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PREFACE 

Aluminum is an important constituent of many rocks and mineral s and yet the 
classical method of quantitative ana lysis is ubject to serious error. 

Various alternative methods have been proposed and two of these were tested 
by the author. One, after modification, was fo und to be both fa st and accurate. 

J . M. HARRISO N, 

Director, Geological Survey of Canada 

0ITAWA, June 29, 1962 
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Von Marilyn Levine 
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der chemischen Analyse flir Aluminium in Gcsleinen uncl besch­
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TH POLAROGRAPHIC DETERMI ATION OF 
ALUMINUM IN ROCKS 

Abstract 

Three polarographic 111ethods for the dcter111ination of alu111 inu111 , all involving 
co111plex formation wi th organic reagents, have been inves tiga ted for their application 
to the routine ana lysis of rocks. One 111ethod involvi ng an alu111 inum-gluconate co111-
plex was found to be impractica l because o f a large hydrogen ion dependence, w hich 
wou ld necessitate a too criti ca l cont ro l of pH. A second 111ethod, based upon the 
reduction of an aluminum-di-ortho-hydroxyazo complex in acetate buffer of pH 4.7, 
co uld not be used for the determination of Al 20 3 in a111ounts grea ter than 7 per cent 
because of the low solubility of the aluminu111-dye complex. The th ird method , si111ilar 
to the second, 111akes use of a 111ore soluble analogue of the above o rga nic compound, 
synthesized for the purpose, wh ich per111its the determinat ion of aluminum in rocks 
over the range of about 1-20 per cent Al 20 3 wit h a maximu111 error of 3 per cent. A 
study of poss ible interfering ions indica ted that only titanium, i ron , nickel , thorium, 
and uranium ions need be considered among the ca tions, and fluoride among the 
anions. A preliminary mercury ca th ode electrol ys is removes iron and nickel, and thor­
ium and uranium generally occur in negligible amounts. Titanium can be tolerated in 
amounts up to 3 per cent Ti02 without serious interference, and in higher amounts if 
special precautions are taken. The effects o f temperature and ti 111e o f sta nd ing upon 
the complex were also studied . 

R esume 

Trois procedes polarographiqucs de dosage de l 'a lu111inium, qui comportenl tous 
la formation de com plexes avec des reactifs o rganiques, ont donne lieu a des investi­
ga tions aux fi ns de deter111iner s' ils pourraient servir a J'analyse regu liere des roches. 
Un procede fa isant interveni r un complexe de gluconate d 'a lu111inium s'est revele 
inutilisablc a cause de sa grande dependance sur Jes ions d' hydrogene, ce qui neces­
sitera it un contr61c trop rigoureux du pH. Un deuxieme procede, fonde sur la reduction 
d'un complexe de di-ortho-hydroxyazo d'a lumin ium clans un tampon d'acetatc de pH 
4.7, ne pcut pas etre utilise pour le dosage d'Al 20 3 en quantites supericures a 7 p. JOO 
a cause de la faib lc solubil ite du complexe colorant d'a luminium. Le tro isieme procede, 
qui ressc111ble au second, fait usage d'un compose organique analogue a celui sus­
mentionne mais plus soluble; ce lui-ci a ete synthetise pour Jes besoins et permet de 
closer l 'a luminium present au sein des rochcs suivant une echel le qui va rie d'enviro n I 
a 20 p. JOO d'Al 20 3, avcc erreur 111aximum de 3 p. JOO. U ne etude des ions qui pour­
raient intervenir clans la reaction a indique quc seuls Jes ions de titane, de fer, de nickel, 
de thorium et d'uranium, doivent etre consideres parmi Jes cat ions et que seuls Jes ions 
de nuorure, parmi Jes anions. Unc electrolyse prelim inairc a !'aide d'une cathode de 
mercure elimine Jc fer et le nickel. Quant au thorium et a l 'uranium, ils n'ex istent 
ordinairement qu 'en quanti tes negligea bles. D es teneurs qui peuvent atteindrc j usqu'a 
3 p. JOO en T i02 n'entrainent ordinairemcnt pas d'inconvenicnts serieux, et meme des 
tcncurs plus elevees importent peu si l 'on sa it prendre certaines precautions. On a 
egale111ent etudie Jes effets de la temperature et de la duree de l 'experience sur le co m­
plexe. 





PART I 

ATTEMPT TO USE KNOWN POLAROGRAPHIC METHODS 
TO DETERMINE ALUMINUM IN ROCKS 

In recent years the rapidly increasing interest in geochemistry has resulted in a 
simultaneo usly increasing demand for silicate rocks analyses. The two main groups 
of chemical methods by which these ana lyses a rc made are: 'classical', when results 
of high accuracy are wanted , and 'rapid' when accuracy is of Jess importance but 
when speed is required. 

Both these methods, which are used by the Geological Survey, have serious 
disadvantages. In the 'classical' method the aluminum is determined gravimetrica lly 
by difference, and therefore errors of all other determinations accum ulate in the 
final result. The ' rap id ' method employs a spectrophotometric finish, based upon the 
formation of coloured lake resulting from the combination of the solution containing 
aluminum ion with the dye al izarin red S. The composition of this Jake is uncertain, 
being either an aluminum complex wh ich exists in colloidal so luti on, or colloidal 
aluminum hydroxide on which the organic compound is adsorbed. Spectrophoto­
metric methods of this nature suffer ser ious interference from various other cat ion s, 
such as iron and titanium, and also arc affected by variations in the conditions of 
reaction, such as pH, ionic strength, and temperature. Consequently this method is 
generally less reliable than might be desired. 

Because of the unsatisfactory nature of the existing techniques, work was under­
taken to develop a method that would avoid both colorimetric Jake methods and 
complicated chemical separations. Fluorimetric methods (White and Lowe, 1940; 
D avydov and Devekki, 1941 ; Weissler and White, 1946) are sensitive but unreliable 
because of interferences caused by vario us ion species. Spectrographic techniques, 
in general, are not very successful, owing to the refractory nature of aluminum oxide. 
It was therefore decided to investigate the possibility of app lying a polarogra phic 
approach to the problem. 

The polarographic determination of a luminum is one of the more difficult tasks 
in cation polarography. Aluminum salts in so lutions of pH greater than 4 readily 
hydro lyse and the diffusion current obtained does not express the true concentration 
of aluminum ion. Aluminate ion, present in strongly a lkaline so lutions, does not 
give a po larographic reduction wave. Prajzler (1931) observed a fairly well developed 
wave for a luminum ion, with a half-wave potential of - l.75 v. vs. S.C.E. in 0.05 
normal barium chlor ide as supporting electrolyte. The red uction of hydrogen ion , 
unfortunately, precedes that of aluminum ion , but when the concentration of 
hydrogen ion does not exceed that of a luminum ion the waves are well separa ted . 
H igher concentrations of hydrogen ion , however, completely mask the aluminum 
wave. It is ev ident, therefore, that the successful polarograph ic determi nation of 
a lu minum by such a method is cr itica ll y dependent upon the proper control of pH 
between na rrow li mits which va ry with the concentrat ion of alum inum ion . Mo re-

1 
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Polarographic Determination of Aluminum in R ocks 

over, buffer so luti ons ca nn ot be employed to fix the hydrogen ion concentration, 
because even though the pH is correct ly adj usted to the neighbourhood of 3 to 4, 
the weak acid of the buffer can prod uce a large hydrogen wave which will com­
plete ly obscure the a luminum wave. Because the half-wave potential of the a luminu m 
wave is so hi ghly negati ve, a ll ion s present in appreciab le concentrations with more 
positive half-wave potentials will interfere, as well as such ion as those of barium, 
sod ium , and potass ium, whose reduction waves follow closely after the -1.75 vo lt 
half-wave potentia l of a lu minum ion. l t is ev ident , therefore, that a method involving 
measurement of the diffusion current of the alumin um ion wave under such limited 
and critical conditions, conditions that are unlikely to be ob tained with routine 
analyt ical procedures, would not fulfi l the requirements for a reliable rapid method. 
However, by usi ng the po larographic reduction wave of a complex aluminum species 
possess ing different properti es, some or all of these disadvantages may be overcome. 

Two met hods described in the litera ture , both in volv ing complex formation with 
an organic reagent, looked promising. The Willard and Dean method (Willard and 
Dean , 1950 ; Perkins and Reynolds, J958a) involves the modification by aluminum 
or the polarographic reduct ion of a 2,2' - dihydroxyazo dye. The method of V.D. 
Bezuglyi (Bezuglyi. 1959) is based upon the formation of an aluminum gluconate 
complex species. The first part or thi s bu ll etin is concerned with an investigation into 
the appl ication of one or ot her of these methods as a poss ible a lternative to the 
methods present ly in use for the determination of a luminum at the Geological 
Survey. 

T his wo rk was done wh ile the author occup ied a term a ppointment with the 
Geologica l Su rvey of Ca nada. Thanks are d ue to J . A. Maxwell and staff of the 
Analytical Chemi stry Section fo r the ir help ful ass ista nce and adv ice. 

Apparams and Reagent~ 

Polarograms were recorded on a Leeds and Northrup Electrochemograph type 
E at 25°C. Potentials were mea sured relative to the satu rated calomel electrode 
(S .C. E.). The capillary had the fo llowing characteristics in disti ll ed water: 

m2/3tl /6 = 2.06mg2 13sec - 1;2, 
with a drop t ime of 3. 19 second s and a 50 cm head of mercury. 

Oxygen was removed from the so lutions by purging with nitrogen, purified by 
pa ssage through va nado us chlo ride so luti ons (Meites, 1955, p. 34) for 5 to 10 minutes. 
All pH measurements we re made with a glass electrode and a Beckman Model G 
pH meter. An Eberbach Dyna-Cath magnetic mercury cathode elec trolytic apparatus 
was used to remo ve iron and other heavy metals from the olutions. 

Both constant temperature baths were controlled by means of mercury switch 
thermoregulators , in conjunction with Preci sion Scient ific Co. Electron ic Relays 
No. 62690. T he the rmoregula tor in the polarograph ic bath was se t at 24.7°C ± 0.2° 
and that in the bath used to heat the a luminum-dye sol ut ion was set at 54.0°C± 0.5°. 

A 0.0 1 M a luminum ion so luti on was prepared by disso lving 2.37 19 grams of 
a luminum potass ium sulphate dodecahydrate crystals in wate r acid ifi ed with 2 ml 
of 5 N perchloric acid to prevent precipita ti on of a luminum hyd rox ide , and di luting 
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Gluconate Method 

to 500 ml in a vo lumetri c fl as k. The so lution was standardi zed grav imctri call y with 
8-hydroxyq uinoline (Kolthoff a nd Sandell, 1952, p. 320) a nd duplicate determina­
tions gave molarities of 0.01002 and 0.00998 . Other concentration s of a luminum io n 
were prepared by appropriate dilutions of this sta nd a rd in 50 ml volumetric fl asks. 
These were further acidified with a nother 0.5 ml of 5 N pcrchlo ri c acid. 

The ca lcium gluconate sol uti on was prepared by dissolving 10 grams of ca lci um 
gluconate a nd 8 grams of ca lciu m chl o ri de in 200 ml of water, to make a solution 
conta ining 5 pe r cent of ca lcium g luconate and 4 per cent or calcium chlo ri de. 

T he so lu tion of the dye, Pontachrome Violet SWl (co lo ur index I 69), which is 
the sod ium sa lt of 1-(l-hydroxy-4-su lphon ic acid-2-phenylazo)-2-naphthol, was pre­
pared in a n acetate buffer of pH 4.7 by dissolving 2.00 g rams of Pontach rome Violet 
SW a nd 59.4 g ra ms of sod iu m acetate tr ihydrate in water conta ining 25.0 ml of 
glacia l acetic acid a nd diluting to 2500 ml. The so luti on so prepared was 0.175 
normal in aceta te ion a nd co nta ined 0.08 per cent dye. The pH or the buffer sol ution 
was checked aga inst a Beckma n stand a rd buffer so lution or pH 4.00 ± 0.01 at 25°C. 

Gluconate Method 

T he bas ic steps in the procedure suggested by Bczuglyi ( 1959) arc: the pH of 
the so lution containing a luminum ion is adjusted to the pK or bromophenol blue and 
this is added to an aqueo us so luti on of calcium gluconate a nd calcium chloride. 
A polarogram is then run on the resul t in g so lu tio n. Bezuglyi reported that a wave 
a ppea red at - 1.56 to - 1.60 vo lts, whose diffusion current va ri ed linea rly with 
co ncentra tion of a luminum ion. 

T he present investi gation was begun by testin g the linea rity o r the relationship 
between diffusion current and concentration. To acco mpli sh thi s, 5.0 ml of a sta nda rd­
ized O.Ol M potassium a luminum sulphate so lution, with no add ed pcrchloric acid , 
was diluted with increas ing a mounts o f the 5 per cent ca lcium g luco nate so lu tion 
rang ing from 5 ml to 25 ml. A po la rogra m was taken after each dilution step. Figure 
l shows a representati ve polarogram taken on a so lu tion tha t was 0.005 M in a lum­
inum ion, a nd contained 5 per cent of ca lcium gluco nate a nd 4 per cent of calcium 
chloride. The pH of this so lu tion was found to be 3.90. Figure 2 is a plot o f the diffus­
ion current ve rsus concentration. As can be seen , the relations hi p is linea r as reported 
by Bezuglyi . The next step was the consideration of the effects or such va ri ables as 
dive rse ions a nd pH. 

To study the effect s of va riou s di ve rse ion s upon this wave, d ifTering a mo unts of 
so lution s containing these ion s were added to a luminum-gluconatc so luti ons in which 
the final aluminum ion concentration remained constant. 

Ferri c a nd fe rrous iron , divalent manganese a nd tetravalent titanium a ll 
increased the diffusion current. Sod ium , po tassium , a nd calci um ions had no obse rv­
a ble effect. Fluoride ion tended to dep ress the wave height a nd in high co ncentra­
tions a lmos t elimina ted the wave. It was noted that when an excess o f sodium fluorid e 
was added, the pH increa sed to around 6. Boric acid increased the diffusion current. 
The effects of fluoride ion and boric acid will be di scussed below. 

I Th is dye was obtained from the Nationa l Ani line Division of All ied Chemica l Co rporat ion under 
the trade name Supcrchrome Viole t B. 

3 
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Polarographic Determination of Alnminum in Rocks 

To determine the effect of pH, a so lution was made up to be 0.005 Min alumi­
num ion with 5 per cent of calcium gluconate, 4 per cent of calcium chloride, and 
0.002 per cent of ge latin . Adjustments in pH were made with fractions of drops of 
concentrated hydrochloric acid and 40 per cent potassium hydroxide, such that the 
chan ge in aluminum concentration would be negligible. After each addi tion of acid 
or base, the pH was read and a polarogram run. 

The diffusion current was found to increase with a decrease in pH. The hydrogen 
ion concentration was calculated from the observed pH values, and the relationship 
between diffusion current and hydrogen ion concentration is shown in Figure 3. 
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FIGURE 3. Variation cf diffusion current cf aluminum-glucanate solution with hydrogen ion concentration. 

The fact that a linear variation was obtained suggests that perhaps the reduction 
of hydrogen ion is being measured rather than the red uction of the a luminum ion in 
the gluconate complex. To test this theo ry a blank so lution was made containing 
5 per cent of calcium gluconate and 4 per cent of calcium chloride, a nd then brought 
to a pH of 3.90 with 5 N perchloric acid . As less than one drop of perchloric acid 
wa s used to acid ify I 0 ml of the solution , there was no effective change in the calcium 
gluconate concentration . This solution was deoxygenated and polarographed , giving 
the polarogram shown in Figure 4. Comparison of the polarograms in Figures 1 
and 4, the former representing a si milar so lution but containing 5 millimoles of 
aluminum ion , shows that although the former has a 0.04 vo lt more positive half­
wave potential and a somewhat higher diffusion current than that in Figure 4, there 
is a striking resemblance between the two polarograms. 
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l'olarograpbic Determination of Aluminum in Rocks 

The polarographic waves shown in F igures 1 and 4 were a na lyzed for revers-
1 

ibility by plotting log -. - . ve rsus the potential , where ic1 is the diffusion current a nd 
Jc1-1 

i is the current at any potential. The slopes of these plots, shown in Figu re 5, were 
found to be 0.12 vo lts, wh ich indicates that the reductions taking place are irreve rs­
ible. Because hydrogen ion a nd aluminum ion would probably be reduced by different 
mechanisms, it is unlikely that the logarithmic plots for aluminum and hydrogen 
reductions would have the same slopes. From the results it therefore appears that it 
is the hydrogen ion that is being reduced in both cases. 

To determine conclusively whe ther it was hydrogen ion or a luminum ion in the 
a luminum-gluconate solution wh ich was be in g reduced, two identical soluti ons con­
taining 5 per cen t of ca lcium gluconate, 4 per cent of calcium chloride in a 0 .005 
molar soluti on of a luminum potass ium sulphate were prepared. Both so lutions were 
immersed in a constant temperature bath at 24.7°C and one of the so lutions was 
reduced at the droppin g mercury electrode for 22 hours at -1.85 volts vs. S.C.E. 
During this reduction the diffusion current dropped from 36.4 to 29.0 microamperes. 
Both solutions were then analyzed for aluminum by the 8-hydroxyquino line pro­
cedure (Kolthoff and Sandell, 1952, p. 320). From the results of these analyses the 
concentration of the so luti on tha t had undergone the red ucti on step was calculated 
to be 5.03 X 10- 3 molar, whil e that of the contro l so lu t ion was ca lcu la ted to be 5.06 
X J0- 3 mola r. As aluminum metal h as a fairly high solubility in mercury (Sidgwick, 
1950, p. 289) there is littl e possibility of it returning to the aqueous phase through 
reaction with the ava ilable hydrogen ion. Consequently, it is evident from these 
results that no reduction of the aluminum ion had taken p lace and it must, there­
fore , be the hydrogen ion in the so lution that was reduced . 

With these result in mind , it is obvious that the enhancing effect of boric acid 
on the diffusion current is clue to the increase in the concentration of weak acid in 
solution . 

Pecsoc and Sandera ( 1955) have determined that ferric io n forms a 1 :l complex 
with gluconate ion. ]twas thought that a polarographic s tud y of thi s complex spec ies 
might throw further light o n the a luminum-gluconate problem. For thi s purpose 
a 0.005 molar so luti on of ferric am monium sulphate was prepa red which contained 
5 per cent of calcium gluco natc a nd 4 per cent of calcium chloride. The pH of this 
so lution was 3.90, the same as that of the a luminum-gluconate so lution of the same 
concentration. Howeve r, the polarogra m of t he ferric gluconate soluti on (Fig . 6) 
consists of two waves wi th half-wave potentials at abo ut - 1.4 volts and -1.65 volts. 
When the solution was acidified with perchloric acid to a pH of 3.62 the second 
wave increased in height from about 8 microamperes to about 24 microampcres, 
whi le the height of the first wave remained constant. Thi s indicates that the first 
wave is the ferrous iron wave a nd the seco nd the hydrogen ion wave. Jn contrast to 
this very small hydrogen wave , the wave that was thought to be due to hydrogen ion 
in the a luminum-gluconatc solution had a diffu sion current of about 35 microampcres. 

Since the pH va lues of the a luminum-glucon atc so lution a nd the ferric gluco nate 
solution were both 3.90, one wo uld at first expect them to exhib it the same diffusion 
current due to hydrogen ion. However, o n the basi of the proposed structures 
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Polarograpbic Determination of Aluminum in Rocks 

(equation 1) of Pecsoc a nd Sa ndera (1955) for the ferr ic gluconate complex in sol u­
tion between pH 2.3 a nd 13.3, this low hydrogen wave is und ersta ndab le when it is 
considered that the reduction of the ferric iron in the gluconate co mplex to metallic 
iron wi ll liberate the very un stable gl uconate species with three negati vely cha rged 
oxygen atoms. The hydrogen ion diffusing up to the electrode surface will meet the 
outwardly diffusing gluconate anion species, a nd immediately react with it, as shown 
in equation (2). 

0 

I OH 
0 

I o-

0 o~ 

""' 
OH-:;1Fo <H ,OJ, 0-Fe (H

2
0 J3 

pK 4.0 o;I 
(1) 

- 0 0 

OH OH 

0 l o I OH OH 
-0 OH 

0 + 3H + OH (2) 

OH OH 

0 OH 

OH OH 

lf the hydrogen ion and the ferri c gluco nate co mplex had the sa me diffusio n 

coefficients, then no h ydrogen wave wou ld appear in an unbu ffered so luti on until 

the hydroge n ion co ncentration was three times that of the gluconatc co mplex. The 

diffusion coefficient of the hydrogen ion at infinite diluti o n is 9.34 X 10-s cm2 

sec- I, whereas that of the fe rri cyanide co mplex a ni on (Parsons, 1959, p. 79) is o nl y 

0.89 X 10-s cm2 sec-I . It would be expected that the diffusion coeffici ent of the 

ferric gluconate species wo uld be even less because of the large r size of the li ga nd . 

Co nsequentl y, due to the ve ry la rge diffusion coefficient of hydrogen ion a nd to the 

contributi on of the weak acid , gluco nic acid , in the so luti on, it is expected that a 

h ydrogen wave will begin to appea r whe n the measured hydrogen ion concentrat ion 

is ve ry much less than three times the gluco nate concentratio n, as is so here. 
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Polarographic Determination of A luminum in Rocks 

Certa inly, these results show that the reduction of the ferric gluconate complex 

is not analogous to the reduction taki ng place in the aluminum-gluconate solution, 

and therefore no immediate conclusions can be drawn from a study of the former. 

The reaction scheme proposed by Bczuglyi (1959) for the aluminum gluconate 

complex formation is shown in equation (3)l. 

It can be seen that this differs from the ferric glucon ate complex proposed by Pecsoc 
and Sand era (I 955) , in that Bezuglyi's complex contains three gluconate ligands per 

aluminum ion. Bezuglyi proposed this reaction on the evidence he obtained when 

titrating an aluminum sulphate so lution with a calcium gluconate so lution , a nd 

plotting the pH versus the vo lume of added gluconate. H e designated the equivaknce 

point as being the point where the second derivative of the plot becomes zero. This 

would mean that the equivalence point would be at the inflection po in t in the plot 

of pH versus volume. Although Bezuglyi does not indicate the volume of aluminum 

sulphate solution that he titrated (thus making it imposs ible to check his results) 
he says that hi s results confirmed that the species in so lution was the aluminum 

trigluconate ion. The above reasoning leading to thi s conclusion is not, however, 

obvious. It is difficult to understand why Bezuglyi chose the inflection point of hi s 

plot as the equivalence point. In hi s proposed reaction hydrogen ion is released , and 

consequently the point at which the hydrogen ion concentration is a maximum 

would be the equivalence point. 

The proposed reaction schemes of Bezuglyi , and Pecsoc and Sandera both 

involve the displacement of hydrogen ion from a lcoho li c hydroxyl groups upon 

complex formation . A ss uming that alcoholic hydroxyl groups are thus involved the 

sto ichiometric ratio of aluminum to gluconate can be determined by a titration 

similar to that done by Bezuglyi , but taking the point of lowest pH as the equiv­

alence point rather than the inflection point of the p lot. For thi s purpose, 50 ml of 

0.002 molar potassium a luminum sulphate (0.100 millimoles) was titrated with 0.03 

N ca lcium gluconate so lution and the pH was read after each addition. In the plot 

of pH versus volume of added gluconate, shown in Figure 7, the minimum pH is at 

3.38 ml, which is equivalent to O. lOl millimoles of gluconate ion. Therefore it may 

be concluded that the a luminum is present in a 1: l complex with the gluconate 

ligand. 

From the nature of the results depicted in Figure 7 it is evident that a strong 
complexing agent such as fluoride ion will lower the diffusion current by the removal 

of the aluminum ion from the gluconate complex, thus raising the pH of the solution . 

1 Bezugly i had a lotal of seven carbon atoms in his gluconate ion. This is thought to be a misprint. 
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Willard and D ean Method 

:r: 
Q_ 

10 20 30 40 GSC 

VOLUME 0.03 NORMAL CALCIUM GLUCONATE (M ILLI LITRES) 

FIGURE 7 . pH variation of 0.100 mill imoles aluminum pota ssium su lphate so lution with volum e o f a dded cal ci um 
gluconate solution. 

The a nalytica l applica tion o f thi s g luconate co mplex to the determina tio n of 
a luminum wo uld o bvio usly be impracti ca l because the polarogra phic wave o btained 
is the resul t of the reducti on of hydrogen ion. The pH adj ustment of the sa mple 
so luti on p ri o r to the addition of ca lcium g lucona te wo uld be so criti ca l tha t even 
the use of a glass electrode pH mete r would not a ffo rd the necessa ry accuracy. 
Because of its loga rithmic dependence, a rela tively sma ll p H va ria ti on will co rrespond 
to a signi fica nt change in hydrogen io n concentra tio n a nd thu s a lso in the mag nitude 
of the di ffusion current. 

Willard and D ean M ethod 

Experimental Results 

C alibration C urve 

The proced ure used is a modifi ca tio n o f tha t descri bed by Willa rd and D ean 
(1 950). 

Three ml a liquo ts of each of the sta nd a rd so luti ons, ra nging fro m 2 to 7 milli ­
mo la r in a lum inum io n, a nd of a blank conta ining no a luminum ion, we re transferred 
to 50 ml vo lumetric flas ks a nd were made j ust bas ic to methyl red wilh 40 per cent 
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Polarograpbic Determination of Aluminum in Rocks 

sod ium hydroxide. Perchloric acid (SN) was added dropwise until th e solu tions were 
just acid, 25.0 ml portions of the buffered 0.08 per cent Pontachrome Violet SW 
were added , and the so lutions made up to volume with water. Afte r immersion in 
a 54°C constant temperature bath for 15 to 20 minutes, the fla sks were coo led in tap 
wa ter and aliquots were transferred to polarographic ce ll s (Harris, 1958), deoxy­
genated and polarographed. 

The polarogra ms of the dye solution a lone consisted of one wave for the reduc­
tion of the azo group with a ha lf-wave potenti al of - 0.31 volts to - 0.32 volts vs. 
S.C.E. Polarogra ms of the aluminum-d ye so lutions consisted of two waves, the half­
wave potential s we re fo und to ra nge fro m - 0.28 volts to - 0.26 vo lts for the first 
wave, and from - 0.43 volts to - 0.45 volts for the second wave, with increas ing 
concentration of aluminum ion. The height of the first wave decreased with increas­
ing concentration of a luminum ion and the height of the second wave increased 
correspondingly. Figure 8 shows current-voltage curves for the dye a lone and in the 
presence of a luminum ion. If the measured diffusion curren ts of the seco nd wave 
are plotted aga inst the concentrations of the standard aluminum ion so lutions used, 
as has been do ne in Figure 9, a linea r relat ion ship is obtained . H owever, the diffusion 
currents used for the calibra tion curve unfortunate ly were not as reproducible as 
might be desired. Diffusion currents of the same solution , taken on different days, 
varied inconsistently over a range as la rge as 0.3 microa mperes. The sa me ra nge of 
variations was observed for diffusion currents taken a t the same time, but on different 
so luti ons, prepared by identi cal procedures. Average values for the diffusion current 
readings were used in Figure 9. 

Effect of Oth er I ons 

Both Willard a nd D ean (1950), and Perkins and R eynold s (1958a) , have made 

rathe r ex tensive studies of the effect of ma ny d ifferent ions . T heir result a re in genera l 

agreemen t with one a nother, so tha t no further stud y of this nature was undertaken 

here. 

From the above studi es it ap pears that, of the ions no rma ll y present in sil icate 

rock sa mples, o nl y fe rri c iron a nd titanium interfere app reciab ly. Titanium oxide 

no rma ll y docs not exceed 0.5 pe r cent of the sa mple, a nd in thi s concentrat io n its 

effect upon the d iffusion cu rrent of the a luminum-dye wave will be negli gi ble. Fe rri c 

iron, o n the other hand , has a propo rtionately la rger effect upon the diffu io n current, 

and in genera l the a mount of iron in the sa mple exceeds 1 per cent. Thus, it is genera ll y 

necessa ry to remove iron from the sa mple solution prior to t he addition of the d ye. 

Beca use sul phate and potassium ions in a mounts exceeding 5 mg per 50 ml ca use 

precipitation or the dye, Willard and D ea n suggest that o nly perchloric acid a nd 

sod ium hyd roxide sho uld be used in preliminary steps requiring an acid or base. 

Fluo ride ion form s a more stable complex with aluminum io n than does the dye, 

and therefo re must be co mplete ly re moved from the sample solution after sa mple 

decompositio n with hydrofl uoric acid. 
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Willard and Dean Method 

Analysis of Laboratory R efer ence Rock Samples 

Aluminum was determined in a series of analyzed rock samples by the follow­

ing procedure: 

A 0.400 gra m sa mple of each rock was transferred quantitatively to a 90 ml 

platinum crucible and moistened with l to 2 ml of water. Ten ml of 48 per cent 

hyd rofluoric acid was added ca utious ly, followed by 3 ml of concentrated sulphuri c 

acid. The crucibles were covered and placed on a steam bath to digest overnight. 

The contents were then evaporated down to a volume of about 3 ml and l ml of 

concentrated nitric acid was added to complete the oxidation of a ny organic matter 

present. The evapo ra tion was continued until copious white fumes of sulphur tri­

oxide were evo lved and the crucibles were then a llowed to cool. The crucible contents 

were transferred quantitatively to 400 ml Vycor beakers a nd diluted to about 150 

ml with water. The so lutions were boiled gentl y for 15 to 20 minutes, cooled , and 

transferred qua ntitatively to 200 ml volumetric fla sks, with filtration when necessary, 

and diluted to volume at room temperature. 

About 50 ml of each of these solutions were electro lysed at the mercury cathode 

(Maxwell and Graham, 1950), with a current density of0.13 amp cnr2 for abo ut 40 

minutes. Then 3.0 ml a liquots of the electro lysed so lution s were transferred to 50 

ml beakers and evapo rated until sulphur trioxide fumes ceased to be evo lved. Four 

to five ml of distilled water and about 5 drops of concentrated sulphuri c acid were 

added, and the contents were again fumed to dryness. The sides of the beakers were 

washed down a nd the fuming proced ure repeated . These repeated fumings were 
necessary to ensure the exp ul sion of all traces of fluoride ion . 

The res idues were taken up in 1 ml of 5 N perchloric acid, with heating, a nd the 

resulting so lu tion s were transferred quantitatively to 50 ml vo lumetric flasks. Sodium 

hydrox ide (40 per cent) was added until the sol ution s were just basic to methyl red. 

Perchloric acid (SN) was added dropwi se until the so lutions were just acid again a nd 

then 25.0 ml of the buffered 0.08 per cent Pontachrome Violet SW was added and the 

so lu tions made up to volume with water. After immersion in a 54°C constant 

temperature bath for 15 to 20 minutes, the flasks were cooled in tap wate r, and 

a liqu ots were transferred to polarographic ce ll s (Har ri s, 1958), deoxygenated , and 

polarographed . 

To convert the diffusion current reading into per cent Al20 3, the a luminum ion 

concentration in millimoles per liter, read from the cal ibra tion curve (Fig. 9), was 

200 101.9 100 
multiplied by the factor -- X -- X -- X -, wh ich reduces to 2.55. 

1000 1000 2 0.4 

Average results for the various sa mples, determined in duplicate by the above 

procedure, are li sted in Table I. For comparison , the resu lts obtained with the a li zari n 

red S method and wi th the 'classica l' grav imetric procedure are a lso li sted. 
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Gabbro .. 

Granite .. 

Granite .. 

Table I 

P er Cent A/2 0 3 Found by Different Methods 

Sample 

. . . . . . . . . . . . . . . . . . I 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . I 

Lab. 
Code 
umber 

A 167 

R 1873 

A 138 

Pontachrome Aliza rin 
Violet SW Red S 

13.38 14 .60 

13. 65 15.31 

14 .55 14 .20 

14. 12 13.82 

.13. 36 14 . 22 

13.57 

15.69 14.76 

Conclusions 

Gravimetric 

114 41 

J 

.13.61 

14 . 8 l 

The data obtai ned suggest that the Willard and Dean method in its present 
form is not suitable as an a lternative method for the determination of aluminum in 
rocks with Al 20 3 contents ranging from 8 to 20 per cent. The analytical results 
obtained with thi s meth od rarely showed a ny significa nt improvement over those 
obtained with the al izarin red S method and were indeed sometimes cons iderably 
worse. The relatively low so lubility of Pontachrome Violet SW in water necessitated 
the use of large dilution facto rs in the preparation of the sample o luti on, and this 
is probably the chief source of in accuracy in the res ults. A mo re so luble dye of 
similar structure mi ght overcome this difficulty and Part II of this report is concerned 
with investigating this possibility. 
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PART II 

A POLAROGRAPHIC METHOD INVOLVING 
THE REDUCTION OF AN ALUMINUM 

DI-ORTHO-HYDROXYAZO COMPLEX SPECIES 

Pa rt I of thi s report dealt with a n in ves tigat ion in to the poss ible applica ti o n of 

either of two polarographic method s fo r the dete rmination of a luminum as a n alter­

na tive to the co lorimetric method now in use to determine a luminum in rocks a nd 

minerals in the labo rato ri es of the Geological Survey. It was found that nei the r 

method affo rded any significant improvement ove r the ex ist ing method involving the 

use of alizarin red S. The gluconate method (Bezuglyi, 1959), which involves the 

polarographic measurement of hydrogen ion released upo n the formation of a com­

p lex betwee n the aluminum ion a nd the g luconate io n, was found to be undesirable 

because of the necess ity for critical adjustment of the pH of the sa mple befo re the 

additi on of the ca lcium gluconate. The method of Willa rd a nd D ea n (1950), which 

invo lves the modification by aluminum ion of the polarographic wave d ue to the 

reduction of the azo dye Pontachrome Violet SW, which is J- ( l-hydroxy-4-s ulph onic 

acid-2-phe nylazo)-2-naphthol, was fo und to be considera bly better, but the low 

so lu bi lity of the dye prevented its app li cation when the alumina concentrat ion of the 

sample exceeded 7 per cent. Most samples co ming to these la boratories for a nalys is 

conta in from 8 to 20 per cent Al20 3, and the upper limit of 7 per cent for the use of 

this method is t hus a serious di sadvantage. 

D espite thi s difficulty, the principle of the Willard and D ea n method sti ll looked 

pro mi sing. If a dye could be found that exhibits the sa me pola rographic behaviour 

as Pontachrome Vio let SW in the presence of a luminum ion but which has a grea ter 

so lubility in water, then Al 20 3 in the concentration range of 8 to 20 per cent might 

be determined with much grea ter accuracy. 

It is well known that t he addition of a sulphonic acid gro up to a n organ ic mole­

cul e genera lly increases its solubility in water. Therefore, as it is the azo gro up tha t 

is responsible for the pola rographic reduction of the dye, and as on ly the azo group 

and the or/ho-h ydroxy l groups a re likel y to be involved in the complex format ion 

with a luminum , it would seem reasonable to expect that a sulphonated analog of 

Pontachrome Vio let SW would ex hibit the desired characterist ics as lon g as the 

la rge sulphonic acid groups were not in positions where they wo uld sterica lly hinder 

the complex ing reaction. 

Part IT of this report is therefore co ncerned with the synthesis of such a dye and 

with its app li cation to the polarographic determination of aluminum in rocks. 
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Polarographic Determination of Aluminum in Rocks 

Experimental P rocedure 

Preparation of the Dye 

At tempted preparation of 1-( l-hy droxy-4-sulphonic acid-2-phenylazo )-2-naphthol-
4-sulphonic acid (I) 

OH 

0-N= 
S0 3H 

(I) 

The method used was based upon that used by Lindstrom and Diehl (1960) for 
the preparation of Calmagite, which is 1-(1-hydroxy-4-methyl-2-phenylazo)-2-
nap hthol-4-sulphonic acid. The reactions were expected to proceed by the following 
paths, but, as described later the seco nd reaction did not proceed as p la nned . 

OH 

HOS S'\:: NH 3 - 2 

~ # 

(II) 

OH 

2 ) HCI 

OH 

HO S B~ N+ 3 - Ill 

~ # N 

(III) 

B 
+ OH 

H0 3 S N o~ i) NaOH 
Ill + ~---- Jo 
N - ZJ HCI 

S0 3Na 
(IV) 

(1) 

(2) 

Sixty gra ms of l-a mino-2-n ap hth o l-4-sulphonic acid ( IT) was uspended in 400 
ml of water, the suspension cooled to 5°C a nd trea ted with 150 ml of an aq ueous 
so lution contai ning 5 gra ms of coppe r sulpha te a nd 9 gra ms of sodi um nitrite. After 
ten minutes the solution was filtered to remove impurities , a nd concentra ted hydro­
chloric acid added to precipitate the ye llow diazonium sa lt ( Ill ). This was filtered wit h 
suction, washed with dilute hydrochlori c acid , a nd a ll owed to dry in a ir. 

Fifty gra ms of the l-diazo-2-na phthol-4-sulpho nic ac id (Ill) thus prepared was 
stirred in JOO ml of water u nt il a creamy suspension fo rmed . A second reagent, 
co nsisting of 40 grams of sodium-p-phenol sulphona te (lV), and 16 grams of sodium 
hydroxide dissolved in JOO ml of water to which was added 200 ml of a saturated 
so luti on of sodium hydroxide, was prepared. The suspen ion of the diazonium sa lt 
was added slowly over a period of 3 hours to the phenol sulphonate solution , w ith 
vigorous stirring. The mixture was then heated slowly to 60°C a nd mai ntai ned at 
that temperature until coupling was co mplete (Lindstrom a nd Diehl , 1960). Concen­
trated hyd rochlo ric acid was added until the so lution was strongly acidic, afte r wh ich 
the mixture was cooled and the red p recipitate filtered a nd was hed twice with JOO 
ml portions of a so lution conta ining 150 grams of sodium chloride a nd 50 ml of con­
centrated hyd rochloric acid per liter. The product was a llowed to dry in a ir. 
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Experimental Procedure 

Both the co lour and polarogram of the compo und suggested that it was ind eed 
an azo dye. There was, however, no evidence of a react ion between the dye and al umi­
num ion, indicating that the hydro xy l groups were not adjacent to the azo group or 
perhaps that some steric factor was unfavourab le to complex formation. In order to 
test the assu mption that this dye resulted from the co upling of the diazonium com­
pound with itself, rather than with p-phenol su lphonic acid, the above procedure was 
repeated omitti ng the addition of the p-phenol sulphonic acid. A red compound 
resulted whose colour and polarographic behaviour were identical to the first com­
pound prepared, indicating that the reaction that had occurred was either a dimeriza­
tion or a polymerization of the diazonium molecule. This may be the same as the 
"reddish impurity" mentioned by Lindstrom and Diehl , in the report of their prepara­
tion or Calmagite. No further investigation of the nature of this dye was carried out. 

Preparation of 1-( l-hydroxy-4-sulphonic acid-2-phenyla::o )-2-naphtho/-3 ,6-disul­
phonic acid, sodium salt ( V) 

Sodium p-phenol sulphonate ( LV) was diazotized by the procedure or Tedder and 
Theaker ( 1958) and then co upl ed with 2-naphthol-3, 6-disulphonic acid (VI). 

Na N02 

HCI 

(VI) 

(3) 

(4) 

Twenty grams of sodium p-phenol sulphonate was treated with 1,500 ml or 
water, 100 grams of sodi um nitrite, a nd 250 ml of 2N hydrochloric acid and allowed 
to sta nd for three days at 20°C. The so lution was then treated with sulpharnic acid 
to remove the excess nitrous acid, neutralized with sodium bicarbonate, and then 
brought to pH 8 with a sa turated solu ti on of sodium hydroxide. Thirty grams or 
2-naphthol-3, 6-disulphonic acid was added a nd the mixture, after stirring for 2 
hours, was acidified with concentrated hydrochloric acid to precipitate the dye. 
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Polarographic Determination of Aluminum in Rocks 

The precipitate was filtered off with suct ion , transferred to a beaker, triturated with 

200 ml of ethanol and again filtered. This trituration procedure was repeated two 

more times and the dye was a llowed to dry in air. The product was then desiccated 

over potassium hydroxide in a vacuum desiccator fo r 4 days. The yie ld was 21.8 
grams. 

Analysis of the Product and Test of Polarographic Behaviour 

The residual sodi um chloride content was determined g ravimetrically by pre­

cipitating the ch loride from a slightly acidic solution with silver nitrate. Because 

there was conside rab le co-precipitat ion of orga ni c matter the precipitate was filtered 

and redissolved in aqueous ammonia. After the excess ammonia was expel led by 

gentl e boiling, the solution was reaci clificcl , and a sma ll excess of silver nitrate was 

added. After digestion the precipitate was collected in a frittccl glass crucible, dried , 

and weighed. The aCl found was 1.48 per cent. 

I 
a. 

A routin e carbon and hydrogen analysis was made, with the following results: 

Analysis 

Calcu lated (for C 16 H9 2 0 11 S3 a 3 and corrected for 1.48 per cent NaCl): 
C, 33 .18% ; H , 1.57°;; ; Ash , 38.28% . 

Found: C , 33.40% ; H , 2.22' j ; Ash , 38.41 S(; . 

8 10 12 14 

VOLUME 0.0796 N SODIUM HYDROXIDE (MILLILITRES) 

16 

GSC 

FIGURE 10. Titration curve far 0.0894 grams of l-(l-hydraxy-4-sulphonic acid-2-phenylaza)-2-naphthal-3, 
6-disulphanic acid dissolved in 9.00 ml of 0 .1013 normol hydrochloric acid and 15 ml of water. 
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Experim ental Procedure 

An acid -base titration of the dye was made in the following ma nner: a sample 

of the dye was dissolved in dilute sta ndard hydrochloric acid and the so lutio n was 

titrated with standard sodi um hydrox ide, the pH being read after each addition of 

base. Two dist in ct end po ints were observed , shown in Figure 10; the first is due to 

the neutra li zation of the three sulphon ic acid gro ups and the second clue to ortho­

hydroxyl group neutralization. The number of milli equiva lcnts of sodium hydroxide 

used to proceed from the first equiva lence point to the seco nd is equal to the number 

of millicquivalents of or/ho-hydroxyl groups neutralized. 

Analysis 

Dye sample dissolved (corrected for 1.48 per cent NaCl): 

Na OH used to neutralize or/ho-hydroxy l group: 

0.154 meq 

0.155 meq 

It can readily be seen from the above resu lts that on ly o ne of the two ortho­

hydroxyl gro ups present in the molecule can be neutralized by sodium hydroxide, 

which ca n be explainec! by considering the follow ing facts. Fi rst, the dye probably 

exists in the trans configuration, clue to the pronounced steric hindrance effects 

encountered in the cis configuration. ln three of the four possible trans forms, the 
hydrogen of one of the hydroxyl groups li es adjacent to one of the ni trogen atoms of 

the azo group. Hydrogen bonding wi ll occur between the hydrogen and nitrogen, thus 

forming a resonating six-membered rin g, wh ich will stabi li ze these structures. 

The removal of t he second or/ho-hydroxyl hydroge n ion would interrupt this reso­

nance stabili zat ion and therefore wo uld be very unfa vo urab le. 

Preliminary tests with the polarograph indicated t hat the d ye, 1-( 1-hydroxy-4-

sulph o nic acid-2-pheny lazo)-2-naphtho l-3 ,6-disulphonic acid (V), exh ib ited the 

desired characteristics toward s a luminum ion. Two po larographic waves appeared 

in po larograms of buffered so lutions conta ining both the d ye and al uminu m ion , 

the second wave di sp laced from the first by abo ut 0 .2 vo lts. The diffu sion current of 

the first wave, unfortunately, was masked by a pronounced maximum, which could 

not be eliminated by any of the usua l ma ximum suppressors. It was found, however, 

that the add iti o n of 0.004 per cent methyle ne b lue sufficiently suppressed the maxi­

mum to a llow accurate readings of the diffusion current, proba bly due to the adsorp­

tion of the leuco base of thi s dye o nto the dropping mercury electrode (Kolthoff a nd 

Lingane, 1952, p. 257). 

23 



Polarographic Determination of Al uminum in Rocks 

Apparatus and Reagents 

Except for the fo llowing so lutions, the appa ra tus a nd reagents used have been 

described in Pa rt I. 

The dye so lution for use in a ll the ex periments except the pH, kinetic, and co m­

bin ing rat io studies, was prepared by di sso lving 9.0 gra ms of the dye, [1-( l-hydroxy-

4-su lphonic acid-2-phenylazo)-2- nap hth ol-3 , 6-disulpho nic acid, sodi um sa lt (V)] and 

60.0 gra ms of sodium acetate trihyd rate in wate r conta ining 25.0 ml of glacial acetic 

acid and 8.0 ml of a l per cent (w /v) aq ueous solut ion of meth ylene blue, and diluting 

the so lu tion to 2 li ters. The so luti on was therefore 8 millimo lar in dye, 0.22 molar in 

sod ium acetate, and at a pH of 4.7. 

The dye solution , b uffe red at pH 5.7 fo r use in the pH studies, was prepared by 
disso lving 30.0 g rams of sod ium aceta te trih ydra te and 4.50 gra ms of the dye in 

water conta ining 25.0 ml of acet ic ac id ( l : 19) a nd 4.0 ml of l per cent methylene 

bl ue so lu tion, and diluting the resulting so luti on to ! liter. The so luti o n was therefo re 

8 millimolar in dye a nd 0.22 molar in sod ium aceta te. 

The dye so lu tion used to determine the ratio of dye to a luminum in the comp lex 

and in the kinetic studies was prepared more precise ly. The bu ffer was prepared 

sep:i rately by disso lvi ng 60.0 grams of sodium acetate trihydratc in water contai ning 

25.0 ml of glacia l acetic acid a nd dilutin g to 2 li ters. A sample of the dye was dried 

in a vacuum desiccator over potass ium hydroxide for a n additio na l 2 days a nd then 

4.4945 gra ms of the des iccated dye was di sso lved in the buffer, to which was added 

4.0 ml of l per cent methylene blue so lution, a nd the so lutio n diluted to 1 liter with 

the buffer. Thus the res ulting so lution was 7.76 millimolar in dye, 0.22 molar in sod ium 

acetate, a nd was a t a pH of 4.7. 

All the so lution s used to dete rmine the effects of different ion s were prepared 

fro m either reagent grade chemicals or ationa l Bureau of Sta ndards samples. 

Experimental Results 

Calibration Curve 

A seri es of soluti ons was prepa red that contained different a mounts of a luminum 

a nd excess dye. Twenty ml of each of the standard so lutions, ranging from 1.0 to 

9.0 millimolar in a luminum ion , a nd of a bla nk containing no a lu minum ion, we re 

trans ferred to te n 50 ml vo lum t ri c fl asks and were made just basic to meth yl red 

with a saturated solution of sod ium hydrox ide. Perch lo ri c acid (SN) was added 

dropwise until the sol utions were just acid, t hen 25.0 ml of the 8 millimolar dye so lu­

tion buffered at pH 4.7 was added to each flask a nd the so lu tions made up to vo lume 

with water. After im mers ion in a 54°C constant temperature bath for 20 minutes , 

the flasks were cooled in tap wate r a nd a li quots we re transferred to polarographic 

cell s (Harri s, 1958), deoxyge nated, and pola rographed. 
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The polarogram for the dye so lution alone consisted of one wave for the reduc­
tion of the azo gro up having a half-wave potential of - 0.45 volts vs. S.C.E. Polaro­
grams of the aluminum-dye so lution consisted of two waves, the height of the first 
wave decreasing with increas ing aluminum ion concentration, and the height of the 
second wave increas ing co rrespondingly. Figure J l shows current-voltage curves for 
the dye alone and in the presence of aluminum ion , and Figure 12 is a plot of the 
measured diffusion currents of the second wave against the concentrations of the 
standard a luminum solution used. The plot is linear, as it is for Pontachrome Violet 
SW, but in contrast to the latter this plot passe~ through the origin. There is a lso a 
difference with regard to the observed half-wave potentials; the shifts with increasing 
a luminuin ion co ncentration are considerably grea ter for the present dye than for 
Pontachrome Violet SW, and in the second wave the shift is in the opposite direction. 
Figure 13 is a plot of the ha lf-wave potentials of the two waves against the a luminum 
ion concentration of the standard so lution used . Because of this pronounced shift 
in half-wave potential with va rying aluminum io n concentration it was imposs ible to 
read the diffusion current of the first wave at the same potential for each. For the 
sake of consistency the potential at which the first diffusion current was read was 
plotted agai nst the wave height of the second wave, and the best straight line drawn 
t hrough the points. This plot, shown in Figure 14, was used to dete rmine the potential 
at which to read all future polarograms. 
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Effect of pH 

To determine the effect of pH a se ries o[ solution s, of different pH but con­
ta ining constant amo unts of a luminum ion and dye, was used. The standard alurninu 111-

dyc so luti on consisted of 120 ml of fre shly prepared 0.020 molar a luminum so lution 
containing no added perchloric ac id , combined with 600 ml of the dye solution 
buffered at pH 5.7. Thirty ml a liquo ts of this aluminum-dye solution were transferred 
by pipette into each of twenty-two 50 ml volumetric fl ask . Acetic acid was added 
to seventeen of the flasks in a mounts calculated to give pH values ranging from 5.4 
to 3.7, and sodium hydrox ide to four of the fla sks to give pH values up to 6.0; one 
flask was left with no added acetic acid or sodium hydrox ide. Thus a ll the so lutions 
wo ul d be at co nstant ionic strength except those four to which sodium hydroxide was 
added. The fla sks were made up to vo lume with water and immersed in the constant 
temperature bath at 54°C for 20 minutes. After coo lin g under the tap, and purging 
with nitrogen gas, polarograms were run on aliquots. Immediately after taking the 
polarogram the pH of each sample was read. 
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FIGURE 15. Va ria ti~n o f the diffusion current of 1:1e aluminum-dye wave (secon d wave) with pH. 
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GSC 

The diffusion current data obta ined a re plotted in Figure 15. The diffusion current 
is co nstant over a pH range of abo ut 4.4 to 5.4 a nd thus the optimum p H range for 
pola rographic work is 4.9 ± 0.4. A s in the results o btained by Willard and D ean 
(1950) a nd Perkins and R eynolds ( 1958b) with Pontachrome Violet SW, the diffusion 
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current decreases be low pH 4. The drop-off above pH 5.5, however, is the opposite 
of the effect observed by the precedi ng worke rs for their dye, the diffusion current 
of which increased abruptly above pH 5. 

When the diffusion cu rrents of the free dye waves of this same series were p lotted 
against the measured pH values, very similar results were obtained. That is , there was 
a similar decrease in the diffusion cur rent below pH 4, with a levelling off between 
pH 4.4 and pH 5.4, followed by an abrupt drop-off above this pH. 

The half-wave potentials of the two waves were plotted against the pH of the 
solutions, as shown in Figure 16. The half-wave potentials of both waves are a linear 
function of pH up to about pH 5, and can be represented by the following empirical 
eq uations: for the first wave due to unreacted dye, E~ = -0.095-0.066 pH; and for 
the second wave due to the a luminum-dye complex, E: = -0.212-0.082 pH. 

Effect of Other Ions 

The interference of a number of common ion species was next studied. To each 
of a series of 50 ml volumetric ftasks was added 0.100 millimolcs of a luminum ion 
and various amo unts of the ion species to be studied. The adj ustment o f the pH, 
the adding of the dye solutio n buffered at pH 4.7 , and the heating of the so lu tions 
were done as described previously for the preparation of the calibration curve. 

Ion 
added 

c1-

Ba( l 1) 

Ca(ll) 

30 

Mi llimoles 

12. I 

40. 

15 .8 

0 .003 
0.03 
0.30 

l.8 
18. 

0.073 

0 . 125 

Table II 

Effect of Other Ions 

Mi ll igrams 

430. 

3980. 

980. 

0.284 
2.84 

28.4 

173. 
1730. 

J0 .04 

5.0 

Corresponding 
pcrccn Lage in 
rock sample 

0 . 53 as P20 s 
5.33 

53.3 

28.0asBaO 

I 17 .5 as CaO 

A luminum Founcll 
(111illi111oles) 

(l) (2) 

0.100 0.098 

0.100 O.JOO 

0.100 0.100 

0.101 
0.086 0 . 100 
0 .018 

0.101 
0.094 0.094 

0.099 

O. JOO 



Ion 
added 

Fe(ll ), 
(111) 

Mg( ll ) 

Mn( II) 

Na(I) 

Ni( ll ) 

Sr( l 1) 

Th(fV) 

Ti(lV) 

U(Vl) 

Millimoles 

0.001 8 
0.01 8 1 
0.181 

0. 125 

0.030 
0 .089 
0.297 

30. 

0 .0003 
0.0034 
0.034 

0 .01 1 

0.0004 
0.0043 
0 .043 

0 .0208 
0.1040 
0.2496 

0.0004 
0 .0042 
0.042 

Table 11-(cont.) 

Milligra ms 

0 . 1010 
J .0103 

10 . 103 

3.04 

1 .632 
4 .896 

16.32 

690. 

0.0199 
0. 1990 
1.990 

1 .005 

0.0996 
0 .996 
9.96 

0 .996 
4 .98 

l l .95 

0.0998 
0.9984 
9.984 

Correspo nding 
percentage in 
rock samp le 

0 . 36 as Fe20 3 
3.59 

35.9 

12.6 as MgO 

5.27 as MnO 
15 .8 
52.7 

0 .06 as NiO 
0.64 
6.35 

2. 85 as SrO 

0.28 as Th02 

2.84 
28.4 

4. 16 as Ti02 
20 .8 
49.8 

0 .88 as U 30 s 
8.84 

88 .4 

Experimental Results 

Aluminum Foundt 
(millimoles) 

( I) (2) 

0 . 104 
0. J05 0. J 13 
0. 11 6 

0.100 

0 . 103 
0.100 
0.098 O.JOJ 

0.100 O. JOO 

0 . 102 
0.104 0.106 
0 . 136 

0 . 100 

0 . 103 
0. 106 0.106 
0. 146 

0 . 103 
0.101 
0 . 105 0.135 

0 . 103 
0 . J06 0. J06 
0. 162 

1 0. 100 mi llimo les, or 2.7 milligrams A1 +++ present in each. This cor responds lo 12.75'·; Al 20 3 in 
the o r iginal rock . In co lumn ( I ) arc the res ul ts of rea d ings taken the same clay as the so lu tio n was prepared. 
In column (2) arc read in gs taken 5 clays later. 

The res ults o bta ined arc given in Table H. Permiss ible amounts of difTerent io ns 
were taken to be those amounts failing to ca use more than 3 per cent error in the 
a mount of a luminum found. Chloride a nd sulphate ions present in ve ry la rge amounts 
interfere by causing precipitation of the d ye, and therefore hydrochloric and sulphuri c 
acids should be avoided in any preliminary so lution prepa ration ste ps unless they can 
later be reduced in concentration. Perchlorate ion and nitrate ion see med to ca use no 
interference in the amounts tested. Fluorid e ion form s a more stabl e complex with 
alumin um tha n does the d ye, a nd must therefore be removed co mpletel y in the 
prelimin ary preparation of the sample. Phosphate ion a lso interferes by complexing 
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with a luminum ; its presence is permiss ible, howeve r, if the percentage of phosphorus 
pentoxide in the original sample docs not exceed 0.5. Large amounts of sod ium , 
magnesium, calci um, strontiu m, barium , and manga nese ion s are permissible. Titan­
ium, iron , nickel, thorium , and uranium ions interfere by increas ing tbe height of 
the dye-aluminum wave. For the nickel and thorium the number of mill imoles added 
corresponds closely lo the increase in the number or millimoles of aluminum found, 
indicating that these metal s probab ly form complexes with the dye simi lar in nature 
to the aluminum-dye complex. Thorium and uranium are genera ll y present in rock 
samples merely as traces, a nd in this concentration their interference will be negligible. 
Iron and nickel ions, on lhc other hand , should be removed from the samp le solutio ns 
prior lo lhc addition of the dye. This can be accomplished conveniently by electro lysis 
at the mercury cathode. Titanium, occasionally present in rocks in a mounts over 1 
per cent (calculated as Ti02), is the only other cause or uncertainty. A more detailed 
study was therefo re ca rried out to determine the extent of titanium ion interference. 

For thi s purpose a sulphate-free 0.005 molar titanium ion solution was prepared 
by fusing National Bureau of Standards tita nium dioxide with sodium carbonate, 
dissolving the fused mate ri a l in hydro::h loric acid, and diluting lhe so lu tion to the 
desired volume with water. Tnto nine 50 ml volumet ri c ft asks were put 0.100 milli­
moles of a luminum ion and amounts of the above t itan ium ion solution ranging from 
0 to 8 ml. The so lution were then treated in the same manner as the a luminum-dye 
so luti ons used for the determination of the calibration curve. Polarograms we re 
run on a liqu ots after they had been freed of dissolved oxygen. To determine the 
effect of lime, the so lutions were kept at 54°C for an additional 80 minutes, after 
which polarograms were run . Again, after 5 days sta nding at room temperature, 
polarograms were run. lt can readily be seen from the results depicted in Table 1 II 
that the magnitude of the effect of titanium ion increases with time. These data 
indicate that it is permissible to have up to 0.015 millimoles of titanium ion in the 
final solution, which corresponds to 3 per cent titanium dioxide in the original sample. 
If the polarograms arc run immediately after the solution is prepared , the presence 
of much larger amounts or titanium dioxide is permissible. 

To throw some light on the nature of the type of interference caused by titanium 
ion, such as the effect of aging, a series of solutions was prepared in which various 
amounts or a solut ion containing titanium ion were added to an aluminum-dye 
solution, which is reverse to the order used in the above samples . Twenty-five ml of a 
freshly prepared 0.02 M aluminum ion so lu tio n containing no added acid , and 125.0 
ml of the 8 millimolar dye solution buffered at pH 4.7, were combined in a ftask a nd 
thorough ly mixed . Fifteen ml aliquots of this solution were then pipetted into each 
of nine 25 ml volumetric fl as ks, and 2.5 millimolar t itanium ion solution was added 
in amounts ranging from 0 to 8 ml. The ftasks were diluted to volume with water 
and were heated to 54°C for 20 minutes. They were then q ui ck ly coo led un der the 
tap and each solution was then kept below 5°C to inhibit any furt her reaction . Ten 
minutes befo re each polarogram was run , an aliquot was transferred from one of the 
cold solutions into a polarographic cell and immersed in the polarographic bath at 
24.7°C for 5 minutes lo a ll ow it to come up to te mperature. Nitrogen was bubbled 
thro ugh t he so lution fo r the n ext 5 minutes and then a p o larogra m was recorded. 
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Table III 

Effect of Titanium 

(Dye solu tion added lo a solution co ntain ing 0.100 millimolcs 
alum inum ion and va r·y ing amounts of t i tanium ion) 

TITANI UM ADDED / 50 ml 
ALUMINUM FOUND / 50 ml 

(m illimolcs) 

Milli­
molcs 

0 
0.005 
0.010 
0.015 
0.020 
0.025 
0.030 
0.035 
0.040 

Milligrams 

0 
0 .240 
0.479 
0.719 
0.958 
I. 198 
I .437 
1.677 
1.9 16 

Corre-
spondi ng Solutions 
per cent at 54° for 
Ti02 in 20 min. 

rock sa mple 

0 0 . 100 
I .00 0.101 
2.00 0 . 100 
3.00 0 . 100 
4.00 0.101 
5 .00 0.100 
6.00 0.100 
7 .00 0.101 
8.00 0.102 

Table IV 

Effect of Titanium 

Solutions 
Solutions 

at room 
al 54° fo r 

temp. 
JOO min. 

5 clays 

0.100 0.100 
0.10 1 O. IOJ 
0.101 0.102 
0.102 0. 103 
0. 102 0.104 
0. 102 0.104 
0. 103 0. 107 
0. 105 0.107 
0.106 0. 108 

(Tita nium ion solution added to dye solution containing 0.100 millirnolcs aluminum ion) 

TITANIUM ADDED / 50 ml 

Milli­
moles 

0 
0 .005 
0.0 10 
0 .015 
0.020 
0 .025 
0.030 
0.035 
0.040 

Milligrams 

0 
0.240 
0.479 
0 .7 19 
0.958 
J. 198 
J .437 
J .677 
I .9 16 

Corre-
sponding 
per cent 
Ti02 in 

rock sa mple 

0 
1.00 
2.00 
3.00 
4 .00 
5.00 
6 .00 
7.00 
8.00 

ALUM \ UM FOU D / 50 ml 
(millimoles) 

Solutions at Solutions at 
54°C for 20 room temp. for 

rnrn . 2 weeks 

0.099 0.101 
0.099 0.100 
0 . 100 0.101 
0.102 0 . 103 
0.103 0.104 
0 . 105 0 . 106 
0. 106 0.108 
0. 110 O. IJ I 
0. 114 0.114 
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The flasks were then al lowed to stand at room temperature for 2 weeks and polaro­
grams were run agai n on each sample to determine the effect of aging. From data 
given in Table IV, it can be seen that agi ng has little effect on the results. The inter­
ference was fa irly pronounced from the beginning and did not take seve ral days to 
develop as it had done in the previous experiment. 

Effect of Temperature and Time of Standing 

A so lution that was 4 millimolar in both a luminum and dye , 0.11 molar in 
acetate ion, and at a pH of 4.7 , was polarographed every few minutes for a period of 
3 hours and was found to take about 120 minutes to reach final equil ibrium at 24.7°C. 
To determine the time required for reaction at a higher temperature, a so lution , 
buffered at pH 4.7, was prepared in a 50 ml vo lumetric flask in the usual manner , 
with a final aluminum ion concentration of 2 millimolar and a dye concentration of 
4 millimolar. This was immediately immersed in a constant temperature bath at 54°C. 
Five ml al iqu ots were removed at timed interva ls and transferred to cold polarographic 
cells in an ice bath to inhibit further reaction. Each sample was left in the ice bath 
until 6 minutes before polarographing the solution, at which time the cell was trans­
ferred to the polarographic constant temperature bath a nd a llowed to remain there 
for 3 minutes to equilibrate the solution temperature. Nitrogen was then bubbled 
rapidly through the sample for the next 3 minutes, after which a polarogram was 
recorded. The results indicated that the solu tions had reached equilibrium after 
being in the 54°C constant temperature bath for 14 minutes. 

To determine whether the complex was stable at elevated temperatures, solu­
tions prepared in the usual way were a llowed to attain equi librium in the constant 
temperature bath at 54°C and were then polarographed. They were then immersed 
in a boiling water bath for 20 minutes , cooled under the tap , deoxygenated , and 
polarographed again. No change was observed in any of the polarograms from those 
taken before the flasks were immersed in boiling water, indicating that the complex 
is stable at elevated temperatures. Therefore the so lutions may be eq uilibrated at any 
temperature between 20°C and 100°C. 

Ratio of Dye to Aluminum in the Complex 

To determine the ratio of aluminum to dye in the complex at pH 4.7, Job's 
method of continuous variations (Perkins and Reynolds, 1958b) was used . A se ri es 
of aliquots, ranging from 1 to 9 ml , of a solution 8.00 millimolar in a lum inum ion 
were pipetted into nine 25 ml vo lumetric fla sks. T he pH was adjusted as usual and 
then 7.76 millimolar buffered dye so lution was added to the flask s in amounts rang­
ing from 9 to l ml , thus giv ing a series of flasks in which the ratio of dye to a luminum 
ranged from l :9 to 9: l . In order to keep the buffer concentrat ion consta1Jt in all the 
so lutions , an acetate buffer so luti on of the same pH and concentration was added 
in amo unts to give a total buffer volume of 10.0 ml in each flask , including the buffer 
of the dye so lution itself. The so lution s were made up to volume, heated as usual , 
and an a liquot of each was deoxygenated and polarographed. 
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Experimental Results 

The heights of the dye-a luminum waves were p lotted aga in st the ratio of dye 
to aluminum ion in the so lution s to g ive the plot shown in F igure 17. The inter­
section of the st raight lines occurs at a point representing 5.1 l ml of 7.76 millimolar 
dye so lution and 4.89 ml of 8.00 millim olar a luminum so lution , which is equivalent 
to 39 .6 millimoles of dye a nd 39 .8 millimoles of aluminum ion. It was therefore co n­
clud ed that the ratio of aluminum to dye in the species ex isting at pH 4.7 was one to 
one. 
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FIGURE 17. Determination of dye to aluminum ratio in comp lex at pH 4.7. 

Measui·ement of Rate Constants 

An invest iga tion into the kinetics of the react ion between the dye and aluminum 

1011 was sta rted , with typical determ inations proceeding as follows. F ive ml of a 

7.76 millimolar a luminum ion so lut ion at pH 4.5 , previou sly freed of dissolved 

oxygen , was added to 5 ml of a 7.76 millimolar dye so lution buffered at pH 4.7, 

which had also previously been freed of di sso lved oxygen. Nitrogen was then bubbled 

through the so lution for one minute to remove the la st traces of oxygen and a po laro­

gra m was recorded immed iate ly. Polarograms of the sa me solution were then taken 

at timed intervals for a period of 2 hours. The same procedure was repeated for 

another more dilute so lution , which was prepared from 1.0 ml of7.76 millimolar dye 

so lution , 1.0 ml of 7.76 millimola r aluminum ion solution, 4.0 m l of a n aceta te buffer 

so lution of the sa me concentration as that in the dye so lution , and 4.0 ml of water. 
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FIGURE 18. Variation of the reciprocal of the diffusion current (microampere s-1 ) of the aluminum·dye wave 
with time. 
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Experimental Results 

Thus the ionic st rength a nd hyd roge n ion concentrat ion were the sa me in both so lu­
tions but in the latter the al uminum ion and dye co ncentrations had been reduced by 
a factor of five. 

Jn both ex periments a p lot of the reciprocal of the diffusion current of the d ye 
wave agai nst reaction t ime yie lded straight lines for the g reate r part of th e reaction. 
For a typica l rate plot see F igure 18. H owever, after the reacti o n had proceeded 
beyond 92 per cent co mpletion ( > 60 minutes) in the first insta nce a nd beyond 80 
per cent completion ( > 40 minutes) for the more di lute so lutio n, there was cons ider­
a ble scatter of the points. No s ignifica nce can be assigned to thi s effect beca use of the 
la rge relative error in vo lved in reading the sma ll diffusion currents n ea r the co m­
pletion of the reaction , and beca use of the prog ress ive ly increas in g cha nge in the ratio 
o[ the concentrations of the two reactants if their initi a l concentrations we re not 
identical. The la tter point is importa nt , beca use the type of rate plot used in Figure 
18 ap plies o nl y when the concentra tions of the reacta nts a re identica l at a ll times. 

Second order rate co nsta nts ca lc ul ated from these plots , however, we re not in 
agreement for the two concentrations studi ed . For the so lution 3.88 millimolar in 
d ye and a luminum io n trip li ca te determina ti o ns yielded second o rd er rate co nsta nts 
with the va lues 50.6, 50.0, and 53.2 liters mo le-1 min -1 ; for the so luti on 0.776 rnilli­
molar in dye a nd aluminum io n dupl icate determinations yielded rate co nstants with 
the va lues 112 a nd 113 litc rs mole-I min -1. 

Analysis of Standard Samples 

Six sa mples were analyzed as fol lows. The preparation of the samp le so luti o ns 
up to the mercury cathode electrolytic separa ti o n step was carried out as described 
in Part J. The ent ire so lutio ns were electrol ysed at the mercury cathode with a c urrent 
density of 0. 13 to 0.19 amp. cni-2 until a test for iro n wit h potass ium thiocyanate 
was negative, and then electrolysed for an add iti o na l I 5 minutes. Twenty ml a li q uo ts 
of the electro lysed sol uti o ns we re transferred to JOO ml beakers a nd evapora ted on 
a sand bath until sulphur trioxid e fumes c~ased to be evo lved. About 5 ml of dist ill ed 
wa ter a nd 5 drops of concentrated sulphuri c acid were added, and the conte nts we re 
aga in fumed to dryness. The sides of the bea kers were was hed down a nd the fuming 
procedure repeated o nce aga in , to ensure the ex pul sion of a ll t races of fluoride ion. 

The residues were taken up in 3 ml of 5 N perchloric acid , with heat ing, and 
tra nsfe rred quantitatively to 50 ml vo lumetri c fl as ks. A sa turated sodium hyd rox ide 
sol ut ion was added until the so luti o ns were just basic to meth yl red a nd then 5 N 
perchl oric acid was added until the so luti o ns were just acidic aga in. Twenty-fi ve ml 
of the 8 millimo la r d ye so luti on buffered at pH 4.7 was added a nd the so lu tions made 
up to vo lume at 25°C with water. Afte r immersio n in a 54°C constant tempera ture 
bath for 20 minutes the fla sks we re coo led in ta p wa ter a nd a liquots we re tran sferred 
to po larogra phic ce ll s, deoxygenated , a nd polarographed . 

To conve rt the diffusion current data into per cent Al20 3, the a luminum ion 
concentra ti o n in millimo les per liter, read fro m the calibrat io n c urve (Figure 12) 
was multiplied by 2.55, as described in Part I. The results of t ri plicate determi na tions 
a re listed in Table V. 
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Polarographic Determination of A luminum in Rocks 

Table V 

Analysis of Standard Samples 

Sample 
Cert ified Value Va lues Fo und 

GI 14.30 14.30 14 .56 14 .34 
Wl 15.08 J 5 .48 15.55 15.20 

Glass sa nd , BS 8 1 0 .265 0. 38 0 . 31 
Soda feldspar, NBS 99 19. 06 19 .41 J9.00 J9 .09 
Opa l glass, NBS 9 1 6. 01 5.95 5 .97 6. 10 
Limestone, NBS la 4.16 4.28 4. 18 4. J 3 

Discussion 

Several theories rega rdin g the structure of the a luminum-Pontachrome Violet 
SW co mplex have been proposed to explain its observed po la rographic behaviour 
(Dean a nd Brya n, 1957; Perk in s a nd R eynold s, J 958c). Stabilization by a luminum 
of the cis isomer of the dye has been elimin ated on the ground s that the half-wave 
potential of the aluminum-dye complex is shifted to a more nega tive value from that 
of the free dye , whereas the cis isomer of azobe nzene is obse rved to have a more 
positive half-wave potential than the stable trans form of thi s co mpo und (Winkel 
and Siebert, 1941 ). Secondly, ste ric hindrance and the resulting st rained st ructure 
would make the cis form unlikely. Stabilization of the a nionic form of the dye might 
seem to be a reaso nable explanation, beca use the inducti ve effect of the ex tra negative 
charges might make the azo group more difficult to reduce. This , however, ha been 
ruled out as an ex pla nation by the absence of the second wave at higher pH values 
where the dye should be mainl y in the anionic form (Dean a nd Brya n, 1957). Perkins 
and R eynold s (1958c) favour the explanation that the azo gro up is invo lved in co mplex 
formation with alum inum. They concl ude that aluminum forms a true Werner com­
plex by replacement of the hydrogen ions of the ortho-h ydro xy l groups a nd the accep­
tance of a n electron pair from the nitroge n atoms (Callis, Nielsen , a nd Bailar, 1952). 
Therefore the dye acts as a tridentate li ga nd , and forms with aluminum two fused 
chelate rings. These authors suggest that the fused rin g st ru cture gives sufficient 
stability to the complex to cause the observed shift in half-wave potential , as in 
complexes with other metal s involvin g an azo dye with only one or/ho-h ydroxy l 
substi tuent, there was no shift in ha lf-wave potenti a l. D ea n and Bryan (1957) have 
also considered this poss ibility, but eliminated it on the ground s that so me metal s 
have been found to form a 3 :1 dye: meta l co mplex, which mea ns that the meta l 
would have to have an imposs ible coord ination number of 9 if the li ga nd wa truly 
tridentate. As it has been found that both ortho-hydroxyl groups are necessary for 
complex formation with aluminum (Beech a nd Drew, 1940), they co ncluded that the 
azo group does not enter into complex formation . Bailar and Callis ( 1952), o n th e 
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Discussion 

other ha nd , in dealin g with a 3: l d ye :co balt (Ill) complex, ass umed that it was o ne 
of the h yd ro xy l gro ups of each d ye li ga nd rather tha n the azo group, which was not 
attached to the cobalt. Dean a nd Brya n have exp lain ed the observed shift in ha lf­
wave potential o n the basis that the rigidity of the co mplex , as compa red with the 
fl ex ibility of the free d ye a nion , interferes with no rmal azo reduction. The fu sed ring 
explanation offered by Perkin s a nd R eyno lds would contribute a ce rta in a mo unt of 
ri gidity to the complex , so these two ex pla nation s do no t differ as much as might 
a ppea r at first sight. The ma in difference is that Perkins a nd Reyno ld s be li eved that 
the azo gro up is invo lved in covalent bond formation with aluminum , whereas Dean 
and Brya n believed that thi s type of bond is abse nt. 

Perkins a nd R ey nold s (1958b) reported that the d ye to a luminum ratio in thei r 
complex with Pontachro me Vi o let SW at pH 4.65 was 2: l ; D ea n a nd Brya n ( 1957) 
repo rted the ratio under the sa me condition s to be I : J. Ev idence ga thered here in 
Part I of thi s repo rt suppo rts the findings of Perkins a nd Reyno lds. T he st ructure 
proposed by the last- na med a uth o rs for the com plex species fo rmed fro m the a lum­
inum io n a nd the d ye anion at pH 4.65 is shown below. 

Dea n and Brya n proposed no particular structure from their findings. 
The dye:a luminum rat io for the sulphonated analog of Pontachrome Violet 

SW was found here to be 1: l. The preference for a 1 : 1 co mplex is probabl y due to 
the repul sion o f the additi o na l negative charges d ue to the extra sulph on ic acid 
gro ups. The species resulting from the combination of one aluminum ion with one 
dye a nion would have two negat ive charges. The probability o f the add itio n of an other 
d ye ligand , thus adding fiv e mo re negative charges to the complex , wo uld certainly 
be unfavo urable. From the above considerati o ns it is thought that the structure of the 
complex species ex isting at pH 4.7 would be as follows: 

+ 2Na + 
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Polarographic D etermination of Aluminum in Rocks 

T he poss ibility that o ne of the coo rd inatio n pos it ions of the a lu min um is fi ll ed 
by another anion such as the acetate ion has not been e li minated. It is un li kely, how­
eve r, that a perchlorate a nion wo uld be in t he coo rdination phere about the a lumi­
inum, because of the d iffic ul ty in coo rd inating pe rchl orate ion with a ny metal. 

Although resu lts indicate that there is a defi ni te decrease in the diffusion curre nt 
of the dye-a luminum complex both be low pH 4 and above pH 5.5, it is un likely that 
this effect is due to a breakdown of the complex species at these p H ranges. Rather 
it is like ly that a purely che mica l or polarographic phenomenon of the d ye itse lf 
is involved , because diffu sion currents of the free d ye were found to behave similarly 
over the sa me pH ra nge. As the pH range studied was ve ry lim ited , no mo re definite 
conclusions about the cause of this lowerin g or diffusion cu rrent can be drawn. 
Studies in vo lvi ng determinat ions of the number of electron s transferred during 
reduction , through a la rge r pH range, a nd an a na lys is of the red uctio n product(s) 
fo rmed durin g prol o nged electrolysis at a mercury cathode und er conditions s imilar 
to those used for the polarographic a nal ys is wo11ld be va lua ble in formulating the 
electron reacti o ns at different pH va lues. 

Although the results of the kinetic determinations a re certainly not co mplete, 
certain conclu sions ca n be drawn rega rdin g the type of react ion involved between 
the aluminum ion and the d ye cat ion. H the react ion pa th merely involved a simple 
bimolecul a r reaction between the aluminum and d ye io ns, then t he rate consta nt 
should be independent of the initial co ncentration s of the reactants. The fac t that 
different rate constants were found , corresponding to different initial co ncen trat io ns 
of the reacta nts, indica tes that a more compl icated reaction path is in vo lved. Although 
acid or base ca tal ys is may be in vo lved in the reaction thi s docs not acco un t for the 
va ri at ion s in rate co nstants fo und , because the hydroge n ion concentrat ion was 
kept constant throughout the determinations. Neither wou ld a primary or seconda ry 
a lt effect account for the va ria ti o n in the res ults, because the ionic strengths of the 

so lutions were kept constant for the va ri o us determinations. Tt is evident, therefo re, 
that the rate determining step of the co mplex ing reaction is not a simple bimolecular 
reaction between the aluminum ion a nd the dye anion. Certa inly very much more 
data a t va ryin g pH va lues, varying initial concentrations of reactants , varyi ng ion ic 
strength a nd varying temperature is needed before the exact nature of the reactio n 
path can be proposed. 

It is obvious from the res ults that the type of inte rference caused by t ita n ium ion 
is co mp lex. The magnitude of the interference is a lways much Jess than wo uld be 
ex pected fro m the a mount of titanium added , and moreover it depends upon the 
order in which the reactants are added to one a nother. The studi es made to date, 
however, have not elucidated the nature of the reactions invo lved. 

Conclusions 

Results indica te that the method described here can sa ti sfactorily be used for 
the determination of al umin um in most rocks, with a maxim um error of 3 per cent. 
T he fi nal a luminum concent rat io n in the po larograp hic so lut io n sho uld li e between 
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Conclusions 

0.0 10 a nd 0. 170 millimo les of a luminum per 50 ml , which cor responds to 1. 28 pe r 
cent a nd 2 1.6 per cent Al 20 3 in t he o ri gina l rock. T he pH of the po larograp hic solu­
t io n shou ld lie between 4.5 a nd 5.3. 

T hose elements present in the rock tha t adve rse ly affect the res ul ts can co n­
ve niently be re moved by mercury ca thode electro lys is. T he leve ls of to lerance fo r 
other io ns tes ted are well a bove those co ncentrat io ns no rma ll y encounte red in rocks; 
however, the a mo un t a nd nature o f io ns added d urin g the pre lim inary preparatio n 
o f the sa mple so luti on are impo rta nt. It is recom mended that o nl y sod ium , pe rchlo r­
a te, a nd acetate ions be added to the a liqu o t used to prepa re the fi na l po larograp hic 
so lu tio n. It is inadvisable to add a ny po tass ium io n beca use of the low so lub ili ty o f 
its perchlorate. Any flu o ri de io n added in t he ini t ia l deco mpos it io n proced ure must 
be removed co mpletely beca use of the stro ng co mplex it will fo rm with a luminum , 
a nd a ny sul pha te io n added in la rge excess d urin g pre lim ina ry p roced ures mu st be 
reduced in concentrati o n. These la tter a ims ca n conve niently be acco mpli shed by 
fumin g to dryness the acidic so luti o n conta in ing these io ns. 

To save time, the d ye-a luminum so lut io ns should be a ll owed to attai n equili­
brium a t a n elevated tempera ture, the o ptim um ra nge being 55-70°C for 15 to 20 
minutes. 
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