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In weakly acidic medium, pH 3:5— 65, the title dye forms with aluminium ions a complex with
the Al:L ratio 1:1. In the presence of cetylpyridinium or carbethoxypentadecyltrimethylam-
monium, ternary complexes AlL3S, (r = 6 or 9, respectively) are formed. The equilibrium con-
stants of the complexing equilibria in the binary and ternary systems concerned were calculated,
and a method of photometric determination of aluminium has been suggested.

Sodium 6-hydroxy-5-dibenzo(a,j)phenoxazone-11,13-disulfonate is among phenoxazone sulfo
derivatives and benzo homologues that have been employed in the presence of cationoid tensides
as reagents for photometric determination of uranium, celyltrime(hylammonium', vanadium?~*
iron®$
dium

,
, and indium’, or as metalochromic indicators for chelatometric determination of vana-

3 and indium”.

The aim of this work was to study the coordination properties of this dye with
aluminium ions in the presence of cetylpyridinium(CPy™*, S) or carbethoxypenta-
decyltrimethylammonium (Sep*, S) cations. The dye has been proposed as a reagent
for photometric determination of aluminium.

EXPERIMENTAL

Chemicals and Apparatus

The dye stock solutions (4. 10™%m and 10~ 3M) were prepared by dissolving the corresponding
amount of the sodium salt in water. The purity of the dye way checked by elemental analysis
and paper chromalography“. 10~ 2m solutions of the cationoid tensides were prepared by dis-
solving solid cetylpyridinium bromide (Lachema, Brno) or Septonex (carbethoxypentadecyltri-
trimethylammonium bromide) (Spofa) in water. The content of the tensides was determined
by titration with sodium tetraphenylborate®*!®. The 10~ 2m stock solution of AI** jons was
prepared by dissolving Al;(S0,)3.18 H,O in water. The content of AI3* jons was determined
by indirect chelatometric titration' !,

The pH of the solutions was maintained by using acetate buflers, the ionic strength was ad-
justed to 0-01 with appropriate amounts of the buffer. All chemicals used were p.a. purity.
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The absorbances werc measured on a spectrophotometer Unicam SP 1800 (Pye Unicam,
Cambridge) in 1 cm and 2 cm cells. The pH was measured on a pH-meter PHM 4d (Radiometer,
Copenhagen) (precision +0-02 pH units) with a system of glass and saturated calomel electrodes.
The pH-meter was calibrated by means of NBS solutions (0-05M potassium hydrogenphthalate
and phosphate buffer).

Data Evaluation

The composition of the ternary complexes was found by subjecting the concentration curves
(7)—(3) to analysis by the molar ratios method!? or continual variations method'>. The stability
constants of the ternary complexes were evaluated from the concentration curves (/) and (2)
and from the pH-curve® (4). The composition and stability constants of the Al-L binary com-
plexes were determined {rom the Ketelaar’s transformation'*'# of the dependence (5), or by ana-
lysis of the [:)H-(:urves15 6)

A= flcaDeres,pH Cs > €13 Cay O
A= f(X)cspH(cL+can=co s > Cg &2
A= flcs)enrcLpH )
A= f(PH)ca1cL.cs Cs > L) Cay @
A= f(cADeL.pH 4
A= f(pH)earce » (6)

where ¢p, c,), and cg are the total concentrations of the dye, aluminium ions, and the tenside,
respectively, and x is the mole fraction of the dye (c,_/co).

RESULTS AND DISCUSSION

In weakly acidic medium, pH 3-5—6-5, aluminium ions form with the dye studied
coloured binary complexes exhibiting absorption maximum at 586 nm. The ab-
sorption curves (5) for constant concentration of the dye and variable concentration
of aluminium ions (¢, = 1'6.107°M or 4.107°M, ¢4, = (0—8) c.) show a single
isosbestic point at 546 nm (pH 5'14—5-95), the same isosbestic point was found
from the absorption curves (6). The complex composition (the Al: L ratio) was
found by analysis of the pH-curves'® and by the Ketelaar’s transformation®:'*.
In the region pH 3:5—4-5, the AI** form predominates in the solution (~ 100%,
93%, and 73% at pH 3'5, 4:0, and 4-5, respectively),* so the Al-L complex formation
can be written as

m AP* + nHL = Al L, + n H* (4)

* The values of log lel = —515 and log Q;, = —9-90 were used, where Q,; and Q,,
are the hydrolytic constants*® of AI3* to the species AlOH?* and AI(OH)J, respectively.
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with the corresponding equilibrium constant
*Bun = [AlL, J[H]"[AL]"™[HL]". (7)

In this pH region, the HL form also predominates ([HL] ~ [L']. pK, 7-50). Using
the mass balance equations for the aluminium ions (c,, = [AI**] + [AI(OH)**] +
+ [AI(OH); ] + m[AL,L,]) and the dye (¢, = [HL] + n[Al,L,]) and the equa-
tion for the absorbance of the solution (A = &y [HL] + &[Al,L,]), we can trans-
form Eq. (7) to the relations

(4 = An) (Amss = Aw)"™ 71 (L4 Qu[H]™! + Qua[H]H". ™7
[npAmay — mA — (np — m) Ay ] [Apax — nA]"

= log *Bym + npH + (m + n — 1)logc, (8)

log

for cpyfe; = p > mfn, Aoy = £ccy/n,
and

(A - AHL) (qumnx - '7/‘1HL)"‘+"_l -[l + Qn[ﬂ]_ii‘*’ le[i‘l]j)j -
[MmAna — mA + (m — n[q) Ay ]™ (Mg A, — nA4)"

log
=log *Bom + np H + (m + n — 1) log(qey) 9)

for e fes = g > nm, A, = eccy[m,
where Ay = ey ¢, and gy and ¢ are the molar absorptivities of the HL?~ form
and of the complex, respectively.

At pH 3-5-4-7, the dependences (8) (¢, = 1:6.107°M, ¢, = 8.107°m) and
(9) (e = 8. 107°m, ¢,y = 1:6. 107 °M) are linear and their slopes correspond to one
detached proton (4) (m = n=1). The Ketelaar’s transformation

¢ A4 = n[Ae + 1[[ By Ae(cay — m BA|Be)™ AA" '] (10)

is also linear only for m = n = 1 (¢, = 1:6.107°M or 4. 107°M, ¢,y = (0—-50) ¢,
pH 5-6). The molar absorptivity of the complex is &g,y (586 nm) = 9670 (Table I).

1t can be thus claimed that at pH 3-5—65, a single complex with the aluminium-to
dye ratio 1 :1 is formed. For pH 3:5—4-7, the equilibrium constant (7) was cal-
culated from Eqgs (8) and (9) (Table I). For pH 5—6'5, the conditional stability
constant

iy = [AlLJ[AV]"[L]™ (1)
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was calculated from the concentration curve (5) by applying the transformation (/0)
(Table 1). The decrease of B, with increasing pH can be explained by the fact that
at pH > 5 the AI(OH)?* and AI(OH); species can take part in the reaction

AI(OH)?"9* + HL = AI(OH),_, L + (1 — w)H* (B)

(g=1tlor2,ws1l).

In the presence of cationoid tensides (CPy*, Sep*), ternary complexes alumi-
nium-dye—tenside are formed in the solution, absorbing at 606 nm. The stability
of these complexes depends on the ionic strength, particularly at I > 0-03. At lower
concentrations of the electrolytes this dependence is negligible, and in the region
of I 0—0-015 the absorbance is constant. For this reason, all measurements were
performed with ionic strength I 0-01. Organic solvents exert a negative effect upon
the ternary complex formation: ethanol present in 10% (vol.) concentration brings
about a 25% decrease in absorbance, and in 50% (vol.) concentration it prevents
the formation of the ternary complexes altogether.

The absorption curves (/) for constant concentrations of the dye and the tenside
(e, = 16.107°M, 4. 107°M, or 8. 107 °M, ¢ = (5—150) ¢, ) and variable concentra-
tion of aluminium ions (c,, = (0—5) ¢,) exhibit a single isosbestic point for a given
pH (A, 552 nm, pH 5-15; A, 545 nm, pH 5-94). The pH-curves display a single
isosbestic point too, 4;,, 552 nm (pH 4—6-5), and a horizontal branch in the region
pH 5:4—6-5. The application of the molar ratios method (/) (4 490, 606, and 650 nm)
revealed the occurrence of a single complex in the solution, Al : L ratio 1 : 3. Eight

TaBLE I

Equilibrium Constants, Conditional Stability Constants and Molar Absorbtivity of the Com-
plex AIL

pH log B¢ log *By, Emax> 586 N
3:5—47° —0-37 + 005 9 680
3:5—4-6° —0-41 + 005

5-16¢ 476 4 0-07 9 670

5-40° 478 + 0-10 9670

6-014 442 + 0-04

Calculation from the pH-curves (6): “c; = 8.107°M, 5, = 16. 107 °m; P ¢ = 1:6. 107 *m,
cay = 8.107°M. Calculation from the concentration curves (5): ¢, = 4.107°m; ¢ cp = 1°6.
.10 5m. The confidence interval determined for 95% probability (for 8— 10 values).
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to ten titrations (1) were carried out for each tenside in the region pH 5—6-5. The
same conclusion was obtained from the results of the continual variations method
for equimolar solutions of the dye and aluminium ions containing excess tenside
(co=4.10°Mor8.107°M, ¢ = 4. 107 *M or 8. 107 *M. pH 5-39 or 5-94, 1 490, 606,
and 650 nm).

The absorption curves obtained from the titration (3) also show one isosbestic
point, A, 544 nm, pH 6:51. Complexes L : S = 1 :2 and ! : 3 were found for S =
= CPy* and Sep™, respectively, by using the molar ratios method (4 606 and 650 nm).
The concentration of the dye for the titration (3) was ¢, = 1-6. 107 *M or 4 . 10~ M,

TaBLE 1T

Equilibrium Constants of the Ternary Systems Aluminium-Dye-Tenside

log * 8, log *Bs, "'"ﬂ’f‘lg‘f nm IO{EM pH
Sep+, r=29
131 4010 34254 010 316 2:5 38—57
0154+ 010 2823+ 010 315 8-0 43534
—1:55 22-88 20-0 5:36"
0-64 29-04 314 8-0 5-38°
027 34-42 2:5 5-39°
0-61 3232 315 40 5:39°
—130 3050 40 651°
_ — 313 - 615
CPy*,r=6
120 + 001  23-26 + 001 313 2:5 4—51°
—1-08 1518 3-14 20-0 5:35°
0-64 20-82 5:0 5:37°
0-02 1819 314 100 5-40°
011 22:69 2:5 5-41°
—022 1992 5-0 5-96”
—4:33 1583 50 672"
— — 313 - 6514

4 Calculation from the pH-curves (4); ¢4y = ¢ = 16.. 107 %M, average from 8— 10 values trans-
formed into the logarithmic scale, confidence interval determined for 95% probability; b calcula-
tion from the concentration curves (/), ¢; = 4. 107 5m; ¢=d calculation from the concentration
curves (3): Cep = 16. 107°M, ¢y = 8. 107 5m; ¢ e =16.107°M, cpy=4.1075m.
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the concentration of the aluminium jons was c,, = (3—10) ¢, and the concentra-
tion of the tenside varied within the range of ¢s = (0—20) ¢;. Four titrations were
accomplished for each tenside in the region pH 5-7— 6-6. The tangent ratios method!”,
where in the one case the tenside concentration varies in excess dye and aluminium
ions and in the other case the aluminium ion concentration is variable in excess dye
and tenside, was used to find complexes Al:S = 1:6and 1:9 for S = CPy* and
Sep™, respectively (¢, = 8.107°M, ¢, = 2.107*M or ¢g = 8.107*m, pH 591 or
623, 2 606 and 650 nm).

As the two titrations (/) and (3) yielded the same molar absorptivity value (Table IT),
it can be claimed that ternary complexes AlL;Ss (with CPy*) and AIL,Sy (with
Sep*) are formed in the solution. The presence of the hydrophobic group of the
cationoid tenside affects the dye hydration and prevents hydrolysis of the aluminium
ions'®:'?; this makes possible the formation of ternary complexes with the highest
number of coordinated dye molecules.

The formation of the ternary complexes AIL,S, (r = 6 or 9) can be written as
AP* 4+ 3HL?™ + rS* = AIL,SI™9F 4 3H* (©)
which is characterized by the equilibrium constant
*By, = [AILsS,J[H][A]"* [HL]-*[s] (12)

or the *f constant for the formalism of the AIL; binary complex formation.

Using the equation for the mass balance of aluminium ions, the dye, and the ten-
side, and the equation for the absorbance of the solution, we can transform Eq. (12) to

log - (A - AL) (Amnx - AL)3+r _
[B3PAma — A — (3P = 1) AL] (Apax — AP[35Amay — rd — (3s — 1) A"
= log *B3, + 3p H + (r + 3)logc, + 3log {[H]/(K, + [H])}, (13)

where A = &[L'] + e[AIL;S,], AL = &ep, Apax = &ccLf3, p = carfer > 1[3, &c is
the molar absorptivity of the ternary complex and £ the average molar absorptivity
of all dye species (HLS,, LS;) in the presence of the cationoid tenside, K, is the
dissociation constant of the phenolic proton of the dye in the presence of the tenside?®,
and [L'] is the conditional concentration of the dye ([LS;] + [HLS,]).

In the presence of excess cationoid tenside (cs = (/10— 50) ¢, ), the dependence (13)
s linear with slope corresponding to three detached protons in accordance with
reaction (C). The molar absorptivity of the ternary complexes AIL,S, was determined
from the concentration curves (/) or the pH-curves (4) (excess tenside and dye or
aluminium ions). The *B;,(12) and *, constants were calculated numerically for pH
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4—5(Table I1). The conditional stability consiants 3,
B = [AILS J[A]~'[L]*[s] " (14)

(where [L'] = [HLS,] + [LS,]) or B (for the formalism of the AlL, binary com-
plex formation) were calculated for higher pH from the difference of absorbance
of the concentration curves (1) and (3) for the quantitative and the actual reac-
tions?!22, These constants were then recalculated to the corresponding equilibrium
constants *8,, or *f, by using the relation

*B = p([H] + K.)°, (15)

where K, is the dissociation constant of the phenolic proton of the dye in the pre-
sence of the cationoid tenside?°.

The decrease in the *§ value at higher pH (pH > 5:3) can be explained in terms
of different degree of hydrolysis and polymerization of the aluminium ions'. The
differences in the *f,, values for different concentrations of the tenside are accounted
for by the different degree of association of the latter. Furthermore, the decrease
of *B, at higher tenside concentrations (cs > 10c¢;) can be interpreted taking into
account the competitive mechanisms (D) and (E),

HLS, + x S = (HLS,) S, (D)
AIL,S, + y S + 3 H* = 3(HLS,) S, + AP** (E)

due to the high tenside?® concentration.

Photometric Determination of Aluminium

The stability of the ternary complexes formed at pH 5—6 is sufficient to allow the
dye studied to be employed in the presence of cationoid tenside (CPy*, Sep*) for
photometric determination of aluminium. With 1-6 . 10™*M dye, 16 . 107>M tenside,
and ionic strength 0-01, the Lambert-Beer law is obeyed in the region of 0—0-77ug
Al/ml (2 610 nm, € 30200). The relative standard deviation for 6 parallel determina-
tions was 0-98% (for 0-38 pg Al/ml). The limit of determination, ¢y, = ts(dA[dc)
(where c,,;, expresses the Jowest determinable quantity of aluminium in pg/ml,
s is the standard deviation of determination in absorbance units, and ¢ is the value
of the Student’s coefficient for 95% probability)*¢, was 0-0016 pg/ml.

Determination with relative error not exceeding 4% can be accomplished in the
presence of alkali metal ions, alkaline earth ions, 50-fold excess of TI*, Be?*, Ce3+,
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La3*, Ni?*, Co?*, and Cd** ions, 5-fold excess of Mn2*, Zn?*, Pb2*, Ag*, Cr3*,
CrO2%~, and PtCI}~ ions, and equimolar quantities of Hg?*, Bi(III), Ti(1V), Sb(III),
Sn(1V), Th(IV), and Zr(1V) ions. Ga**, In**, Fe?*, Fe3*, MoO}~, Wo}~, VO3,
U0+, Pd?*, Cu?t, Sc*, Y3+, Sn?*, Ti**, Au®*, Ce**, F~, and PO}~ ions inter-
fere.

The interfering effect of the In3*, Ga®*, Pd2*, Cu?*, and Sc** ions can be masked
with cadmium chelatonate 1V; the ions may be then present in tenfold excess, the
sensitivity of determination, however, is approximately 109 lower.

The colouration of the solutions develops for 45 min (2 hours in the presence
of cadmium chelatonate) and is steady for 24 h. The absorbance is affected by the
jonic strength of the solution, the latter was therefore adjusted to 0-005—0-015;
in this range the absorbance variation is negligible.

Determination Procedure

The sample containing 4-5—38-5 pg Al is placed in a 50 m! volumetric flask, and 5 ml of cadmium
chelatonate 1V (0-346 g of Chelaton IV + 0-370 g of CdCl, is 100 ml), 5 ml of 0-1m acetate buffer
pH 53, 10 ml of 107 2m tenside, and 8 ml of 10~ M dye solution are added. The system is diluted
to volume with water, and after 45 min or 2 h (if cadmium chelatonate is present) the absorbance
is measured at 610 nm against a blank.
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