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Equilibria in the system H*, Ca?* and Alizarin Red S have been studied by means of
potentiometric (glass electrode) and spectrophotometric measurements in a 0.1 M
NaCl medium at 25°C. Calcium complexation is characterized by the formation of
ternary species according to the reaction:

pH* + qCa?* + rHA? = H,Ca (HA)/*%>

Equilibrium constants were evaluated within the range 3.3 < —log{H"*] < 10.3 and
the wavelength interval 300 < A < 700 nm with the following results:

8.20 + 0.12 (spectr.);

8.04 + 0.04 (pot.); log Boy =

log B_,;; = —3.74 + 0.15 (spectr.);

log Bor

log B_;; = —3.72 + 0.12 (pot.);
log B2 = —10.11 * 0.20 (pot.).

All errors reported are 30 (log B,,,). The protonation constants for Alizarin Red S
were also determined. Data were analysed using the least-squares computer pro-

grams LETAGROPVRID (ETITR and SPEFO).

Sodium 1,2-dihydroxyanthraquinone-3-sulfonate (1), com-
monly known as Alizarin Red S (abbreviated as ARS in the
following), is a well known chelating agent and its use as a
colourimetric reagent for cations has been well established.
The presence of two hydroxy groups in positions 1 and 2
with respect to the quinoid oxygen makes it very suitable
for the formation of chelates with metal ions. The presence
of a sulfonate group adds further reactivity to the molecule.
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A number of studies have been carried out on the com-
plexation of this ligand with various metal ions using both
spectrophotometry and potentiometry. Among the earlier
works on the chelates involving ARS, Leibhafsky and Win-
slow,! Raghava Rao and coworkers” and Larsen and Hiro-
zawa® were primarily concerned with the position of the
chelate ring in the complex formed. Dey et al. studied the
composition and stability of the complexes with copper,
lead, chromium and hafnium.*’ Later Varadarajulu et al.
studied the stoichiometric and stability constants of che-
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lates of ARS with certain metal ions.>'? Recently it has
been reported that ARS, as a modifying agent, can achieve
selective separation between different calcium minerals in a
flotation process.”>"> ARS is found to react with the cal-
cium sites at the mineral surface/water interface. The ad-
sorption is generally combined with complexation in so-
lution owing to the relatively high solubility of calcium
minerals. Thus a study of surface complexation must in-
clude a separate inverstigation of calcium-ARS speciation
in solution.

In the present paper detailed studies of the formation of
calcium-ARS species as a function of —log [H*], as well as
protonation reactions of ARS, are reported, using both
potentiometric and spectrophotometric techniques. Exper-
imental data have been analysed with the least-squares
computer programs LETAGROPVRID (ETITR and
SPEFO).'

Experimental

Chemicals and analysis. Alizarinsulfonic acid sodium salt
(Merck p. A.) and calcium chloride dihydrate (Merck p.
A.) were without further purification. Stock solutions of
ARS were prepared by dissolving the salt in a 0.1 M NaCl
medium, whereas the calcium solutions were prepared by
dissolution of CaCl,-2H,0 in water, and a calculated
amount of NaCl was added to keep the ionic stength at 0.1
M. For adjustment of —log [H*], diluted solutions of so-



dium hydroxide and hydrochloric acid were used. Both of
these, as well as sodium chloride, were prepared from
BDH concentrated solutions. HCI solutions were standar-
dized against tris(hydroxymethyl)aminomethane and dilute
NaOH solutions against freshly prepared and calibrated
acid solutions. Deionized and degassed water was used for
preparing all solutions.

The ligand concentrations were determined spectropho-
tometrically with a UV-visible spectrophotometer.

Apparatus. A Beckman DU-7 HS UV-visible spectropho-
tometer with a 1.00 cm quartz cell, together with a Corning
155 pH/ion meter, were used for combined spectrophoto-
metric/—log [H*] measurements.

The automatic system for precise EMF titration and the
electrodes have been described earlier.!’

Methods. Experimental data were collected as series of
spectrophotometric and potentiometric measurements at
25°C in a constant ionic medium of 0.1 M NaCl. In the
spectrophotometric study, a series of solutions were pre-
pared containing a certain amount of ARS with or without
Ca’* and with different total proton concentrations. After
attaining equilibrium the absorbance values were measured
within the wavelength range 300 < A < 700 nm. At the
same time free proton concentrations were determined us-
ing a glass electrode, calibrated on a concentration scale.
The observed absorbance, A, per unit path length at a
particular wavelength, A, is given by eqn. (1), where ¢, is

A, =Z gg; ¢y

the molar absorption coefficient for the absorbing species i
at the wavelength A, and c; is the concentration of the same
species. Thus the spectrophotometric measurements give
data (A,, —log [H*], H, B, C),,, where H, B and C denote
the analytical concentrations of H*, Ca?* and ARS, respec-
tively.

The potentiometric measurements were carried out as
series of titrations for which the total concentration of
protons, H, was varied by adding known amounts of acid or
base. The measurements and the calibrations of the elec-
trode have been described earlier."”

The protonation constants of ARS were determined in
separate measurements. The three-component equilibria,
H*-Ca**-HA?", were studied in three ways: (1) at constant
C/B ratios; (2) by titration of a certain amount of ARS, C,
with calcium ion solutions at varying total proton concen-
trations, H; and (3) as (2), but with a designed amount of
calcium ions, B, titrated with ARS. The reproducibility and
reversibility were tested by performing both forward titra-
tions (starting at low —log [H*] and adding base) and
backward (decreasing —log [H*] by addition of acid).

Data treatment. In the system H*—Ca?*-ARS, the three-
component equilibria have been assumed to have the gen-

Ca(ll) AND ARS COMPLEXATION
pH* + gCa®* + rHA* = H,Ca,(HA)* > B, (2)
eral form of eqn. (2) together with the subsystems:
(i) the binary ARS equilibria
H* + HA” = HA- B (3
HA»™ = H* + A* B (4
(ii) the hydrolytic equilibria of Ca®*
Ca?* + H,0 = CaOH* + H* Boo (9

The proton reactions of ARS were evaluated from separate
potentiometric and spectrophotometric experiments, and
the hydrolytic complex formed by calcium with the corre-
sponding equilibrium constant was taken from the litera-
ture'® as log B_;,0 = —12.48. In the evaluation of three-
component experimental data, the equilibrium constants of
subsystems (i) and (ii) were considered as known. Thus all
the effects above this level were treated as being caused by
the formation of three-component species.

Mathematical analysis of EMF data was performed with
the least-squares computer program LETAGROPVRID
(version ETITR).!*® On treating the data, the pgr-triplets
and the corresponding equilibrium constants that provided
the ‘best’ fit to experimental data were determined by
minimizing the error sum of squares U = 2 (Z.,. — Zey, )’
where Z,. and Z,, denote the calculated and experi-
mental values of Z = (H — [H*)/C); H is the analytical
concentration of H*, calculated over the level H,0, Ca?*
and HA?", where H = 0.

In calculations on the combined —log [H*] and spectro-
photometric data the LETAGROPVRID version SPEFO
was used, and U = (A, . — As, exp.)’ Was minimized. The
appreciate error terms, denoted o(Z), o(A) and 3o(log 8,,,)
are defined and calculated according to Sillén.?"?
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Fig. 1. Z versus —log [H*] curves of potentiometric data from
the H*-ARS system. Different symbols are used to identify data
from several independent titrations. The solid line was
calculated using the constants log B4, = 5.79 and log p_,o; =
-10.91.
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Data, calculations and results

The H*-ARS system. The investigation was started by re-
cording UV-VIS spectra as a function of —log [H*] to
obtain a general view of the system and to select suitable
wavelengths for computer evaluation. The data used to
evaluate the acidity constants of ARS from spectrophoto-
metric measurements comprised 38 experimental points
and 380 absorbance values at 10 different wavelengths in
the range 300-700 nm. The concentration ranges studied
were 4x107° =< C = 2.5x10* M and 1.0 < —log [H*] =
13.0. A computer calculation on these data ended at o(A,)
= 0.009 giving log B,,; = 5.74 = 0.01 and log B_,;; =
~11.05 % 0.01. The standard deviations o(A;) at the re-
ported wavelengths were all very small, thus indicating a
good fit to the experimental data.

In order to provide a visual impression of the potentio-
metric data, Z versus (—log [H*]) curves were constructed,
where Z is defined as the average number of protons reac-
ted per A*". In this way, an indication of the accuracy of
experimental data with respect to reversibility and repro-
ducibility is obtained (Fig. 1).

Before the computer evaluation of EMF data started, a
modification of the ARS concentration (weighed in) was
made. This step'is justified for the following two reasons:
(i) Dissolving ARS in 0.1 M NaCl medium results in —log
[H*] = 6.0, which is not in accordance with protonation
constants obtained from the spectrophotometric measure-
ments. The measured —log [H*] indicates that the dis-
solved chemical is actually a mixture of Na,HA and NaH,A
in a ratio of about 2:1. (ii) According to the definition, Z
should reach a plateau value of 2 (corresponding to H,A™)
at low —log [H*] and approach zero (corresponding to A3")
at high —log [H*] values. However, the original curves did
not exhibit this characteristic, but were shifted about 0.5
units upwards. After modification and recalculation of the
concentration and composition of ARS according to the
results from the spectrophotometric measurements, the Z
versus (—log [H*]) curve in Fig. 1 was obtained and the
protonation constants were evaluated.

Experimental data from potentiometric measurements,
including four titrations yielding 195 titration points within
the concentration ranges 7x107* < 11073 M and 3.5 <
—log [H*] = 10.6, were evaluated by the program LE-
TAGROPVRID version ETITR, giving log f,,, = 5.79 *
0.07 and log B_,5 = 10.91 * 0.07. The standard deviation
o(Z) was 0.06. In Fig. 1 the solid line is calculated using the
aforementioned constants.

The H*—Ca’*-ARS system. In this case the investigation
also started by recording continuous spectra as a function
of —log [H*] for C/B = 1. The data used to evaluate the
equilibrium constants from the spectrophotometric meas-
urements comprised 43 experimental points at nine wave-
lengths within the region 300 =< 700 nm, yielding 387 ab-
sorbance values. The concentration ranges studied were
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4x107° = B =2.5x107* M, 4.5x107° = C < 2.5x10™* M
and 3.6 < —log [H*] < 11 with 0.25 < C/B < 4. The results
obtained were log By, = 8.20 + 0.12 and log _,,; = —3.74
+ 0.15 with the standard deviation o(A4,) = 0.03.

The Z versus (—log [H*]) curves were constructed from
titration data (Fig. 2). It can be noted that Z reaches a
limiting value of 2 (corresponding to H,A~) in the absence
of calcium, but takes lower values when metal ions are
introduced owing to formation of species containing HA?".
At high —log [H*] values Z tends to zero, corresponding to
A*", both in the free and complexed form.
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Fig. 2. Z versus —log [H*] curves of potentiometric data in the
H*—Ca?*-ARS system. The solid lines were calculated using the
constants proposed in Table 1. Here C and B denote the total
concentrations of ARS and Ca?*, respectively.

It may be mentioned that at C/B = 1 and concentrations
= 2.5%107* M, precipitation of CaHA(s) was observed in
the range 5.5 < —log [H*] < 8.0, which makes the experi-
mental points in this area somewhat uncertain. However,
by performing separate experiments involving filtration of
the suspension, we have concluded that this precipitation
has only a very small effect on the data evaluation.

The experimental data from potentiometric titrations
were divided in two parts covering different —log [H*]
ranges. Data from the range 3.3 < —log [H*] = 5.9 in-
cluded six titrations yielding 202 experimental points. The
measurements were performed by either adding ARS to
calcium solutions having various —log [H*] values or vice
versa. In this way a large number of C/B ratios was cov-
ered. The calculations ended at o(Z) = 0.04 with log B, =
8.04 * 0.04. Data from the range 4.9 < —log [H*] = 10.3
comprised five titrations including 116 experimental points
covering the ratios 1.5 = C/B < 10 and the concentrations
8.8x10™° = B =< 49x10™* M and 6.1x10™* = C <
8.5x107* M. The results obtained were logf_,;; = —=3.72 £
0.12 and log B_,,, = —10.11 % 0.20 with 6(Z) = 0.06. These
constants were used to calculate theoretical Z versus (—log
[H*]) curves, which were combined with the experimental
points in Fig. 2. The results from LETAGROP calculations
are listed in Table 1.



Ca(ll) AND ARS COMPLEXATION

Table 1. Results from final LETAGROPVRID calculations giving the formation constants for the ‘best fitting’ species. The formation
constants are related according to reaction (2); when 3o(log f,,,) terms are given the formation constants have been varied.

Method Stand. dev. HA- A3 Ca(HA),>~ CaA~ CaA,*~
o(2)/a(A,) 10g Bio1 log B_1o1 109 Bor2 log B_111 log B_z1.

S 0.009 5.741+0.01 —-11.05+0.01

P 0.064 5.7910.07 —10.91+0.07

S 0.036 5.74 -11.05 8.20+0.12 -3.741£0.15

P 0.042 5.79 —10.91 8.04+0.04

P 0.062 5.79 —10.91 8.04 -3.7240.12 -10.11+£0.20

28, spectrophotometry; P, potentiometry.

Table 2. Wavelengths of absorbance maxima, colour changes and corresponding species as a function of —log [H*] for the system

H*-ARS and H*-Ca?*-ARS.

—log [H*] Amax/NM Colour Species
H*-ARS H*-Ca?*-ARS  H*-ARS H*—Ca?*-ARS H*-ARS H*-Ca?*-ARS
1.0-5.5 420, 334 420, 334 Yellow Yellow HaA, HA-
5.76-7.8 520, 334 520, 334 Red Red H,A-, HA?Z- Ca(HA),2-, HA?"
8.2 520, 334 540, 334 Red Violet HAZ- Ca(HA),2-, CaA-, HA?"
9.3-10.2 520, 334 555.5 Red Violet HA2~ CaA-, CaA,*", HAZ"
104 540, 334 555.5 Violet Violet HA2-, A3~ CaA-, CaA,*”
10.8-13.0 555.5 5655.5 Violet Violet HAZ-, A3~ CaA-, CaA,*”
. . The shift in the A, values was also examined as colour
Discussion

The UV-visible absorption spectra of ARS in aqueous
solutions show several pronounced peaks (Table 2). Obvi-
ously, A, shifts to longer wavelengths with increasing
~log [H*]. The species HA?", which is predominant in the
medium —log [H*] range, exhibits two maxima at 334.5
and 520 nm. At high —log [H*], i.e. the A®" region, the
maxima occur at 555.5 and 595 nm, while at low —log [H*],
H,A" displays A, = 420 nm.

An explanation for these large shifts has been suggested
by Larsen and Hirozawa,? as resonance in the HA?>~ mole-
cule. They also pointed out that a similar resonance can be
obtained when a metal ion reacts with ARS through the
quinoid and alpha phenolic oxygen.

In the case of M = Ca”* this is obviously valid, since the
species HA?™ and Ca(HA),”~ exhibit similar spectra with
equal A,,,. The species CaA~, with the possible structure
(2), exhibits the same A, as A*".

0 O-—Ca\—
I | 0
503

changes. Table 2 gives A, the corresponding species, and
the colour change as a function of —log [H*] for both
H*-ARS and H*-Ca?*-ARS systems. From Table 2 it may
be noticed that in the range 8.2 < —log [H*] < 10.8, A,
for the H*-Ca>*~ARS system is constant at 555.5 nm,
which is markedly different from that of the H*-ARS sys-
tem in the same —log [H*] range. At other —log [H*]
values the A, seems to be more or less identical in the two
systems. The reason for this observation lies in the stability
of the violet-coloured complexes at —log [H*] > 8.2, while
in other regions the colour change of ARS is dominant.

While the presence of Ca(HA),>” and CaA~ may be
verified both from spectrophotometric and potentiometric
measurements, CaA,*” could only be determined from
EMF data, probably because the absorbance data contain
too few points with high C/B ratios.

The existence of complexes having the general composi-
tion M(HA),, similar to Ca(HA),*", was previously pro-
posed by Sangal for the Gd**—, Tb*—, Yb**— and Lu**-
ARS systems, and by Biryuk e al.'"!? for the AP*- and
Ga**-ARS systems. The species CaA~ and CaA,*" have
their analogues in several other studies on Co?*—, Ni?*~and
Be?*-ARS systems.

Comparing reactions (6) and (7), it is evident that com-

Ca’* + 2 HA? = Ca(HA),*"

logk, = 8.04  (6)

Ca’ + 2 A* = CaA,*”

log k, = 11.7 @
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To/uM for HA 2- = {000
Tc/aM for CA 2+ = {.000
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Fig. 3. Distribution diagram for the H*—~Ca?*~ARS system. F, is
defined as the ratio between HA2~ in a species and total ARS.

plexation through the phenolic oxygen seems to be much
stronger, which may be another example of the well known
stability of a five-membered ring.

Finally, in order to visualize the fractions of the different
species as a function of —log [H*], the computer program
SOLGASWATER?> (equipped with plotting procedures)
was used to calculate the distribution diagram shown in Fig.
3.
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