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The reactions of four dyes of the alizarin green series with UO~ + ions in the presence of cetyl­
trimethylammonium cation (eTA +, S) were studied. At lower tenside concentrations than the 
critical micelle concentration (cmc), defined ternary UOZLZS4 or UOzLzSz complexes are 
formed in the solution. The stability constants of the complexes formed were determined and 
a procedure for the photometric determination of uranium and cetyltrimethylammonium was 
proposed. 

Phenoxazone dyes of the alizarin green type (I)-(IV) undergo important analytical 
reactions in the presence of cationoid tensides. In the presence of cetyltrimethyl­
ammonium (CT A +) cation, these dyes were used as metallochromic indicators for 
the chelometric determination of vanadium! or as reagents in the photometric deter':" -
mination of vanadium1 ,2 and iron3 . 

This work was carried out in order to study the coordination equilibria of UO~ + 

ions with dyes (1) - (IV) in the presence of CTA +. Dye II was proposed as a reagent 
for the photometric determination of uranium and cetyltrimethylammonium. 

II ; Rl = R 2 = H, R) = SO)Na 
Ill; R2 = H, Rl = R3 = S03Na 
I V; Rl = H, R2 = R3 = S03Na 
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EXPERIMENT AL 

Chemicals and Instruments 

The stock solutions of the dyes (4 . 10 - 4M or 1 . 10 - 3 M) were prepared by dissolving the required 
amounts of their sodium salts in water. The dye purity was controlled by elemental analysis, 
paper chromatography and thin-layer chromatography4.5. A 1O-2M-CTA + solution was pre­
pared by dissolving solid cetyltrimethylammonium bromide (p.a ., Lachema) in water. The CTA + 
concentration was determined by titration of sodium tetraphenylborate using the method de­
scribed by Cross6 and Un07

• The stock solution of 1O-2M-UO~+ ions was determined gravi­
metrically as the oxinate8 . 

The pH of the solution was maintained with O'IM-HCl and acetate buffer (CH3 COOH­
-NaOH system). The ionic strength I was adjusted to a value of 0'1 with O'IM-KCl solution 
or with a suitable buffer concentration. All the chemicals employed were of p.a. purity. 

The solution absorbances were measured using Specord UV-VIS (Zeiss, Jena) and Unicam 
SP 1800 (Cambridge, England) instruments with 1, 2 and 5 cm cuvettes. The pH measurements 
were carried out on a PHM 4d pH meter (Radiometer, Copenhagen) (reliability of measurement 
± 0'02 pH unit) with glass and saturated calomel electrodes. The pH meter was calibrated with 
NBS solutions (O'OSM potassium hydrogen phthalate and O'OSM potassium tetraoxalate). 

Evaluation of Experimental Data 

The composition of the ternary complexes was found by the molar ratio method9 , by the method of 
continuous variations 10 and by the tangent ratio method 11. The stability constants of the ternary 
complexes were found from concentration curves 1 and 2 and from the pH curves 3. The com­
position and conditional stability constants of the binary UO, - L complexes were found by trans­
formations analogous to the Ketelarr transformation12 of dependence (4). 

(1) 

(2) 

(3) 

(4 ) 

where cuo" CL' Cs are the overall analytical concentrations of UO~ + ions, dye and tenside, 
respectively. 

RESULTS AND DISCUSSION 

In weakly acid medium (pH 3 -6'5) the studied dyes and UO~+ ions form stable 
blue-purple (I) to blue (III) and (IV) complexes, except for the blue UOrL(II) 
complexes which change in dependence on time. For the reactions of dyes (I), (III) 
and (IV), absorption curves 4 with constant dye concentration (cL 4. 1O- 5

M or 
8 . lO-~M) varying concentration of UO~+ ions (cuo, = (0-50) CL) have a single 
isosbestic point Aiso at 510 nm (pH 4'66, 1),550 nm (pH 4-48, III) and 559 nm (pH 3'98, 
IV) . As the complexes formed are not very stable, Ketelaar transformations were 
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employed for determining their compositions and conditional stability constants . 
It is assumed that the following reaction occurs in solution: 

(A) 

which is characterized by the conditional stability constant 

(5) 

Equation (5) can be transformed to give the form 

CL b 
-=-+ / b ' 

.1A .1e (P~,b .1e)l /b (CUOl _ a ~~)" .1A(b-l)/ b 

(6) 

where .1A = A - BL • CL, .1e = ee - b . BL ; BL is the average molar absorption coef­
ficient of acid-base forms of the dye and ee is the molar absorption coefficient 
of the complex. 

For the reaction of dyes (1), (Ill) and (IV) it was found that linear' equation (6) 
is valid only for a = b = 1 (Fig. 1). (The dependence for dyes (Ill) and (IV) is similar). 
Consequently, a complex with composition V0 2 : L = 1 : 1 is formed in the solu­
tion. The molar absorption coefficient for the complex formed was found graphically 
from transformation (6) and the conditional stability constant (5) was calculated' 
numerically (Table I). 

In the presence of CT A +, absorption curves 1 with various concentrations of dye 
and tenside (CL = (1'5-8) .lO- 5M, Cs = (2-40). 1O-4M,pH 3'84-4'7) and chang­
ing concentration of VO~ + ions (CUOl = (0 - 5) cL) exhibit a single isosbestic point 
at Aiso 526 nm (pH 4'20, I); 570 nm (pH 4'21,11); 566 nm (pH 4'09,111); 569 nm 
(pH 3'98, IV). It was found by the molar ratio method that a complex with com­
position V0 2 : L = 1 : 2 is formed in the solution in all cases. During titrations (1), 
the dye concentration CL had a value of (1'5-8). 1O-5M. The tenside excess was 
approximately (10 - 50) CL ' The VO~ + ion concentration was varied over the range 
(0- 5) CL' For each dye 6 - 8 titrations were carried out over the pH range 3·84 to 
4'70. Similarly, the tangent ratio method, with excess tenside and dye and varying 
concentration of VO~ + ions or in excess VO~ + ions and tens ide and varying concen­
tration of dye (CL 8. 1O-4M, CL 8. 1O-5M or CUOl (1-2) . 1O-4M, pH 4'20 (1), pH 4·70 
(11), pH 4-43 (111), pH 4·57 (IV)) indicated formation of a complex with a ratio 
of V0 2 : L = 1 : 2. 

In titration of dye and uranyl solutions with tenside solutions (2) (cL = (1'5 - 8) . 
. 1O-5M, cuo, = (1-6) CL) the absorption curves exhibit a single isosbestic point 
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TABLE I 

Conditional Stability Constants for the Binary VOz-Dye Complex and Absorption Maximum 
of the First Long Wavelength Band 

Dye pH log fJ;.l a Am ••• nm cmnx 

4·66 3'02 ± 0·01 7250 
5·55 3'53 ± 0·06 582 6900 
5·97 3·39 ± 0·06 6760 

4'48 3-44 ± 0·05 5780 
III 5·07 3·95 ± 0·05 614 5800 

5·86 4·06 ± 0·03 5300 

IV 3-98 3' 11 ± 0'04 625 6260 
4·71 4'51 ± 0·06 6050 

a Calculated from concentration curves 4 (cL 4,10- 5 M) for transformation 6, average of 6-8 
values transferred to logarithmic scale (confidence limits found for 95% probability). 

o x 

FIG. 1 

Dependence of Transformation (6) 
cL 4. 10- 5M, pH 4'66, 1 cm cuvettes; 

y= 104cL/AA; X= I /AA(b-l)/b. (CU02-

- a(AA /Ae)a/b, 1 b = 1, a = 2, X. 108 ; 

2 b=a=J,X.1O- 4 ; 3b=a=2,X. 
. 10 - 5; 4 b = 2, a = 1, X. 10- 3. 
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FIG. 2 

Absorption Curves for the Ternary V02- Dye 
J-CT A + System 

cL 1·5 . 10- 5
M, CU02' 10- 4

M, pH 4'70, 
2 cm cuvettes; Cs (10- 5M): 1 0'0; 2 0 '48; 
3 0'96; 4 1'44; 5 1'92; 6 2'4; 7 4'0; 8 8'0; 
923·2. 
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for the reaction of dyes (III) and (IV) Aiso (III) 556 nm (pH 4'59); Ai so (IV) 576 nm 
(pH 4'16) and two isosbestic points for the reactions of dyes (1) and (II) Ai so (I) 
541 and 526 nm (pH 4'70) (Fig. 2), )' iso (II) 576 and 554 nm (pH 4'25) (Fig. 3). It was 
found by the molar ratio method that, in the reactions of dyes (Ill) and (IV), a single 
complex is formed with a ratio of L : S = 1 : 2, while for reaction of dyes (I) and (II) 
two complexes are formed stepwise with ratios of L : S = 1 : 1 and 1 : 2. For the 
reaction of dye (II) the method of continuous variations for dye and tenside in the 
presence of excess UO~+ ions (co 2·4.1O- 5

M, CU0 2 4.1O - s
M, 10 - 4M , pH 4·64 and 

4'76) yield identical results (L : S = 1 : 1 and 1 : 2). The tangent ratio method with 
excess tens ide and uranyl and varying concentration of dye and in excess dye and 
uranyl and varying tenside concentration (CU02 1O-4M , Cs 8 . 1O-4M or CL 8. 1O-5M , 

pH 4-43, A 630 nm (III); pH 4'57, A 650 nm (IV) indicated that a complex with ratio 
L : S = 1 : 2 (III) (IV) is formed in the solution. For titration of solutions of dye 
and uranyl with a tenside solution (cL 4. 1O-5M or 8 . 1O-5M , cuoz < cL/2, pH 4'43, 
4'57,4'66,4'76 and 5'10) it was found that complexes with ratios of U02 : S = 1 : 2 
(I) and 1 : 4 (II, III, IV) are formed. 

The results obtained indicate that in the presence of cationic tenside the coordina­
tion number of UO~ + ions is increased 13 -IS as a result of dehydration of UO~ + ions 
and dye by the tens ide and thus the sensitivity of the UO~ + -dye reaction is increased; 
ternary U02 L2 S2 (I, II) and U02 L2 S4 (III, IV) complexes are formed in solution and, 
in a sufficient excess of tens ide, also the U02L2 S4 (I, II) complex. At higher tenside 
concentrations, Cs > 2cL, protomicelle and micelle species are formed in solution 
(the cmc for eTA + has a value of 9·2. 1O-4M (ref. I 6)), which have a marked effect, _ 

i c -----'-

I 

03 ~ 
I 

FIG. 3 

Absorption Curves of the Ternary UOrDye 
Jl-CT A + System 

cL I·6.IO- 5 M, cuoz.IO-4M, pH 4'25, 
2 em euvettes; Cs [10- 5Mj: 1 0'0; 2 0-48; 
30'96; 4 1'92; 5 2'88; 6 3'36; 76'4; 8 8·0. 
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on the ternary U02-L-S (1) complex. A hypsochromic shift in the absorption 
maximum (~A. 20 nm) and an increase in the molar absorption coefficient (Fig. 2) can 
be observed for this complex. The effect of proto micelle and micelle species on the 
complexes of the other dyes is negligible and the absorption coefficients and maxima 
of the complexes practically do not change. In the photometric determination 
of uranyl it is preferable to employ a large excess of CT A +, to eliminate the precipita­
tion of solid ion associates in solution . 

Complex formation can be written as 

(B) 

(where r = 2 or 4) , which is characterized by the equilibrium constant 

(7) 

Equilibrium constant (7) can be rearranged to forms (S) and (Sa) 

*(J - (A - Ao) (Amax - AO)2 . [H]2 

l,2,r - [2pA max - A - (2p~ - .1) Ao] . (Am.x - A)2 [2sAmax - rA - (2s - r) Ao]' 

. [[H]/(K~ - [H]W c~+r . 
(S) 

. log (A - Ao) (Am.x - AO)2 _________ ___ _ 
[2pA max - A - (2p - 1) Ao] (Amax - A)2 [2sA max - rA - (2s - r) Ao]' 

= log *(J1 ,Z" + 2 pH + (r + 2) log CL + 210g [[H]/(K~ + [H])] , (Sa) 

where A = eL[L'] + Be[U02L 2S,], Ao = BL . cL, Amax = Be • cL/2, eL is the average 
absorption coefficient of acid-base form of the dye, ee is the molar absorption coef­
ficient of the ternary complex, p = CU02/CL (p ~ 1/2), s = cs/cL and K~ is the dis­
sociation constant of the dye in the presence of CT A + (ref. 17

); [L'] is the conditional 
concentration of the dye. 

It excess cationoid tenside (cs = 50cL) , dependence (Sa) for dyes (1) and (II) is 
linear in the pH range 3·5-4·5 with a slope corresponding to dissociation of two 
protons (B). The molar absorption coefficient of the UOZLZS4 complex was found 
from concentration curves 1 (excess tenside) and from pH curves 3 (excess uranyl 
and tenside). The equilibrium constants for reaction (B) were calculated from equa­
tion (S) (Tables II and III). 

The equilibrium constants *(J~,z" and *(J~,2 (r = 0) were also calculated from the 
conditional stability constants (J~ ,z" and (J~,z, which can readily be found from 
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TABLE II 

Equilibrium Constants for the Ternary U02-Dye I-CTA + System 

pH log "Pt ,2 log *Pt ,2,2 log *Pt ,2,4 Bmax 

Amax = 590 nm 

3·5-4·5a 1·77 ± 0·09 14·23 ± 0'09 1'75 . 104 

3'83b 1·80 13-96 
3'98c 1·78 )2,70 1'76.104 

4'25b 1·76 13·92 1'73.104 

Amax = 610 nm 

4'20d 1·22 12'49 
4'70d 0-48 11·91 1'08,104 

a Calculated from pH curves 3 cL = cUD, = 1·6. 10- SM, Cs 8' 1O- 4M, pK~ 4'48, average of 9 va­
lues transferred to logarithmic scale (confidence limits ±0'09, 95% probability). b Calculated 
from concentration curves 1, cL 1·5. 10-sM, c- 1O- 3M, pK~ 4'48. c Calculated from concentra­
tion curves 1, cL 6. 10-6M, Cs 2. 10-3M, pK~ 4'55. d Calculated from concentration curves 2, 
cL 1·6. 10-sM, CUD, 10-4M. 

TABLE III 

Equilibrium Constants for the Ternary UOrDye II-CTA + System 

pH log *Pt ,2 log*P t ,2,4 Emax (650 nm) 

3'6-4'5a 2·65 ± 0·10 15'17 ± 0·10 2'15,104 

3'84b 2'94 15 ' 12 
4'20c 2'92 15' 10 2'14.104 

4'20c 2'90 15·35 2'05.104 

4'55b 2'63 14·81 
4'25d 2'05, 104 

a Calculated from pH-curves 3 cL = CUD, = 1·6. 10-sM, Cs 8. 10-SM, pK~ 4'75, average 
of 8 values transferred to logarithmic scale (confidence limits ±O'IO, 95% probability). b Cal­
culated from concentration curves 1 cL 4. lO- s M, Cs 10-3M, pK~ 4·75. c Calculated from con­
centration curves 1 cL 1·6. 10-sM, Cs 8. 10-sM, pK~ 4·75. d Calculated from concentration 
curves 2, cL 1·6. 10- sM, CUD, 10-4M. 
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concentration curves 1 and 2 from the absorption differences between the quantitative 
and actual reactions 18

•
19 considering simultaneous absorbance by the dye and com­

plex. Then constants [3~ .2. r and [3;.2 were recalculated to the corresponding equi­
librium constants *[31.2. r and *[31,2 from equation (10) (Tables II - V). 

(9) 

*[3 = [3'(K~ + [HJ)2 (10) 

TABLE IV 

Equilibrium Constants of the Ternary U02 -Dye III- CTA + System 

pH log *Pl.2 log ·PI.2.4 Emax (630 nm) 

4'09 a 2'13 11·81 )'73.104 

4'43 b 2·17 15·01 
4'38c 1·22 20·45 1'71.104 

4'59d 0·40 19·64 
4'96d -0,83 17·54 

a Calculated from concentration curves 1 cL 8. 10- SM, Cs 4. 10-3M, pK; 4'88. b Calculated 
from concentration curves 1, cL 1'6.10- SM, Cs 8. 10-4M, pK; 4·71. C Calculated from concentra­
tion curves 2;L 8. lO- sM, Cuo, 10-4M. d Calculated from concentration curves 2, cL 8. 10- SM, 
CU02 2. 10- M. 

TABLE V 

Equilibrium Constants of the Ternary U02-Dye IV-CTA + System 

pH log*P1 •2 log *P1 •2 •4 Emax (650 nm) 

3'98 a 2·15 11'83 1'77 .104 

4'36b 2·01 14'45 
4'58b 1'76 14·20 1'77.104 

4'16c 1·82 23-34 1'76.104 

4'70c 1·28 23-65 

a Calculated from concentration curves 1 cL 8. 10- SM, Cs 4.10- 3M, pK; 4·81. b Calculated 
from concentration curves 1, cL 1'6. lO- SM, Cs 8. 1O- 4 M, pK; 4'76, c Calculated from concentra­
tion curves 2, cL 1·6. 10- SM, Cuo, 1O- 4M. 
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The decrease in */3 at higher pH values or the different values of */31,2,r at various 
CT A + concentrations can be explained by different degrees of hydrolysis of UO~ + 
ions and of the complex or by dissociation of CT A +. 

Determination of Uranium and Cetyltrimethylammonium 

The stability of the U02L2 S4 (II) complex is sufficient to allow direct photometric 
determination of uranium in a small excess of dye and tenside. In weakly acid media 
of pH 4·2-4·5 and at I 0·01 using 2. 1O- 4M dye (II), 0'50-11'511g U/ml can be 
reliably determined (A. 650 nm, e 21500). The standard deviation of the blank (A) 
for 6 parallel determinations has a value of ±0·001. The detection limit* (cmin) 

is 0·096 llg U/ml. The relative standard deviation for 6 parallel determinations has 
a value of 0'75% (7·1411g/ml). The determination is not disturbed by alkali metal 
ions, alkaline earth ions, a 50-fold excess of Co2+, Nj2+, Zn2+, Cd2+, Pb2+, TI+ or 
Mn2+ ions, a 25-fold excess of y3+, Sc3+, La3+ or 3e3+ ions, a 5-fold excess of Ag+, 
PtCI~ - , Cu2+, AI3+ or Cr3+ ions or an equimolar amount of Zr(IV), Th(IV), Bi(III), 
Sb(III) or Ti(IV) ions. The following ions interfere in the determination: Hg~ +, 
Hg2+, Au3 +, Pd2+, Ce4+, Sn2+, Fe2+, Fe3 +, In 3 +, Ga3 +, WO~-, MoO~- and 
V03". The selectivity of the determination is increased in the presence of CT A +. 
Hydrolysis of Zr(IV), Th(IV), Bi(III), Sb(III) and Ti(IV) ions is suppressed. The 
colour formation takes 10 minutes and is constant for 2 hours. 

Determination Procedure 

An amount of 10 ml of 1O-2M-CTA + is added to a 50 ml volumetric flask containing 10 ml 
of 10- 3 M dye II, 5 ml of acetate buffer (O'IM) of pH 4'3 and 25-500 Ilg of uranium. The flask 
is filled to the mark and after 10 minutes the absorbance is measured against a blank at 650 nm. 

In weakly acidic media (pH 4·5-5'0), the stability of the U02L2 S2 (II) complex 
in a small excess of dye and uranyl permits direct photometric determination of cetyl­
trimethylammonium. Using 1·6. 1O-4M dye (II), 2. 1O- 4M uranyl and I 0'01, 3·6 to 
28·8 llg CTA + Iml can be reliably determined (A. 650 nm, e 10250). The standard 
deviation of the blank (A) for 6 parallel determinations has a value of ±0·001. The 
detection limit is 0'258 llg CT A + 1m!. The relative standard deviation for 6 parallel 
determinations has a value of 1'01% (17'311g CTA+/ml). The determination is not 
disturbed by a 30-fold excess of Na2S04' a lO-fold excess of NaHC03 , a five-fold 
excess of tripolyphosphate and equivalent amounts of carboxymethylcellulose. This 
method is almost as sensitive as the method employing pyrocatechol violet and llO~+ 
ions (e 1·2. 104), but is not complicated by photochemical oxidation of the com­
plex20. In comparison with the method employing V03" and dye III (e 4-4.103

), 

• The detection limit was found from the relationship x = Xo + 6sxo' where x is the smallest 
measurable value of the absorbance21 ,22 and Xo is the blank value. 
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this method is more sensitive and more suitable with respect to the time stability 
of the complex . The solution colouration is constant for 40 minutes. 

Determination Procedure 

A sample containing 0·018 - 1,44 mg CT A + is added to a 50 ml volumetric flask containing 
8 ml of 10-3M dye fl, 5 ml of acetate buffer (O'IM) of pH 4·6 and 1 ml of 1O-2M-UO~+ ions. 
The solution is diluted to the mark and the absorbance is measured after 5 minutes against 
a blank at 650 nm. 

The remaining dyes are not suitable for photometric determination of uranium 
and CTA +. The U02 L2S4 (III, IV) complexes for CUO, < cL/2 are not stable and the 
ternary complexes decompose with time. The U02 - dye I - CT A + reaction is 
also not suitable because of precipitation of L - S associates in solution. Dyes I, III 
and IVare not suitable for the determination of CT A + because of their low sensitivity 
(A 610 nm, e 5040 (I); A 630 nm , e 4300 (II 1); A 650 nm, e 4400 (IV)). It is necessary 
in preparation of solutions to maintain the ionic strength constant in all samples. 
The absorbance of a solution of ionic strength 0·1 is half that of a solution with 
identical composition but with an ionic strength of 0·01. The change in the absorb­
ance on a change in the ionic strength from 0·001 to 0·015 is, however, negligible. 

The authors wish to thank Mr J. Jurina, Departmellt of Allalytical alld Organic Chemistry. 
Pafacky University, Olomollc, for providing the dyes. 
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