takP.n when exact agreement to 1 drop was not obtained. The values of a and 
da/dc were calculated (as in Parts I and II) from smoothed cmves of drop number plotted 
against concentration .. No difference in drop number for a single solution was found by 
altering the time of formation of the drops I rom 4 to 20 sees. The time of formation used was 
12-15 sees. 

Matet'ials.-The mercury was purified at frequent intervals by the method of Russell and 
Evans (J., 1925, 127, 2221). The methylene-blue, Congo-red, and Bordeaux extra were from 
the samples used in Parts I and II. The indigo-carmine and Solway ultra-blue had been purified 
by Messrs. Imperial Chemical Industries, Ltd. (to _whose Research Department of the Dyestuffs 
Group we are indebted for the gift of these and other dyes) and were not further treated. All 
solutions were made in distilled water. 
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Introduction. 

This research was undertaken as a continuation of the work 

carried out by Dr. c.c. Addison, during the sessions 1934 - S 6, 

under the direction of Dr.-C.W. Gibby. It 1B concerned vi th 

adsorption at liquid-liquid interfaces and in particular with the 

discrepancies between observed values for adsorption coefficients 

and those calculated from interfacial tension measurements using 

the Gibbs equation in the following form a-

( . ~ 
de 

Chief prominence has been given to adsorption at the mercury-water 

interface but some of the preliminary experiments were carried out 

with the chlorobenzene-water and benzene-water interfaces. 

A large proportion of earlier work has been directed towards the 

study of adsorption at solid surfaces f'rom either gaseous or liquid 

mediaJ this being quite natural in view of the immediate industrial 

importance of such phenomena. Owing to the essentially irregular 

nature of the surfaces involved (e.g. charcoal, textiles etc.,) only 

a very approximate ~e~erminatian of the surface area can be made in 

such cases. Hence, the necessarily approximate nature of all results 

derived therefrom suggests that the translation of these results into 

terms of molecular thicknesses at the interfaces is scarcely 

justifiable. 

Other investigators have studied the adsorption, at gas-liquid 

interf~ces, of very large molecules which remain in the surface either 



because they are only partly soluble in the liquid layer; or because 

they can produce there a layer so stable that it is capable of 

independent existence. 
,, 

Unique advantages are poss.essed by the experimental study of 

adsorption at .liquid-liqu~d interfaces in that a more quantitative 

investigation is possible. It has been found possible, in recent 

researches, to investigate the influence of the polar natures of 

either the adsorbent, or the adsorbate,· or both, on the extent of 

the adsorption. 

With due regard to tho thermal agitation of the molecules in the 

surface region, the liquid-liquid interface may be considered to be 

as plane as is physically possibleJ in which case it will offer no 

resistance to whatever orienting forces the molecular attractions 

may set up. 

The concentration of any solute at the interface between two 

other media can be regarded from a pur~ly chemical or a purely 

physical standpoint as laid down below. 

In the former conception there is a natural tendency for some 

molecules to concentrate on the interface where, because of their 

polar structure they may be attracted across the boundary surface 

although not sufficiently to ·be soluble in that medium. In the case 

of long fatty acid molecules on the air-water interface, the 

adsorbate may not be completely soluble in the aqueous layer and this 

tendency, together with the lateral cohesive forces between the 

hydrocarbon molecules themselves causes the adsorbate to spread out 



on the surface in a film in a definite orientation. This film can 

behave as a two dimensional gaseous or liquid film according to the 

magnitude of the lateral pressure on it. 

The latter conception considers adsorption as being due to a 

physical cause, and regards it as a mechanical movement towards 
' . . 

the minimum potential energy of the system which its presence at the 

interface would produce. The lowering of the surface tension is 

readily visualised in terms of the molecular distribution caused by 

the various molecular attractions. If water molecules have a gruater 

attraction for one another than for the solute present it follows that 

the latter will proceed to the boundar,y surface. Since surface tension 

is determined by the attractions between molecules in the aotual 

surface, the smaller mutual attraction between solvent molecules in the 

surface~ due to tho concentration of solute there, must bring about a 

corresponding drop in surface tension. 

Although th~ two aspects of:adsorption referred to above are -very 

closely ralatod, experimental evidence of previous workers and that 

obtained in this particular study have shown that a large adsorption 

is not reflected to nearly the same extent in the drop in 

interfacial tension. 

On the cantrary, certain solutes, whose interfacial tension­

concentration curves are similar are found to be adsorbed to widely 

different extents. Again, it is found that the variations of 

adsorption with concentration of solute need not follow even a 

similar course in such cases. 



Gibbs' concept.i.on of Adsorp~. 

Willard Gibbs, who studied the influences of surfaces of 

continuity upon the equilibrium of heterogeneous masses, deduced 

a direct relationship between the quantity of ariy substance adsorbed 

in the region of an interface, and the change in the potential 

brought about by its movement from the homogeneous phase. to the 

boundary. 

The original for.m in which Gibbs stated his relationship has 

been altered by other workers to a form more applicable to practical 

use : ... 

r ·~ de 

This is the form in which it has been used throughout this work 

in attempting to correlate observed values for adsorption with the 

correGponding theoretical values. 

The quantity ~. or the adsorption coefficient, having the same 

dimensions as 2-. ~~ viz mass per unit area, does not represent 
RT de 

a concentration excess over that of the homogen~ous portion of the 

solution beyond the range of surfaoe influences, but an actual mass 

attached to unit area of the interface. The volume in which this 

adsorbed mass is distributed is immaterial, sinoe the surface layer 

was considered by Gibbs in his derivation as extending·to a 

thickness great enough to include all such adsorbed matter. 

As pointed out by previous workers, this for.m of Gibbs' equation 

was intended to apply only to adsorption of a single component from 

a solution in which its behaviour is ideal with respect to 



concentration i.e. in which the actual concentration can be equated 

with the thermodynamic concentration or activity. 

It can not, therefore, apply to solutions in which micelle 

formation or any comparable set of conditions is known to be present. 

Furthermore, the Gibbs relationship is not concerned with the possible 

influences on adsorption of electrical effects at the interface or of 

direct chemical affinities. 

Finally, it can be seen that Gibbs' relationship gives a value for 

the adsorption coefficient depending upon the change of interfacial 

tension and hence may be either positive or negative according to 

whether the solute lowers or raiaes the interfacial tension. Paference 

to this will be made later in soma interesting comparisons between 

the adsorptions calculated from interfacial tension data and the 

actual observed adsorption values obtained by direct experimental 

means. Discrepancies between the parallel series of figures are shown 

clearly and it is suggested that they arise because the ideal 

conditions assumed in the derivation of Gibbs' equation are not 

realised in practice and that the phenomenon of adsorption is governed 

by other factors than interfacial tensions. 



Qhp.pter 1· 

HISTORICAL• 

This chapter deals generally with previous experimental work 

relevant to the present research. The adsorption on solid surfaces 

from gaseous and aqueous media has hitherto received a great deal of 

attention for reasons already indicated, but, being scarcely relevant 

to the present investigation, it need receive no more than mention 

in this review. 

The review of actual individual experimental details and formulae 

involved has been defer1'8d until the appl"opriate later sections. 

Baferences are quoted in the bibliography. 

Conclusions which have been drawn by previous workers with regard 

to surface orientation of molecules, layer thioknesses, the actual 

nature of the adsorbed layers eto., depend on an original estimation 

of the mass of the substance adsorbed on a known area of surface. 

This data seems usually to have been obtained by one of two 

methods : .. 

(a) By accepting the validity of Gibbs• equation for the particular 

conditions employed and calculating adsorption values from available 

interfacial tension data. 

(b) By actual experimental determination. 

The data obtained by the first of these methods seems to have been 



determined without adequate proof of the relationship over a 

sufficient range of concentration. In experimental work, especially 

in that due to Dr. Gibby and Addison. the deviations of observed 

values for adsorptions from those calculated via Gibbs' relationship 

have been so marked that the calculated values can have little 

practical significance. This conclusion is fully supported 

throughout present work. 

The second method may be relied upon within the limits of 

experimental error (which are however variable) and it is the results 

of such deter-minations which have received the greatest attention here. 

Preyious E~perimantal Detetminations of Adsorption at liquid-liQ~ 

;Lnte rfagoa. . 

Two chief experimental methods have been used; the one involving 

investigation of emulsions and the other, the moving bYbble lnethod, 

in which streams of single bubbles carry their adsorbed material into 

separate collecting reservoirs. 

(I) the ~mulaion Method. 

This was developed· during research on stabilising of soap 

solutions. '.Che amount adsorbed emulsifying agent was measured by 

examination of the continuous phase before and after the emulsification. 

Since Langmuir (l) and (2) and W.D. Harkins, E.c.H. Davies and 

G.L. Clark (3) suggested that emulsion stability was due·to an 

oriented monomolecular layer of adsorbed material, a considerable 

amount of work has been done. 



~.~. ~riffin (4) studied emulsions of kerosene with solutions 

of sodiUm oleate and stearate, and found an approximately 

monomolecular layer at the interface. ~imilar results were obtained 

by P • .d.. Van dttr i~eulen and W. l\iemann (5) and ( 6) for toluene 

emulsified in sodium ricinoleate and oleate solutions. 

w.u. riarkins and 1~. :Ceeman (7) worked with f'iner emulsions than 

had previously been used, and they found that the amount of various 

oleates adsorbed on very fine octane drops was more than sufficient 

to form a monomolecular layer. 

E.K. Fischer and W.O. harkins (8) made further measurements of 

the ~dsorption of soaps at an oil-water interface. The total 

surface area was obtained by direct microscopic measurement of the 

oil particles, and the quantity of _soap adsorbed by chemical means. 

They concluded that an em~loion io Gtabilised by either expanded or 

condensed monomolecular layers of' the emulsifying agent• 

H.~. Caseel (9) in developing a theory of adsorption on curved 

eurfacoe, suggoctod that omuloions can be stable only if the 

interfacial densities of the emulsifying films for the surfaces of 

larger curvature are greater than for those of lesser curvature. 

Deductions from the theory are in qualitative agreement with 

experimental data. 

(Il) The !VlOViN!; Bubble.-:Method. 

This method for determining adsorption at liquid-liquid 

interfaces was first used by w.c. ~owis (lO) who by this means 

examined the udsorption of a ·range of solutes at the in·t.e1·face 



between their aqueous solutions and a hydrocarbon oil. Similar 

adsorption coefficients were obtained with large drops and with 

emulsion droplets• and it was therefore concluded that the surface of 

even the droplets was sufficiently plane, when·considered in ter.ms of 

molecular dimensions, to exhibit nor.mal adsorption phenomena. 

The adsorption of sodium glycocholate was measured by passing 

drops of oil up a tower containing its aqueous solution. The adsorbed 

material was collected in a reservoir at the top of the column. The 

drop pipette method was used to measure the change of interfacial tension 

with concentration, and also ·t.o estimate the excess concentration 

in the reservoir due to the adsorption. Results indicated an 

adsorption o~ the order of 100 times that calculated from interfacial 

tension data. 

Adsorption coefficients for Congo Red, Methyl Orange, and caustic 

soda. were obtained by the emulsion method. The oil was emulsified 

in the solutions, and the fall in bulk concentrations was measured by 

taking drop numbers thr.ough the emulsion. Experiments again 

indicated adsorptions of 10 to 20 times the calculated figures. 

Lewis attributed this discrepancy ~o the electrical double layer and 

other effects not taken into account by tho Gibbs' Equation. 

In a further extension of his experiments to the study of non­

electrolytes and inorganic salts, Lewis (11) estimated adsorbed 

material gravimetrically. For silver nitrate and potassium, barium 

and copper chlorieds, the actual adsorption was again from 10 to 20 

times the calculated wmount. Only in the case of emulsification of 
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a hydrocarbon oil in a solution of caffeine, were observed f~gures for 

adsorption of the same order as those predicted b,y the Gibbs' equation. 

Lewis' results cannot, however, be considered from anything but 

a qualitative point of view as he generally records only one 

measurement for each substance. Because of this the accuracy of his 

experimental data cannot ~e estimated with certainty. It should be 

noted, in this connection, that a comparison of experimental results 

with those figures predicted by the Gibbs' relationship requires an 

extensive investigation of a wide concentration range. This is 

particular concentration, whilst in general there may be little or no 

correspondence between the two sets of data. 

Patrick (12) whose work is more closely related to the present 

investigation, measured the interfacial tensions of mercury against 

aqueous solutions of mercurous sulphate, neofuchsin, salicylic acid, 

morphine hydrochloride, picric acid and caffeine by the drop-weight 

method. He found that the mass of the mercury drop was independent 

of the rate of formation, a minimum time limit of one second for 

the formation of each drop being sufficient to ensure equilibrium= 

Adsorption experiments were carried out on the aforementioned 

substancesJ but ~ese were of an approximate nature. A fine 

shower of mercury droplets was sprayed down a tower up which was 

passing a current of solution. This spray was obtained by forcing 

mercury by a head of pressure through a series of fine scratches 

in a ground glass connection. The adsorbed material was collected 



in a reservoir at the bottom of the tower, where the mercury 

droplets coalesced with a layer of mercury. In each experiment 

a constant mass of mercury was allowed to flow, and the solute 

removed from the tower was estimated colorimetrioally. Results 

indicated that adsorption increased with concentration according to 

6. 

the relation found for solid surfaces, except for morphine and caffeine, 

when no adsorption was found. 

No attempts were made to estimate the size of the droplets, and 

thus the surface area, or to prove that the mercury surface was 

completely saturated• and hence the results have only qualitative 

significance. 

Nonaka (13),(14), investigated the adsorption of soaps at the 

benzene-water and toluene-water interfaces, and found a greater 

adsorption value than corresponded to a monomolecular layer. He 

suggested that the layer may be in unimicellular form. 

K • .Wi. Seymour, H. V. Tartar and K.H. LVr~ght (15) also investigated 

the adsorption of sodium oleate at benzene-water inte rfaoes. 'l'he 

oleate solution was prepared by saponification of pure oleic acid 

with a slight excess of caustic soda. The system is complicated 

by the fact that the oleic acid dissolves in benzene~ 

Aqueous and benzene solutions of oleic acid were therefore left 

in contact for about two weeks to reach equilibrium, and these media 

were used in the adsorption experiment&. The moving bubble method 

of determination was used; the drops paseed up an inclined tube, 



over a bend at its upper extremity, down a narrower tube just large 

enough at accomodate the drops, and finally into a reservoir. This 

reservoir contained the coalesced benzene drops with the minimum of 

bulk soap solution. The adsorbed mass was found by estimation of 

the excess sodium in the aqueous layer. The quantity adsorbed was 

more than 20 times that required for a monomolecular layer when 

calculated from the oleic acid gain, but only five times the 

monomolecular quantity when calculated i'rom the sodium gain. This 

indicates that considerable hydrolysis must have taken place in the 

solution. Furthermore, errors from drainage of adsorbed material 

from the benzene drops, must have arisen; and from the adsorption of 

oleic acid from the benzene side of the interface. 

c.w. Gibby and C.C. Addison (16),(17), in work on adsorptions at 

liquid-liqui~ interfaces of which the present investigation is a 

continuation, studied the adsorption of :il'.lethylene Blue, Orange II, 

Methyl Orange, Congo Red and Bordeaux Extra at benzene-water, 

chlorobenzene-water, and petroleum ether-water interfaces. The 

determinations were made by the moving bubble method in which the 

bubbles traversed a vertical column of aqueous dyestuf~ and coalesced 

in a reservoir. The adsorbed material was estimated by change in 

concentration of the reservoir solutions determined colorimetrically • . 
Interfacial tension measurements for the same systems were made 

by the drop weight method and the observed a~sorption figures 

compared with those calculated by the use of the Gibbs' Equation. 

Considerable deviations from calculated figures were noted 
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throughout and were ascribed to the action of factors not considered 

by Gibbs' in the derivation of his relati~lship, but not to the action 

of any one factor. 

Two types of concentration-adsorption curve were found, differing 

according to the adsorbate, but independent of the interface. The 

adsorptions of Methylene Blue and Orange II rose to a maximum and 

remained there up to the highest concentrations used. The adsorptions 

of Congo Red, Bordeaux Extra and A':iethyl Orange passed through a maximum 

and returned to or towards zero at higher concentrations, thus having 

the qualitative features of a Gibbs' curve. 

The numerical val~ of the adsorption reached in the case of 

Methylene Blue and Orange II was the same whether benzene or 

chlorobenzene was used; whilst for Congo Red or Methyl Orange the 

influence of polar strength of the adsorbent was outstanding. Bordeaux 

Extra showed anomalous behaviour, and adsorption on petroleum ether 

was consistently small throughout. 

~ethylene Blue and Orange II on benzene and chlorobenzene interfaces 

fo~ed approximately monomolecular layers. The adsorption curves for 

the other three dyes, although similar to those required by Gibbs' 

~quation, could also be accounted for qualitatively by assuming 

selective adsorption of single molecules. 

Methyl Orange and Congo Red~ at maximum adsorption, fo~ed sparse 

monomolecular layers on benzene, but on chlorobenzene their layers 

were found to be approximately two molecules thick. 



Ca1culated adsorptions involving the use of Gibbs' Eguation. 

Schofield apd Rideal (la) (19) (20) studied the kinetic theory 

of surface films, and calculated adsorption values f'or a number of 

substances ove.r a range of concentration. From these values they 

calculated the area A occupied by a molecule on the interface. 

Following Langmuir's original method, the authoru applied the gas 

laws PV = Rr to two dimensional layers, by substituting A for V, and 

F for P, where F, the lateral pressure experienced by the ads~rbed 

~-

molecules, is represented by the fall in the interfacial tension. The 

expression FAt~ ... was p;raphed a~ainst F ~ for a :rarure of lnnll' eh~~'"' 
I .1:\.1: - - - ..., "' 

fatty acids, and curves similar to those given by imperfect gases 

were obtained. 

Wynne-Jones (21) pointed out that the values obtained by Schofield 

and Rideal for alcohol represent the total amount at the interfaoa, 

not the excess. He recalculated the figures assuming a finite 

thioknesa of layer but his assumptions were regarded by the previous 

authors as being unsound thermodynamically. 

These results are interesting as an extension of the kinetic 

theory to two-dimensional layers, but since the original adsorption 

figures were based on Gibbs' relationship, they can be of no real 

significance until proved by quantitative experiment. 

R. Uubrisay ~ 

This investigation was concerned with changes in drop 

numbers of benzene in soap solutions, on addition of electrolytes. 

The adsorption of soap on the benzene-solution interface was calculated 



and the author s~ggested that the presence of electrolytes increased 

the amount of soap adsorbed. (Due possibly to enhanced electrostatic 

attractions). 

10. 

Harkins &: \'lamp.JJ!L (W measured "activity coefficients of n-butyl 

alcohol and other organic solvents in aqueous solutions by freezing 

point methodo, and employed the results in the calculation of adsorption. 

The results indicated monomolecular adsorption. 

Butler & Wightman (24) also investigated the surfaco tensions of 

water-~lcohol systems, using the maximum bubble pressure method. The 

calculated adsorption corr~sponded to slightly more than a monomolecular 

layer o£ alcohol molecules. 

J.L. Shereshefski (25) 

This worker applied Gibbs 1 Equation to the somewhat 

unusual case of a one component system. lle suggested that the surface 

of a liquid in contact with its own vapour is neither a continuous 

transition nor an abrupt change, but that an adsorbed layer of vapour, 

denser than the vapour but less dense than the liquid, provides the 

transition. 

By applying Gibbs-' Equation to the change in surface tension and 

vapour density with temperatu~, he was able to calculate the thickness 

of'this adsorbed transitional layer. He concluded that it was rather 

less than one molecule thick. 

J .~Y. Helton (26) (27) (28). 

This investigator carried out work of a slightly 

different nature and measured the surface tensions of binary liquid 
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mixtures containi~ benzene. The surface tensions of the benzene-

acetic acid, benzene-carbon disulphide, and benzene-carbon tetrachloride 

systems was found by the maximum bubble pressure and the adsorptions 

calculated. An interesting feature of the results is that for the 

benzene-~cetic acid system an adsorption-concentration curve with two 

maxima was obtained, with a point of zero adsorption between the two 

maxima. This will be referred to later in discussion of adsorption 

values calculated from interfacial tension data in this present work. 

J.W. Belton(~ continued the above work, this time on the 

For the first mentioned 

system, application of the Gibbs; Equation to the interfacial tension 

dat~ (by maximum bubble pressure method) showed that the adsorption 

of benzene at the liquid-vapour interface increased to a maximum and 

then dec~eased, whilst that of cs2 at the liquid-liquid interface 

decreased with increasi~ benzene concentration. 

In the system benzene-acetic acid-water, acetic acid was found to be 

adsorbed at each interface; the amounts adsorbed at the liquid-liquid 

and aqueous layer-air interfaces passing•,th:rough a maximum llhen acetic 

acid concentration in the aqueous layer was 2M. The amount adsorbed 

at the benzene layer-air interface increased with increasing acetic 

acid concentration throughout ~1e range of concentration investigated. 

These calculations should for,m the basis of a comparative 

investigation if a sati~factory experimental technique could be evolved 

for direct determination of the adsorption. kloweve1·, it is considered 

that adsorption data which are entirely dependent on the validity of 



the Gibbs' ~quation have little importance and should always have 

the support of some practical justification. 
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(a) ~ption at the chlorobenzene-watsr interface. 

(I).J.pparatus. 

In these initial experiments the apparatus closely resembled 

that used by Drs. c.w. Gibby and c.c. Addison in their work on the 

adsorption of dyestuffs at the chlorobenzene-water interface. The 

apparatus is shown in Figure I opposite and was operated as set out 

below :-

Tho chlorobonzenc (B.u.H. "Purifiedn) 'qll.D conta.incd. in a. 4 litre 

13· 

flask at A and maintained, by the siphon ar~gement shown, a constant 

head of pressure at B. From here it fall in a unifo~ stream of 

drops 4 ... 611 apart from a jet C immersed in the aqueous solution of 

the adsorbate. Thia aqueous aolution waa contained in a water jacketed 

column D about four feet in length which narrowed at its lower end to 

a constriction about 4" long and just large enough to accomodate the 

drops. After paccing through this constriction the drops coalesced 

at the chlorobenzene surface G in the bottom of the reservoir F in 

which the adsorbed material would then collect. The chlorobenzene 

passed through only one tap in the constant pressure head and this 

was lubricated sparingly with Apiezon grease at its outer extremities 

onlY• The chlorobenzene overflowed through a siphon H, and by 

adjusting the mevable limb K, the level of the interface G could be 

kept constant. In filling the apparatus chlorobenzene was added 

down H till the surface was at G as shown• t,be chlorobenzene and 
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aqueous solution then being added down their respective limbs at such 

a rate that the chlorobenzene-aqueous solution interface was 

maintained at G. 

The average duration of a run was not less than 24 hours, in which 

time 4 - 6 litre& of chlorobenzene passed through the apparatus in 

drops of about 0.1 cca. volume. The average area of surface exposed 

during such a run was about 4 square metres. The rate of flow was 

maintained very steadily and checked, at intervals, by timing the 

drops on a stop-watch. The number of drops and total volume of 

chlorobenzene passing in any given time served immediately as a 

source of data for the surface area exposed during the ~. 

To provide a test of completion of adsorption during the passage 

through the solution, a second column D of lt ft. greater length was 

used in an otherwise duplicate apparatus which waB used alternatively 

with the initial apparatus. 

{II) Cleaning~apparatus. 

Since ohlorobenzene drops readily clogged the constricted tube 

~less this was very thoroughly cleaned, it was found necessary after 

each run to 11 bubble 11 -clean the apparatus with nitric acid and ethyl 

alcohol. 

{III) Estimation of adsorbed material. 

•· Since all solutions which it was proposed to investigate were 

II colourless, concentration changes were detennined by the use of a 
\\ 
·,I Rayleigh refractometer, purchased with the aid of a grant from the 

I 
,I ,, 

\.~ 

14. 
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Durham Colleges Research Fund • 

.lt'or the adsorbates used tho instrument had a sensitivity of 

approximately o.oa gram/litre per scale division which meant a 

limiting accuracy of the order of 0.01 gr~litre concentration 
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change detectable by this method. Calibration curves of concentration 

against band displace~ent were constructed and enabled the concentration 

of the reservoir solutions to be rapidly determined. 

(IV) I!Lmpetature Control. 

The apparatus was water-jacketed as shown in Figure I and this was 

found to maintain the solution in D at approximately 17° ~1 °0. 

throughout in a small room provided with continuous central heating. 

(V) Particular adsorbates used. 

The apparatus was intended for the investigation of adsorption, 

at the chlorobenzene-water interface, of sulphonic acids and 

sulphonates whose molecular structure was simpler than that of the 

dyestuffs used by Drs. c.,J. ~.~ibby and o.c. Addbon, viz:- Orange II, 

Bordeaux l!!xtra, Congo Red ·and .u.ethyl Orange. 

") 

To begin with, benzene ~ulphonic acid, sodium benzene sulphonate 

and sodium sulphanilate were chosen as possible adaorbates, being 

readily obtainable in a state of purity. 

The adsorbate solution and the chlorobenzene were mutually 

saturated by shaking together and standing for 24 hours before using 

as were all solutions examined in the refractomoter • 

In no case was any change in concentration of the reservoir 
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solution noted in experiments with single drops and surface areas of 

about 5 square metres. The jet size was ~len adjusted so that a mist 

of drops showered down the tower. '.L'he diameter of these droplets 

was found to be very unifor.m and of the order of lmm• when measured 

on the scale of a travelliDg microscope. Here, instead of the time 

of contact being 10 - 15 seconds, it was as great as 45 - 60 seconds 

and the area exposed was some ~0 - 100 square metres per run. 

dlthough a range of concentrations from 0 - 10 grms/litre was 

investigated in each case there was no detectable adsorption and it 

appeared probable that there was an upper limit for the adsorption 

-9 2 of 10 grma/cm a.bove which it. would be detected by tho method 

described. 

It should be pointed out here that it would be incorrect to infer 

that there was no adsorption, since the gre~t readiness with which all 

these solutions froth indicates a very decided lowering of surface 

tension at the air-water interface, at least. 

(VI) ~ption oi' dimethylaniline at t4~ benzene-water interface. 

An attempt was made to detect adsorption, in the same apparatus, by 

dropping water down the tower through benzene solutions of 

dimethylaniline. Concentration comparisons were again carried out 

by the refractometer method and the solutions used were mutually 

saturated. 

r~liable results wore not obtained but it was considered that there 

was no very appreciable adsorption detectable but conclusion& were 



complicated by refractometer measurements on dimethylaniline solutions 

which darkened on exposure to light and air. 

(VII) Tostipg the apP,!ratus for diffusion: 

During the preliminar,y experiments on adsorption at the mercury­

water interface attempts were made to use a further modification of 

Addison's apparatus and it was here found that· the stirring effect of 

the mercury drops was very great and caused very considerable back 

diffusion from the collecting reservoir. This will be discussed more 

fully later but the result of this discovery was an investigation of 

the stirring et·:s:·ect in t.ne case o:t· cblorobenzene drops o 

It seams doubtful to what extent the back diff~sion was disproved 

by Addison. In comparative tests during the pre~ent work it was 

found that a dyestuff solution in the lower reservoir had diffused 

through the whole apparatus within ibour when drops were falling at 

the rate of 60 per minute which was comparable with Addison 1s 

conditions. 

The timo occupied by one of tho QdBorption runs in this. and in 

Addison's work, was roughly 24 hours so that it seems feasible to 

say that there may be more adsorption in this work than is indicated 

and also that the order of Addison's results may be low and that the 

form of his curves may be somewhat incorrect. 

(.b) Interfacial tendon measurements :-

1 'l. 

The interfacial tensions between chlorobenzene and aqueous solutions 

of benzene sulphonic acid and sodium benzene sulphonate were 

determined by the drop weight method and the drops were counted by an 
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automatic device similar to that used by Drs. Gibby and Addison, and 

described later. 

.. 
Considerable difficulty· was experienced in obtaining reproducible 

results with a glass jet. ~hese glass jets were made by carefully 

grinding down the end of a capillary tube. In most cases the edge so 

obtained was not fine enough nor was the capillary of unifor.m circular 

section. It also ~ppears that the effective radius of the jet cannot 

be taken as that of ~e inside if the glass becomes slightly wetted 

with chlorobenzene before the start of the experiment. 

~etal jets made of brass were found to be much more satisfactory. 

A truer hole was obtained together with a finer edge, The diffe renoe 

between the inside and outside diameters mf the jet was no g~eater than 

the actual experimental error in measuring either. With jets of this 

type it was found qui tt.J po~taible to reproduce recorded t'igures for 

the interfacial tensions between water and pure organic liquids. 

'rhe drop number of o.D.H. 11 Purified11 chlorobenzene against 

distilled water using a metal jet was 272 where the effective volume 

o~ the pipette was 29.02 cos. and the radius of the jet was 0.0592 oms. 

The corresponding value of interfacial tension was therefore 

37.4 dynes/em• 

'fhe drop numbers were then taken against solutions of sodium benzene 

sulphonate over a range from 0 - 10 gms/litre. The maximum drop 

number recorded was 274 at 10 gms/1• Thus there is no appreciable 

change in interfacial tension with increase of concentration and it is 
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not practicable to calculQte adsorption figures. 

Further drop numbers were taken against benzene sulphonic aoid 

solutions made by dilution of a 32% B.D.u. solution. The range of 

concentrations investigated was 0 - 25 gms/litre and an appreciable 

change in interfacial tension was recorded. Because of the 

comparatively high concentrations under consideration it was necessary 

to apply correction for the difference in density between the sulphonio 

aoid solutions and water. The results of this survey were plotted to 

give a drop number/ concentration curve from a smoothed version of 

which interfacial tensions were calculated a~d plotted to give an 

i~terfacial tanai~1/concentration curve from whose slope values of 

1!a:' at various concentrations were read off and used in calculation 
do 
of theoretical adsorptions by substitution in Gibb'e equation 

The complete summary of results is given in Tabla I. 

Although the range of concentz"S.tion did not extend far enough 

to cover the full range of adsorption coefficients it was found 

impoaaible to complete the range in the time available. It 

appears that the adsorption coefficient follows a typical Gibb's curve 

and, after passing through a maximum returns to or towards the zero 

value again. 



0 
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Concn. Drop din !i2: ~ensity soln.- Calculated r 
Gms/L. No. dynes/om. do density water 10-8 gms/cm2 

o.oo 272 37.4 le55 o.oooo o.ooo 
.. 

o.so 277 36o7 le09 0.0002 Oe35 

1.00 280 36.3 0.95 0.0004 o. 6l. 

2.00 286 36e4 o.77 o.oooa 1.0 

4.00 296 34.0 0.57 0.0016 1.5 

a.oo 309 32·2 0.38 0.0032 2.0 

l6c.OO 323 29.9 Oo22 Oo0064 2·3 

2s. eo 328 28·4 0.12 0.0102 1.99 

( o) W,Q,;pt.ion at the mercury - water int.e rfac e. 

Booause thia investigation io primarily concerned with comparisons 

between calculated and observed values of the adsorption coefficients, 

attention was transfered to the mercury-water interface in an effort 

to find a suitable measurable adsorption. 

i\ fino jet of mercury liberated under a solution of Methylono Blue 

resulted in the stabilisation of the droplets formed and a great reluctaooe 

on their part to coalesce after several hours. This seemed to indicate 

that some surface influence was responsible and encouraged furU1er 

work. 

The apparatus used in first experiments was a much simplified form 

of that used for the chlorobenzene work and is shown in Figure II 

opposite which is self explanatory. as already mentioned, before 



using this apparatus it was tested for back-di~fusion from the 

reservoir due to the stirring effect of the rapid stream of mercury 

drops and the slight but continual oscillation of the mercury surface 

in the lower reservoir. 

~ little dyestuff was placed in the reservoir and the apparatus 

cautiously filled with water. ~/hen the mercury stream was turned 

on the stirring was so very violent that the whole apparatus was 

uniformly coloured in 5 minutes and would be sUfficient to reduce 

considerably any concentration change in the lower reservoir, if not 

to completely n.u.iJ.if'y it.. 

Hence, it seemed that unpublishod work of L.W. Turner which h~d 

been based on tho use of this apparatus was of little numerical 

value • but the fact that there were any figures obtainable at all 

was remarkable enough, and showed that adsorptions must be quite 

appreciable. 

On this basis it was decided that if the diffusion effect could 

be eliminated then valuable data could be obtained for comparison 

with adsorption values calculated from interfacial tension data 

obtained by the drop weight method • 

. Several attempts were made in the design of the apparatus to 

prevent this back-diffusion. The first was tho insertion of strings 

of baffles in the upper portion of ~e adsorption tower, but this 

was ~ite ineffective as numerous wnall eddies wore set up. 

The fact that small drops of mercury remain stable in dyestuff 

21. 
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solutions for long periods suggested a method in which a stream of 

such drops could be run down a gentle slope and thence into a 

reservoir. The great problem still remained that of getting the 

droplets into the reservoir on a lower level without causing stirring 

effects• and, after experimenting with several designs of apparatus, 

it was finally decided that the direct drop into the reservoir was 

quite impracticable; no matter how gentl) it was made. 

The next method tested was with an apparatus in which the mercury, 

in single drops passed through an air-lock. The upper portion of 

~ the apparatus was a tube of acm• inte1~al diameter and 4 m$tres in 

length. The to·ta.l fall in head over t.hitJ distance was not more than 

25 oms. which gave a slope which was just sufficient to mnintain a 

steady flow of drops. '.the reservoir, shown in Figure II, was sealed 

to the lovter end of this long i shaped ·upper portion • The apparatus 
.. 

was filled with dyestuff solution and an air-lock was then blown in 

at A· If the mercury, after running through the solution of the 

adsorbate in B, fell through this air-lock commencing at C, there could 

be little chance of back-diffusion. 

It was found, however, that the great difficulty was the lack of 

stability of the air-lock which, due to the constant transfer of 

liquid across the lock by the drops, could not be prevented from 

moving steadily up the tube above B. 'J.' o overcome thi Iii increase in 

the bulk of the solution in the reservoir a siphon of adjustable 

height was fixed to the reservoir at D in order to remove this 

solution as it entered. '.L'.b.is worked satisfactorily for short periods 



until slight irregularities in the mercury flow upset the balance 

of levels and the air began its upward movement. Besides this 

difficulty the solution carried over by the drops oaused oo groat an 

increase in the bulk of the reservoir solution that determination 

of concentration changes was, of necessity, much less accurate. 

The method finally decided upon, and described in detail in tho 

following chapter, involved tho great stability of a fine stream of 

mercury drops after passage through the dyestuff solutions. 'l'he 

drop size was found to remain uniform and coalescence to be infrequent. 

The reluctance of an accumulation of such drops to flow through 

narrow tubes enabled tha sludge to be removed progressively by a 

alow siphoning system to ~ entirely separate reservoir for 

examination. .d.s will be described later, the sludge llad invariably 

to be centrifuged at high speed to bring about complete separation 

of the mercury i'rom 11 bound11 solution. 

21. 
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l!:XPJ!:HII.lENTAL. 

(I) ~ptign Measurement. 

24. 

The apparatus finally decided upon for the experimental 

determination of adsorptions of dyestuffs is shown in Figure Ill 

opposite. 

Mercury, stored in a reservoir A fell in a very rapid stream of 

small droplets through a fine jet B, dipping below the dye salution 

conta.:Ui.e\1. in ·the inclined tube C .. 

diameter and some 50 ems. in length after the bend. At the upper 

extremity oi' the vertical portion of C a bulb-shaped reservoir served 

as a capacity vessel in filling and in displacement of dye solution 

due to accumulation of mercury sludge at the lower end of the tube. 

The jet was suspended in a vertical position in the tubo and the 

mercury droplets flowed on to the bend in 0 from which they passed 

dowmvards in a continl.lous uniform stream until they reached the lower 

end. dere, the tube was drawn down and attached to a narrower tube 

of about o.s ems. internal diameter, which was bent to form a By~hon and 

had to be adjusted, from time to time, for rend and size until, when 

the stream of mercury droplets was flowing regularly down C the 

accumulation of sludge emptied itself regularly by the siphon 0 into 

the receiver E. When working steadily the levels ot' mercury in D 

adjusted themselves so as to balance the head of solution in c. This 

difference in levels was never as great as would have appeared necessary 

at first sight, owing to the restricted flow of the mercu~ sllldge. 
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In some cases no amount of adjustment could make the sludge pass over 

freely without constant attention and in such cases its passage was 

encouraged by gentle stirring with a fine glass rod worked piston-

i'ashi on in D. 

'l'he stable 11 froth 11 or "sludge'' carried with it., into E., a 

considerable amount of solution and _it was in this solution that the 

change of concentration over and above the initial concentration in 

C was sought. 

In most cases except those involving the very dilute dyestuff 

solutions the rate of ooalesoence of the mercury sludge was slow 

and it was found necessary to centrifuge the total content of the 

reservoir for about 10 minutes in order to effect a complete 

separation of mercury and solution. The total bulk of the solution 

passed ovar in the froth waa mea8urad by filling up to a graduution 

mark on the neck of C at the beginning of each experiment and 

replenishing from a burette as the solution was carried over. Having 

centrifuged the contents of the reservoir the volumes of the two 

components could be measured and tile aqueous solution checked against 

the volume added 1'rom the burette. ~his check was necessar.1 in 

order to ascertain whether or not there was. any measurable evaporation 

of the solution from the reservoir over the period of the experiment. 

No evaporation was ever detected. The volume of mercury was 

measured in a graduated cylinder after centrifus~ng with a maximum 

error of~ 
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~opart.ies of the mercury 11 sludge 11
• 

The nsludge 11 was of a semi-solid, spongy ,nature possessing a pale 

pastel tint due to the film ot dyastui'f solution. The spongy mass 

could be poked about and showed no sign of the rapid recovery so typical 

of ordinary clean mercury. 'l'he stability was such that in all the 

recorded experiments, except some of those with the most dilute 

sQlutions, very little ~oalesoence could be detected in the syphon 

tube D. In some cases, notably when considering Bordeaux Extra, 

samples of sludge were observed to be perfectly stable after standing 

for over 2 months and coalescence could only be brought about by 

centrifuging at high speed. 

In different strengths of dyestuff solution and with different 

dyestuffs the stability was very variable and this factor sot the 

limits to the concentrations which could be investigated and also 

to the actual dyest~ffs sui table for this type of work. :r•o:r 

example Methyl Orange used in earlier work by Oro. Gibby and Addison 

was found to produce aoly very unstable droplets in the higher 

concentration ranges. For a really stable film which had to be 

assisted over into the reservoir, as already described, the sludge 

of droplets would pile up like so much lead shot and poured to 

a unifo~ level only very slowlY• 

Adjustment of the ApP,!ratus to ensure saturation of the Mercury Surfaoe. 

(1) 'l'wo tubes were used in the experiments on each dyestuff, being 

worked with auccossive concentrations throughout the range. The two 

tubes were 45 and 60 ems. in length respectively. This variation in 



time of contact of d~oplets with aqueous solutions should have had 

a decided effect on the series of adsorption data if both tubes had 

not been of adequate length. 

(2) Various jets were used, and, since they were so fine as to be 

of random size when made, a variation in size was inevitable during 

some early runs when breakages were frequent and unavoidable. In 

recorded runs, two jet sizes w~re used and showed no effect on the 

form of the results. 

(3) The angle of slope on the tube A could be varied at will and 

thus the time during which any section of the stream was in contact ,. 
with the solution. The averuge time for paG~ags of any portion 

of the stream through the apparatus was between l* and 2 minutes. 

Thus it will be seen that at any stage in the experiment, should 

unaa.turation occur it should show itself in ir:t·oguli;l,ri"i.ies in the 

values of the adsorption coefficients obtained and in a complete 

lack of reproducibility. No such difficulties were encountered and 

it was concluded that at all times saturation was achieved. 

Determination of area of mercury surface expo~. 

The jets used in production of the droplet~ were very fine and 

were drawn from fine capillary tubing. The drop was also measured, 

on emergence of the stream under the solution in question, by 

allowing the stream to fall on to a thinly-greased microscope slide. 

The drops so caught on the slide were examined in a microscope fitted 

with a micrometer scale. ~reat regularity in size of droplets was 

a feature of such examinations and it was interesting to note that 
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any larger drops which were detected possessed diameters which were 

3J 2 3j and 3 times as great as those of the majority of droplets. 

This observation indicates that the drop size is such that they lie 

on the greased plate in a spherical form and show no measurable 

tendency to flatten out as would larger drops; even after 2 or 3 drops 

have coalesced. 

A further noteworth~ observa~ion was the fact that there was no 

measurable change in droplet.· size from a particular jet with change 

of concentration of the dyestuff solution. This seems to indicate 

that the droplets are formed too rapidly in such a spray for there 

to be any surface equilibria established. 

Samples of the droplets were also taken from streams which had 

been flowing for some time down a gentle slope and from others which 

we•re emerging from the overflow of the apparatus itself. The drops 

from all sources were f'ou.nd to have the same dimensions, to be very 

regular and coalescence was negligible at the concentration& chosen 

for this work. The ~rror in measurement in the drops waa of the 

order of 2%. The drop size which wa~:~ found to be most etlsily obtained 

whilst being of great stability, was found to be about 0.2 mm. 

diameter. 

From the diameter of droplets eo examined and from the total 

volume of mercury passed over in any experiment the area of surface 

exposed could be readily determined with an error of some 2%. 

Exawinatiop of Regervoi,r. Solutions. 

The concentration of the reservoir solution was determined 



colorimetrically by means of a Bausch & Lomb tintometer, this being 

found more suitable than the Du Boeck insti'WDI!Int used by Drs. Gibby 

and Addison. 

~n an effort to eliminate part of the experimental error, namely 

that due to the human element, which is imperative in colour matching, 

it was thought best to work with a constant comparison tint for each 

dye. This necessitated the dilution of reservoir solutions in most 

cases and adjustment of depths. of solution in both limbs of the 

apparatus in other cases. 

Throughout, the depths of the two solutions under comparison 

29. 

were adjusted by dilution so as to be of the same order of concentration 

and by so doing it was estimated that the experimental error was 

limited to an outside maximum of 5%. ~reatest facility of matching 

was found with blue dyes and least with red and in the former casu, 

therefore, the experimental error may have been considerably less 

at than 61"· 

UaJ;cu1atipn ot an _n.dsorption Cpofficiont. 

~et.droplet ~diu& = r cma. 

Total adsorbent - V OCB• 

Then total surface exposed 

In this particular case •-

Average.droplet radius = 0.0112 ems. 

Total mercury used = 58 cos. 

rience surface exposed = n. 
r 



Initial concentration of dyestuff = leQ gms/litre. 

Reservoir II u II 

Change in 0 II u 

Volume of reservoir solution 

Hence total dyestuff adsorbed 

Herefore adsorption coefi'icient 

Total Experimental Error. 

= l§.x 1.0 gms/litre. 
13 = .154 gms/litre. 

: lle0 CCih 

= 1. 69 x 10-3 gms. 

= f= le69X 10-: 
le56 X 10 

= 1.08 x 10•7 gms/cm2 • 

It will be seen that three sources of experimental error have 

been noted. 

(l) Measurement of droplet radius. 

In setting an average value for this a large number of readings 

were taken • The maximum and minimum figures were always within 

2% of the accepted average. 

small but was, of course, indeterminate. The total effect of 

these two factors on estimation of surface areas exposed is not 

estimated as being more than about 3%. 

(2) The volume of mercury used in any experiment was measured 

after centrifuging the reservoir contents and an accuracy within 

~ could be claimed. 

(3) The largest source of error seemed to be in tho determination 

of tho concentration of the reservoir solution. Blank experiments· 

with ranges of concentration indicated an average error of some 6%. 

Hence it may be assumed that the absolute maximum of experimental 
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error was ± 8 - 10%. From observations of series of results 

however it seems unlikely that this figure was often realised; 

since curves drawn from the experimental figures are, on the whole, 

too smooth. However, tbis maximum figure for the experimental 

error is quoted in the tables of results and shown by the nlimit -

lines0 on the graphs. 

{II) Interfacial tension measurements. 

~heoretical Consideratigna: 

31. 

Interfacial tensions of dy~ solutions against mercury have been 

measured by the drop weight method in which the mercury was allowed 

to fall from a jet of fine capillary through ~~e dye solution under 

teat. ~he drop is held by surface tensional forces, and hence the 

greater the tension the larger will the drop become before it falls. 

'.L'he drop number from a fixed volume of meroury enables the drop size 

to be obtai·.a.ed in any- solution. 

The method is commendable for its accuracy and reproducibility and, 

in conjunction with an automatic counting device described later, was 

very convenient for this work. Howovor, despite its e~tenaive use 

the theory connecting drop we_ight with inioe rfacial tension is not 

perfectly clear. ~sults are obtained only by employment of 

standardisation factors for known liquids and solutions. '!'his is due 

to the complexity of the dynamic process of drop release. ~uya & 

Parrots (30}. who photographed drop releases, showed that only a part 

of the liquid outside the jet is released as a drop. Part is 

retained and part follows as a minute drop in the wake of the larger 



one. It will be seen that it is difficult to cover such a process 

by any empirical laws. The secondary drop has been noted both here 

and in the adsorption work itself and is very minute indeed. 

Tate (31) suggested that : • 
--

where W = drop weight and r =jet radius, but this simple relationship 

was rapidly disproved as were several otber.static fo~ulae unsuitable 

for a dynamic process such as this. 

A dynamic conception of a falling drop, which must take into 

account the size of the drop at the point where it breaks away, and 

the fraction of the bulk which falls, is more nearly satisfied by 

the ~ohnstein~ohlrauach (32) fo~ula which states that :-

g = raj 

whcro g = drop weight and r :;: rudiu.s of the drop and p ie a function 

• 2 
of L wuere a = 

a 
&£ (p= density)fJ · 
dp 

A value for a- is assumed and 1:. is calculated. A linear relation 
a 

given by Kohlrausch yields / directly. The value of g calculated 

from r~ is compared with tho value obtained by experiment and 

therefore may by trial be given the value such as to make the 

calculated and observed values identical. 

Lewis (loc. cit.) used this method in calculation of theoretical 

adsorption coefficients usiug Gibb's Equation but in this work the 

more comprehensive figures of Harkins & Brown (33) were used. 

Like Lohnstein these workers found that the drop weight 
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W = a function of ~ 
a 

:: 2 1T rtr f(r/ a) 

They also point out that f(r/a.) is also a function of r/yt 

where V is the volume of one drop 

'rhereforo W :: 2Tf reT/ (r/vt) 

If F is a funotion of ~ suoh that F • 
r 

'!'hen C1" :: !!IL3 F where m :: the mass of the drop. 
r 

Table II is an extract, over the relevant range, from the tables 

connecting L and F given by Harkins & Brown, and obtained by 
r;; 

standardisation& against liquids of known properties. Using these 

cr may be evaluated in conjunction with the graph given in Figure IV. 

'l'able II • 
. . 

v Fe 
? 

6000 Oel72 

250 0.198 

-
58·1 0.215 

24.6 0.2256 

17.7 0.2305 

~plo of calcu1at!gn of In~agia1 tensign. 

'rhe interfacial tension of mercury against pure water is worked 

out at a temperature of 200 0. The necessary densities are from 

the International Critical Tables. 
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Badius of jet = 0.040 ems. 

Volume of pipette = . 1.206 CCI• 

Drop Number = 208 

20°0 
d = 0.9.980 gms/cc. 
H20 

20° c 
d = 13.5437 gms/co. 

Hg 

dag- da2o = 12.546 

So that~· = 1.206 
208 X (0.04)3 r 

And Log~ ::: 1·9570 
r 

Hence from l''igure IV showing relation between F & Log 

F ::: 0.2099 

s 0 that a' = !!Ill. 
r 

v 
;:'.5 

= lo206x l2oS46 )(981K Oe2099 
208:a<. 0.040 

= 374.4 dynes per em. 

This figure compares well with tho 375.0 dynes/om. obtained by 

Harkins & Br~tn J.a.c.s. 1920. 42. 2543. 

~perimental Procedure& 

Thd' drop pipet.te used in tbis work was constructed from a piece 

of fine-zauge capillary tubing blown out into a bulb of 1.206 cos. 
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capacity, measured between two conutriotions for.med above and below it. 

(See Figure V.) The lower constriction was of such a size that about 

10 minute& were required to fill the bulb with mercury from below 



by evacUating from above with a "Hyvac 11 pump. 'L'his lower 

constriction was made so fine in order to control the rate of 

formation of the drops. Its suitability had to be tested by trial • 

and error with frequent adjustments before a time of formation of 

12 - 15 seconds per drop was obtained. The volume of the bulb was 

obtained by weighing the mercury content between the constrictions. 

The jet itself was formed by a perfectly clean break of the fine 

capillary of which tho tube was fo:nu.ed. Its surface and uniformity 

were examined by mans of a travelling microscope and by this means 

also the radiue was measured. i'a.ken across several diameters the 

average value was found to be 0.0400 ± 0.0002 cme. 

Ra.t.e of flow of mercury from the P1P~· 

In his original experiments, Tate (31) quoted 40 seconds for each 

drop roloaeo ac the mini~~ time for reproducible roeulte. Other 

investigators such as Lewis (loo. cit.) and Lord RaY,leigh (34} found 

tbis unnecessary, and Lewis sugmested 12 - 15 seconds per drop as a 

necessary time minimum. This minimum of 12 seconds was also considered 

necessarJ by Addison (loc. cit.). 

In t.tli s present work no di ffe renee in drop number for a single 

solution was found by altering the time of formation of the drops 

from 4 to 20 seconds. The average time of formation used was 12 to 

15 seconds as this was most suitable for operation of the automatic 

counter. 

~rature control. 

All drop numbers were taken at 20°±1° c. and it was found by 
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e:x.pe riment that such a latitude has no measurable effect on the drop 

number for any particular solution. 

Automatic Counting Device: (See Figure V). 

Thiu was based on that used by Drs. Gibby & Addison (loc. cit.) 

and which was described in the J oumal of ~ci.entific Instruments 

Vol. XII No. 6.June 1935. The large numbers of drops to be counted 

made an automatic not only desirable but necessary to ensure accuracy. 

A ·beam A made of light gauge aluminium wire was suspended at B by 

means of a fine strand of copper wire round which it was looped. At 

C was attached, qy means of Shellac, a thin glass rod lees than one mm. 

in diameter, to which a microscope cover glass D was sealed. A 

platinum wire was firmly twisted to A between B and C and when C was 

depressed by a drop falling on D this wire made contact with the 

mercury ~urface in G~ Tho resultant cloaing of tha aleotrioal 

circuit caused the operation of a small electromagnet H, the plunger 

of which was attached directly"to the escapement lever of an alnrm 

clock I. 'rhe balance wheel of the clock vias removed, and the 

second hand found to tick 100 times per revolution. A suitably 

graduated scale wns thu'efore fitted and the minute hand consequently 

read in hundreds of drops. 

It was found essential that the glass rod attached at C should 

be very fine or frequent readjuotments of balance riders on A was 

necessary on accoun~ of the increasing up thrust due to accumulation 

of mercury beneath the dyestuff solution. 
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Some slight trouble was expe rioncad with fouling of the 

platinum contact but otherwise tb.e device worked satisfactorily 

for numerous complete runs without attention. 

Several drop counts were made with each particular concentration 

of dyestuff solution and in most cases exact agreement was obtained. 

Where this was not the case the average was taken, 

(II) Calculation of Theoreticil ii.dsorptipn Values: 

The theoretical adsorption coefficients according to Gibb 1 s 

Equation were calculated as follows:-

The values of o- and ~were calculated by constructing smoothed 
do 

drop number/concentration curves for each dyestuff in tum. The 

values of S!!were read off directly from the a'- c curves by laying 
do 

a fine wire on the curves at a series of points. These slopes were 

graphed ae;ain~t concentration and a smooth curve drawn through the 

points. Tho values of .sis! required for substitution in Gibb 1s 
de 

Equation were read off directly from this curve t'or each dyestuff. 

In the calculations each dyestuff is asstuned to be preeent in its 

simple molecular i'orm as there is no complete data available on the 

variation of degree aggregation with concentration. 

Example 

- ...A. • gg:-
RL' de 

Considering the interfaoial tension curve for Congo !led against 

mercury z-



c = 0.05 gms/litre -6 or 5 x 10 gms/cc. 

R = 2 X ~ .. 2 )C. lC7 ergs/gram of solute 
hlolecu3:-ar wt. 

T = absolute temperature = 293° A or 20° c. 

~rom smoothed curve ~ 
do 

=-
=-

250 dynes/em. per g~litre. 
. 6 

2.6 x 10 ~nes/cm. 
gms/cc. 

l:iubstituting these values,f= 6 x 10-6-':-2.5 )t. 106) >C 696 gm.s/cm.2 
2 X 4e 2 X. 107 X 290 

(IV) flu:1.ty gf Substances used. 

(a) _]Jyestu:t':t'Be 

·rc.e Methylene Blue, Congo Red, and Bordeaux Extra were from 

samples used by Dr. 0.0. Addison in previous work on adsorption 

at the benzene-water and chlorobenzene-water interfaces which had 

been purified as below. 

~ylene Blue. 

This was originally a laboratory stock sample in which the most 

probable impurities would be sodium and zinc chlorides with which the 

commercial dyestuff is salted out. No residue on ignition proved the 

absence af all possible inozganio impurities except-zinc salts which 

may volatilise. Addison decolourised a solution of the dye by 

reduction to the leuco base with sodium hydrosulphite. This 

solution on treatment with ammonium sulphide gave only sulphur. The 

eye was therefore assumed to be pure. 

Q.g_ngo l~d. 

The dyeJ from laboratory stock, was treated in a hot Soxhlet 
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apparatus with absolute alcohol for a period of two days to remove any 

organic impurities of simpler constitution which may have been soluble 

in alcohol. 'lhe dye itself was only very slightly soluble. On 

applying the chromyl chloride test, the dye was found to contain 

traces of chloride. It was therefore treated in a manner advised by 

c. Robinson & H.A.T. ~ills (35), by salting out with sodium acetate. 

This was repeated three times, after which no trace of chloride was to 

be found. ~he acetate was removed by boiling with absolute alcohol 

and washing the filtz·ate well with absolute alcohol. '!'his was 

repeated four times when no acetate coUld be detected by the cacodyl 

test. Drop numbers were taken on the purified sample and were found 

to lie in the drop number/concentration curve for the unpurified 

material. 

Bordeaux Extra. 

'fhis sampie was prepared for Addison's work by Messrs. I.C.I. 

(Dyestuffs) Ltd., of Blackley and.was purified by the method used 

for Congo Red. 

!w.IJ,gg C armino and So1way Ul1;ra Blue B • 

These two dyestuffs were especially obtained for this work from 

Messrs. I.C.I. (Dyestuffs) Ltd., Blacklej, and were purified by them. 

The author wishes to take· this opportunity of recording his thanks 

to the !~search Department of the Dyestuffs Group for the gift of 

these dyes. 

No further treatment was given to these two dyes. 
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(b) Mercury. 

The method of purification waa that described by f~ssell & Evans (36) 

in which mercury was shakon vigorously with a nor.mal solution of ferric 

sulphate in twice normal sulphuric acid until the surfa9e of the mercury 

broke into bubbles. 'the fer1"ic salt was then removed by washing with 

distilled water until there was no trace of ferric iron detectable in 

the washings after vigorous shaking. l''inally the mercury was dried 

by filtering through Whatman filter paper. 

(c) Water. 

a·previous investigation of the purity of the distilled water from 

normal laboratory st.ocks had shown that there was no detectable Un 

or lead content and that the ooppe r content was of the order of l part. 

in seven million which was considered sufficiently low as to have no 

effect on the results obtained. The specific conductivity was 

checked against a "Megger 11 earth t.ester and found to be approximately 

8 x. 10-6 mhos. so that this water could hardly contain sufficient of 

any impurity to influence the ad sorption figures. 

All results for interfacial tension determinations and for 

measured adsorption coefficients are tabulated in the following 

chapt.e r in which graphical representation iB also included. 



Q!tapter 4. 

1. Drop Numbers, Interfacial Tensions and Calculated 

Adsorptions. 
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(a) Methylene Blue. 

Interfacial Tensions. 

concentration Drop Number. Interfacial Tension' 
Gms./Litre. Dynes/em. ' 

o.o 208 3'74 I 
I 

o.l 215 363 

0.2 222 352 

0.4 226 346 
I 

1.0 230 340 I 

2.0 232 33'7 i 
) - - .. . . 

4.0 234 335 

calculated Adsorption Values. 

Concentration dCT dynes/Cm/Gm/Lt. rams.~cm2 
Grns ./Litre • ae X 10 

0.05 ca. -130 0.'75 

o.lo -125 1.49 

0.15 - '71 1.42 

0.20 - 56 1.34 

0.3 - 30.4 1.11 

0.4 - 18.5 0.88 

0.5 ... 12.9 0.77 

1.o .. 4.8 0.57 

1.5 - 2.4 0.43 

2.0 - 1.8 0.44 
--- ----- ·- ----
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(b) Congo Red. 

Interfacial Tensions. 

Concentration Drop Number. Interfacial Tension 
Gms./Litre. Dynes/Om. 

o.oo 208 374 

0.022 213 366 

0.044 216 361 

0.063 220 355 

0.125 224 349 

0.250 225 347 

u.5uu 225 34'1 

Oo750 224 348 

1.ooo 221 352 

1.500 220 354 

2.000 220 354 

3.000 221 353 

4.000 222 351 

5.700 225 347 

7aOOO 22'7 344 
-·-- ··--·-
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(b) Congo Red continued. 

Calculated Adsorption Values. 

Concentration d~dynes/Cm/Gm/Lt. JGms./~m2 
Gma ./L1 tre. crc 10 

·-- -- --- -

o.oo ca. --
0.05 -250 3.58 

o.1o - 38 1.oa 

0.20 - 13 0.74 

0.25 - 8.o 0.57 

0.30 - 5.0 0.43 

0.35 ... 2.0 0.20 

0.40 1--- - -- o.o- - t- - -0.0- --
0.50 3.5 -0.5 

0.60 6.2 -1.07 
; 

0.70 8.5 -1.7 

o.ao 9.5 -2.2 

0.90 10.5 ~2.7 

1.oo 10.6 -3.0 

1.10 8.5 .:.2.7 

1.20 5.5 -1.9 

1.30 3.2 -1.2 

1.40 1.5 -o.s 

1.50 -- -- - o.o- - -- -o.o- --

1.60 ' -0.4 0.2 
I 

1.70 
I 

-o.e 0.4 ' I 

i i 
' 

1.80 -1.2 o.s I 

; 

I ; 

2.00 I -1.4 o.8 ! I 
I 

2.50 -1.75 1.3 
. - - ---- -
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(c) Bordeaux Extra. 

Interfacial Tensions. 

Concentration Drop Number. Interfacial Tension 
Gms ./Litre • dynes/em. 

o.oo 208 374 

0.05 212 368 

o.lo 214 365 

0.20 218 358 

0.30 221 353 

0.40 223 350 

0.50 225 347 I 
0.60 226 346 

0.75 225 347 

0.91 218 358 

1.oo 216 361 

1.50 214 365 

2.00 216 361 
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(c) Bordeaux Extra continued. 

Calculated Adsorption Values. 
-----

'( Grns • 4 crn2 Concentration ~ dynes/Crn/Gm/Lt. 
Gms ./Litre • de xlo 

o.o ca. -DO o.o 

0.02 -11'7 0.6'7 

0.05 - 95.5 1.37 

0.10 - 74.1 I 2.13 ' I 

' I 
0.20 - 54.0 l 3.09 

0.30 .. 40.0 
I 

3.45 I 
0.40 - 30.1 I 3.61 I 

0.50 - 21.5 I' 3.08 I 
0.60 - 6.0 

' 
1.04 

0.63 t---- - o.o-- - - -0.0- -

o.7o 16.0 -3.2 

0.75 36.0 -7.7 

o.8o '73.0 -11.6 

0.85 I '77.0 -13.7 

0.90 50.0 ' -12 .8· 

1.oo 28.0 - 8.o 

1.1o 15.2 - 4.'7 

1.20 '7.2 - 2.5 

1.30 2.0 -o .74 

1.35 f------0.0--- - - o.o- --

1.50 -4.2 1.8 

1.60 -5.8 2.66 

1.80 -7.5 3.85 

2.0 -9.0 ' 5.15 
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(d) Indigo carmine x. 
Interfacial Tensions. 

Concentration Drop Number. Interfacial Tension 
Gms./;iitre. Dynes/em. 

-- ·- -----

o.oo -208 374 

0.63 223 350 

0.125 230 340 

0.25 238 329 

0.50 244 322 

1.00 249 316 

1.50 251 

I 
313 

I 2.0 253 311 

2.8 254 310 

4.2 254 310 

7.0 254 310 
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(d) Indigo carmine X continued. 

Calculated Adsorption Values. 

Concentration dcr dynes/Cm/Gm/Lt. fame -~crn2 
Gms./Litre. ro X 10 

. -

0.02 -350 1.43 

0.05 -200 2.05 

o.lo -130 2.65 

0.15 -105 3.24 

0.20 - 70 2.86 

0.30 - 33.5 2.15 

' 0.40 - 23.0 1.88 
I 
I 

I I 
I 0.50 - 19.0 1.94 I 
I 

I 
0.60 15.2 1.86 I -I 

I 

i 
0.70 ... 12.5 1.8o ! 

! 
' 
' o.ao ! - 10.9 1.80 
' 

0.90 l - 9.8 1.81 
! 

1.oo - 8.4 1.72 

1.20 - 6.8 1.66 
I 

I 
! 

1.40 - 5.5 1.57 

1.60 - 4.0 1.31 

1.80 - 3.4 1.25 

2.00 - 2.5 0.98 

2.20 - 2.0 0.90 

2.40 - 1.4 0.69 

2.80 - 0.5 0.24 

4.00 o.o o.o 
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(e) Solway Ultra Blue B. 

Interfacial Tensions. 

concentration Drop Number. Interfacial Tensions 
Gms ./L1 tre. Dynes/em. 

- --- . -- -·· --

o.ooo 208 374 

0.050 210 371 

o.loo 212 368 

0.20 217 360 

0.50 223 350 

1.oo 22'7 344 

1.50 I 229 I 341 I 
2.40 231 339 

4.00 232 33'7 

5.66 232 337 

7.oo 232 337 
·- . 
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(e) Solway Ultra Blue B. continued. 

Calculated Adsorption Values. 
-- --

I 

da- dynes/Cm/Gm/Lt. f Gms ./~m2 Concentration 
Gms./Litre. ' Qc "10 

I 

o.o -100 o.o 

o.l - ao.o 1.30 

0.2 - 50.0 1.60 

0.3 - 30.0 1.46 

0.4 - 20.0 1.30 

0.5 - 17.0 1.38 

0.6 - 14.6 1.42 

1 
0.7 

1 
... 12.3 1.40 

·I I 

o.8 - 10.8 1.40 

0.9 - 9.4 1.37 

1.o - 8.2 1.31 

1.1 - 7.2 1.28 

1.3 - 5.6 1.18 
' 1.5 4.5 1.09 -

2.0 ' - 2.8 0.89 

2.5 - 1.7 0.67 

3.0 ., ., 
0.53 - .l,e..L 

3.5 - 0.6 0.32 

4.0 - 0.13 0.21 

5.0 ca. o.o o.o 

6.0 o.o o.o 

7.0 o.o o.o 
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2. Measured Adsorptions etc. 
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1. Sunnnary of Results for Met.hylene Blue Experiments. 

Vol. of rear Initial Vol. of Hg. Drop RadiuE J.~.rea o~ Change in Total Wt. 
Concn. used ems. Hg. ci Soln concn. of of 

Gms ./Lt. in ccs. lo- ccs. rear Soln Dyestuff 
Gms ./Lt. ads·orged 

16 
.... - --- ~---- - -

0.425 82.4 0.0115 2.15 10.5 .29 3.04 

0.500 61.7 0.0115 1.61 12.0 .28 3.37 

0.650 66.7 0.0115 1.74 11.5 .24 2.76 
' 

0.850 59.5 0.0115 1.55 10.6 .58 6.16 

1.000 81.0 0.0115 2.11 13.0 .42 5.46 

1.300 51.0 0.0115 1.33 12.5 .61 7.52 

1.710 53.8 0.0115 1.40 11.0 .74 8.11 

2.000 ,{.4 C.Oll5 1.16 12.3 .43 5.29 
-- -

' 
Ads orpt i.on ' 

coefficaent 
Gms.4cm 

16 
- ......... 

1.4±0.1 

2.1 :to.2 

1.6±o.2 

4.o ±o.4 

2.6±0.3 
+ . 5.7-0.6 

5.a±o~e 

4.6 ;to.s 

0'1 
ro 
• 
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Initial Vol. of Hg. 
Concn. used 

Gms ./Lt in ccs. 

0.125 60.0 

0.25 77.0 

0.50 60.0 

1.00 83.5 

1.50 87.0 

2.00 69.5 

2.0 87.0 

2.5 89.0 

2.8 65.0 

3.0 1oo.o 

3.5 90.0 

4.0 73.0 

6.0 75.5 
--

2. Summary of Results for Congo Red Experiments. -
Drop Radius Area of Vol. of rear Change in Total Wt. 

ems. Hg. cm2 Se:ln. Concn. of of 
lo-4 ccs. rear Soln. Dyestuff 

Gms./Lt. adsorbed 
163 

0.0112 1.61 11.2 0.369 4.13 

0.0112 I 2.06 21..9 0.537 11.75 

0.0112 1.61 11.8 2.08 24.5 

0.0192 1.32 10.8 3.00 32.4 

0.0192 I 1.36 12.4 4 .. 31 53.5 
' 

0.0112 1.87 12.5 8.0 100.0 

0.0112 2.34 "14.2 8.1 115.0 
' 

0.0192 1.40 12.8 5.9 75.5 

0.0112 1.74 12.8 7.2 92.0 

0.0192 1.57 13.0 5.76 75.0 

0.0192 1.41 12.6 3.25 41.0 

0.0112 1.96 15.1 2.88 43.5 

0.0192 1.18 10.6 0.63 6.68 

Adsorption 
coeffic~ent 

Gm~a4cm 

2.56 ± 0.3 

5.70± 0.6 
I 

15.2o± 1.5 ' ' 

i 
+ ' 24 .so- 2.5 o 

39.3 ~ 4.0 

+ 53.5 - 5.4 

49.0 :t 5.0 

54.0 :t 5.4 

53.0 : 5.3 

47.8! 4.8 

29.1 ± 2.9 

22.2·± 2.2 

5.66± 0.6 

01 
CA 
• 

! 
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3. Sumrna.ry of Results for Bordeaux Extra Experiments • . ·- . 
1 Initial Vol. of Hg. Drop Radius ; Area o~ Vol. of ree:r Change in Total Wt. Adsorption 

Concn. used cl1'1$ • Hg. 4m Sol~. Concn. of of coeffic~ent 
; Gms ./Lt. in cce. lo- ccs. rear Soln. Dyestuff Gms.[cm 

Gms ./Lt. adsosbed 167 
10 

o.l 117.0 0.0115 3.05 10.4 0.28 2.91 0.9:!:0.1 

0.2 146.0 0.0115 3.80 10.4 0.52 5.4 1.4:!:0.1 

0.33 73.0 0.0115 1.91 13.5 0.34 4.6 2.4:!:: 0.2 

0.50 59.0 0.0115 1.54. 1o.o 0.57 5.7 3.7:0.4 

o.so 65.0 0.0115 1.70 11.7 0.34 3.98 2'.3 ± 0.2 

0.73 66.0 0.0112 1.7'7 12.4 0.231 2.87 1.s ±o.2 

1.oo 58.0 0.0112 1.56 11.0 0.154 1.69 1.1:to.1 

2.00 54.0 0.0112 1.45 12.0 o.lo 1.20 o.8±o.l 
- -- - -------- --~- --- -·------- ---- ---- -------- -

~ 
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Initial 'Vol. of Hg. 
Concn. used 
Gms./Lt. · in ccs. 

: 
I 

1.11 l 56.0 
; 

1.7:3 54.5 
' 

2.5 ' 5:3.0 

2.81 48.0 

4.0 58.0 

5.0 55.0 

6.0 49.5 

7.7 31.5 

4 •. Summary of Result~ for !ndigo Carmine X Experiments. -
j 

-.- ~ - - . --- .. 

\ Drop Radius Area of : V•ol. of resr Change in Total Wt. Adsorption 
cnte. Hg. cf2 Soln Concn. of of Coefficie~t 

I 1o- cce. resr Soln Dyestuff Gms./..~m 
I Gms ./Lt adsor~ed 10 ' ' 10 

I 0.0112 1.50 
i 

10.5 0.1:3 1.37 0.9±0.1 

' 0.0112 1.46 1o.5 0.20 2.1 1.4:!:o.l 

; 0.0112 1 .. 42 10.3 0.:30 :3.09 2.2:!0.2 

0.0112 1.30 9.4 0.:38 3.58 2.8:! 0.3 

0.0112 1.56 10.1 0.:38 3.84 2. 5:! 0.3 

0.0112 1.48 10.2 . 0.29 2.96 2.o±o.2 

0.0112 1.33 10.8 0.19 2.05 1.5~0.2 

0.0112 0.84 7.0 0.20 1.4 1.7±o.2 

C11 
C11 
• 
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--
: Initial 
j C·oncn. 
: Gms ./Lt. 

-

0.3 ' 

0.7 

: 1.0 

1.85 

2.4 

2.8 

3.3 

3.86 

5.0 

5. Sunrmary of Results for Solway Ultra Blue B Experiments. 
-- .. .. - - -- -· 

Vol. of Hg•l. Dl~op Radius Area o~ Vol of resr Change in Total Wt. Adsorption· 
used : ems. Hg. em Soln Concn. of of coeffici~nt 
in ccs. 1o-4 ccs. rear So1n Dyestuff Gms -L~m: 

Gms ./Lt. adsorbed 10 
163 

90.0 0.013 2.08 7.9 0.21 . 1.66 o.8±o.l 

123.0 0.013 2.84 10.2 0.39 3.98 1.4 "± 0.1 

56.0 0.013 1.29 15.3 0.15 2.30 1.8 "! 0.2 

73.0 0.0112 1.96 . 10.6 0.45 4.76 2.4"! 0.2 

62.0 0.013 ; 1.43 10.8 0.288 3.11 2.2:!::0.2 
i 

55.0 0.013 i 1.27 10.6 0.22 2.34 1.8:!0.2 

0.0112 
i 

1.€1 60.0 i 1o.e 0.24 2.58 1.7 :t:o.2 

69.0 0.0112 1.85 11.5 0.215 2.47 1.3±0.1 

58.0 0.0112 1.56 10.4 0.164 1.70 + 1.1-0.l 

0'1 m 
• 



Ql!.a.E._te r 5. 

COnSIDEBATION OF BESULTS. 

(a) General Obseryations: 

It is evident ±"rom the curves in the previous chapter that, 

with all the dyestuffs investigated, thl:i measured adsorption passes 

through a maximum with increasing concentration. A similar phenomenon 

was observed in many of the cases considered by previous workers 

although the adsorbate, the adsorbent and the experimental procedure 

were entirely dif'fez~nt. {16), (17). 

With "'!ethylene-blue, ;;.olw~.y uJ.tra-blu~ u = Hnd Indigo oa.nnine X the 

interfacial tension between mercury and aqueous dye solution falls with 

increasing concentration to a practically constant value, leading to 

11 theoretica.l 11 adsorption curves of the same form as those found 

experimentally• though, of course, varying in order of magnitude. In 

this they resemble the b&haviour of ~ethyl-or~nge, Congo red and 

bordeaux extra when adsorbed on benzene, chlorobenzene and light 

petroleum. .&.n the case ot' Congo. red aod Bordeaux extra however, the 

interfacial tension-concentration curves show two points of inflexion 

similar to those found by rucfSain and ~dlla (36) when considering 

the surface tension-concentration relationship for lauryl sulphonic 

Interfacial tension-concentration curves of this type lead to 

11 tb.eoretical 11 adsorption curves which change from positive to 
.. 
negative and again from negative to positive with increasing 

concentration. buch chllllge of sign is quite independent of the use 



of the concentration term in place of activity in the uibbs' equation 

and of errors in assessing the numerical magnitude of dO' • 
de 

(b) Discrepancies between ~·theoretical" and measured adsorption values. 

In view of the graphical method by which the values of dO" were 
de 

assessed f'romO'/c curves it was not to be expected that there could 

be exact agreement between the measured and calculated values of ~ • 

:t·utthermore 1 in the simplified f'oz·m of i.:ribbs 1 equation used throughout 

this work the. activity term was replaced by concentration. Had this 

been the only cause of' discrepancy then the 11 theoretica1 11 and measured 

aui:io.t·p·t.ion cu.rvt;s \;OulU. huvt~ uoinciut~d at low concentrations when the 

two terms can ba regarded as wholely interc~angeahle. ciuch wa.s not 

however fourd. to be the case and consequently no estimate of "activity 

coet'ficients 11 is possible in this wozk• 

P1~vious workers have observed conoiderable electric charges on 

droplets of adsorbent. as evidenced by the strong repulsive forces 

between adjacent droplets a.nd in particular by the divergence of paths 

of two droplets falling freely through adsorbate solution. ~uch 

phenomenon have been observed in this work and it may wel.l be that the 

great Gtability of such small droplets as were under e~natiun wa~ 

due in some measure to this statio chazge. No account is taken of 

the existence and influence of electrical double layers by the Gibbs' 

equation, though they must necessarily exert considerable influence 

58. 

on the nature of adsorbed layers. It has been shown by previous workers 

in this field t.h&i.t the extent of adsorption is greatly influenced by 

the electronic structure of both the adsorbate and the adsorbent; thus 
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indicating a definite orientation of the adsorbate at the interface. 
\. 

~ 

(c) Nature of Adsorbed l.ay~. 

The five dyestuffs considered in this work Wld whose fozmulae are 

given in ~igu19 VI opposite were drawn to scale from the data of 

Bidgwick and Bowen (37) on the assumption that the ring structures 

were coplanar• The area was also taken to be that of a straight 

sided polygon drawn closely round the projection. The above two 

approximations will make it obvious that the calculated areas should 

be considered to be maximum values. lt is improbable, however, 

that any sy=tem of close packir~ cf the mcleculee in the adsorbed 

layers could utilise all the inter-group spacings and, furthemore, 

the atomic movement within the molecule itself will tend to forbid 

such extremely intimate contact. 

The actual ~rea of intarface occupied per simple molecule in 

the region of maximum adsorption was calculated for each dyestuff 

as shown below in the case of Methylene Bluea-

L:iaximum Adsorption cooi'ficient for ~ethylene .Blue = 6a0 x lo-7 gms/cm2. 

Molecular weight of dye = 320 

6.0 x lo-7 
320 

gm. molecules of dye occupy l sq~ om~ 

and therefore occupy 1016 sq. 1. 

Hence one molecule of dye occupies 320 )C 1016 sq. Jl. 
6e0 K lQ-7 ~ 6oQ6JC. lQ23 

-. II 
9 sq. A 

The values obtained in this manner are collected in Table III 

together with the areas observed experimentally. •.rhe ra-tio of 

area calculated to area observed gives a direct measure of the 

• 

o~. 



ave~e thickness of the adsorbed layer at maximum adsorption if the 

molecules are so orientated as to present the maximum area to the 

interface• It is well recognised however that such an orientation 

may not be the one taken up and that end-on presentation as is 

conceived for the fatty acids at the oil-water interface, may 

well exist. 

It is worthy of note that the ratio of calculated to observed area 

is vez·y much greater in the case of Congo red than it is with 

Bordeaux extra although structurally the two dyestuffs are very 
Table III. 

---r.Y. related. 
1. -

Calculated Area Jl2 Observed area at U! Ratio. 
~.a.Jtimum adsorption A_• 

- . .. .. 

~ethylene Blue. 140 9 ' 16:1 

Congo Red. 192 ... 96:1 IW 

Bordeaux Extra. 153 33 4.6:1 

Indigo Curmin"' :x. 168 27 6.2:1 

Solway Ultia Blue B 1'76 28 
: 
' 6.4:1 

- . - . -·· 

It is also of' significance that the ratio of' calculated to observed 

area varies widely, and this would hardly be the case if the smaller 

azea occupied per molecule were to be explained only on the basis of 

close packing in the end-on positions. 

Close packing in the 11 end-on11 position is not to be overlooked 

however since there may well be strong attractions between the mercury 

and the highly polar inorganic groupings of dyestuffs. 

so. 
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Returning to the conaidoration of the inter-dependence of the inter-

facial tension and adaorption it may be suggested that what relationship 

there is, is by no means as simple as has been supposed and is not free 

from secondary and conflicting influences. 

It cannot be that adsorption is the solo cause of lowering of inter-

facial tension, since it is possible to have exjremely pronounced lowering 

of interfacial tension at points where adsorption is found to be very slight 

and apparently insufficient to cause appreciable saturation of the inter• 

face. 

In a paper by A.E.Ilexander (38) the author considers that the above 

or.perimental results are invalidated by virtue of the for.mation of insoluble 

mercury salts, to which he attributes the stability of the mercury droplets 

and the semi-solid nature of collections of such droplets. It is not 

considered that this is a final criticism since no observation of any 

"scum" on the mercury surface was ever made in this work. although there 
' 
was definitely a change in the appearance of the mercury in this form 

' 

(attributable to the intimate anociation with the dyestuff solution) the 

clean gleam of mercury surface was ever presentJ oven after some weeks 

in the case of the high stability in Congo red solutions. This 

statement applies equally to the microscopic examination of the merour,y 

surface during drop-radi's determinatious. 

Alexander also states that, even in the case of micelle-forming 

adsorbates, when concentrations are very low and the simple molecule 

concentration approaches the stoichiometrical concentration; the 

·~ooretical and observed adsorption curves coincide. He cites three 



examples from ~ddison•s work in support of this but neglects twelve 

other examples in which there is no sign of such coincidence. If 

this allthor• s criticisms of the ••falling droplet 11 method of 

investigation are sincere then surely the results embodied in his 

three examples will be as much in question as tho twelve examples 

which he neglects. ln this particular work, as has already been 

pointed out, the two curves do not coincide for any dyestuff studied 

at any concentration, dispite the fact that fuethylene blue and Bordeaux 

extra at least are believed to be present mainly in the fonn of 

uimplo ~oloculco at ths ccncentrationG here inveatiga~ud (39). 

It is not clear why, accordi:Dg to Alexander, tho formation of 

micelles should imply complete disappearance of adsorption although 

it is fully rrealised that a reduction in both the effective 

particulate concentration and in the dipole concentration will 

proceed aa micelle f"orma~ion increases. 



I 
I 

~ummary~ 

The adsorption of ~ethylene blue, Congo red, ~ordeaux extra, 

Indigo carmine A and ~olway ultra-blue B, from aqueous solutions of 

each h~:~.s been measured at the mercury-water intert'ace at 17° c. 

'.Cho interface wall provided by a stream· of droplets fa-lling through 

the dyestuff solution. •rhe adsorbed material was estimated 

colorimetrically in a Bausch and Lomb tintometer• Interfacial 

tensions of t.b.e same systems have been measured and from these 

theoretical adsorptions calculated by way of the Gibbs' adsorption 

equation. 

(= • ~ 
de 

In all five dyes studied the measured adsorption passes through a 

maximum with increasing concentration which is in agreement with 

several examples previously published by other wor.kers although the 

experimental technique and materials under consideration differed 

widely. 

~xact agreement between measured adsorptions and those calculated 

f'rom .. the uibbs 1 equation was not expected in view of the latitude in 

eveJ.uating ,Wr from 0"'/c curves, the use of concentrationo .instead of 
de 

activities, and of factors such as the influence of elec~rical double 

layers of which uibbs 1 equation takes no account. The discrepancies 

between the two sets of values are nevertheless striking. 

In the case of' .1.11ethylene ·blue, Solway ultra-blue B, and Indigo 

carmine X the form of the 11 theoretical 11 adsorption curve io the same 
. -

as that of the measured curve though of different dimensions. ln the 



case of Congo red and cordeaux extra however the interfacial tensioq/ 

concentration curve has two ini'lexions which lead to 11 theoretical'' 

values for the adsorptions which change from positive to negative and 

then back to positive as the concentration increases. Such a change 

is independent of the use of concentrations instead of activities in 

calculating adsorptions from Uibbs• equation and of errors in 

assessing gg: • 
de 

In none of the cases investigated do the curves for 

theoretical and measured adsoFptions coincide at low concentrations as 

would be the case if the only reason for the discrepancies were to be 

found in the omission of tb.e activity coefficients. 

---------------
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