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2,2',3,4-Tetrahydroxy-3',5'-disulphoazobenzene (tetrahydroxyazon 2S) has been synthesized for the first
time. This reagent has been used for the spectrophotometric determination of aluminium and indium ions.
The method is very sensitive and selective for the direct determination of aluminium and indium. The opti-
mum pH and absorbance of complexes formed of tetrahydroxyazon 2S with aluminium and indium are
5; 500 nm and 495 nm for Al and In, respectively. The system obeys Beer’s law at 0.05-1.6 wg mL~! of alu-
minium and 0.06-2.1 pg mL-! of indium concentration. The molar absorptivity is 6.42 x 10* Lmol~! cm~!
for aluminium and 7.70 x 104 Lmol~!' cm~! for indium. The molar compositions of the complexes are 1:1
at optimum conditions. Alkaline and alkaline earth elements, halogens, thiourea, ascorbic acid, Cd(II),
Pb(II), Mn(II), Zn(II), Co(II), Ni(II), Cr(III), Bi(III), La(III), Si(IV) do not interfere this method. The method can
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1. Introduction

The development of the new determination methods is among
the subject of the analytical chemists. For this reason extensive
research has been focused on the developing sensitivity, relative
simplicity, accurate, speed and costly effective methods for deter-
mination of metals which have industrial importance and affect
human health. Although, none of the Group 13 elements qualifies
as essential to life, aluminium and indium are of large biological
interest.

Aluminium is of great concern due to its large natural abun-
dance and its possible toxic effects [1-7]. Aluminium is the third
most abundant element at the Earths crust. It is commonly found in
living organism consumed as food by human beings. The naturally
occurring forms are usually stable and do not interfere with biolog-
ical processes. Although, excessive use of aluminium preparations
influences negatively the human organism causing disturbances in
calcium and phosphate metabolism and resulting in damage to the
bone system. In addition, accumulation of considerable aluminium
amounts in the brain is observed in Alzeheimer disease, as well
senescence symptoms and amnesia of young people [8]. There-
fore, the determination of trace aluminium is very important and
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during the last 20 years, there are many investigations in this area
[9-16].

Indium is of interest for their widespread medical and radiodi-
agnostic applications [17-19]. Indium is used as a semiconductor
and because of its high plasticity, low melting point and relative sta-
bility, it is extensively used in non-ferrous metallurgical industries
[20]. Increasing interest and importance of these metals in differ-
ent fields has made it necessary to develop simple and selective
methods for their determination [20].

Several techniques such as atomic absorption, atomic fluores-
cence, X-ray fluorescence, voltammetric, electrothermal atomic
absorption or inductively coupled plasma mass spectrometry, gas
chromatography have been used for the determination of alu-
minium in different samples [21-26]. Spectrophotometric methods
are widely used due to their simplicity, rapidity, low costs and wide
applications [27-29]. UV spectrophotometry amongst the optical
methods seems to be most appropriate analytical approach for the
determination of toxic metals, as it provides sensitive, precise and
accurate measurement of suitable analytes. Besides, visible spec-
trophotometric detection is much more viable as useful technique
to develop a portable, on-line or at-line system [30].

Many spectrophotometric methods have been proposed using
various azo dyes and other chromogenic reagents such as alumi-
non, xylenol orange, stilbazo, chlorophosphonazo [, methylthymol
blue, erichrome cyanine R, chrom azurol KS, pyrocatechol violet,
8-hydroxyquinoline and alizarine [31-39] for the determination


http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:ahuseyinli@yahoo.com
dx.doi.org/10.1016/j.jhazmat.2008.07.055

1002 A.A. Huseyinli et al. / Journal of Hazardous Materials 163 (2009) 1001-1007

HO OH HO SO3H

HO N=——=N

SO;H

Fig. 1. 2,2',3,4-Tetrahydroxy-3',5'-disulphoazobenzene (tetrahydroxyazon 2S).

of aluminium. However, most of these methods lack sensitivity
or selectivity, the procedures are sometimes rather complicated
because of the need for extraction to separate interfering ions or
expensive surfactants. Similarly, bromo-oxine, pyridylazoresorci-
nol (PAR), 1-(2-pyridylazo)-2-naphtol (PAN) have been used for
spectrophotometric determination of indium. But, these reagents
are less sensitive (£=8.8 x 103, 4.3 x 104, 1.9 x 104, respectively)
[32].

Monoazo systems were successfully used for the determination
of some metals [32,40-43]. These reagents enhance the stability of
the formed band with the metals, because of high electron den-
sity between the -OH groups ortho to azo group and nitrogen
atom of the azo group. For this purpose, the new method has been
developed for the determination of aluminium and indium with
tetrahydroxyazon 2S which have synthesized by us and the method
has been applied to the determination of aluminium in certified
steel, alloys, waste water, river waters, spring water and ground
water samples.

The structure of the reagent is given in Fig. 1.

2. Experimental
2.1. Apparatus

The absorbance spectra were taken by Shimadzu 2101 Double
beam UV-Visible spectrophotometer equipped with a quartz cell of
1.0 cm path length. The pH measurements were taken by Corning
350 pH meter.
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Fig. 2. The UV-vis spectra of (1) the tetrahydroxyazon 2S (blank water),
(2) aluminium-tetrahydroxyazon 2S (blank water), and (3) aluminium-
tetrahydroxyazon 2S complex (blank reagent); Cy=2.0 x 107> M, (. =1.2 x 104 M,
pH 5.
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Fig. 3. The UV-vis spectra of (1) the tetrahydroxyazon 2S (blank water), (2)
indium-tetrahydroxyazon 2S (blank water), and (3) indium-tetrahydroxyazon 2S
complex (blank reagent); Cjn =1.2 x 107> M, (. =1.2 x 10~* M, pH 5.

2.2. Chemicals

All the reagents employed were analytical grade and the solu-
tions were prepared with bi-distilled deionized water.

Aluminium and indium solutions (ICP 1000 mg L1, Merck) were
used as a stock solution. All the working solutions were prepared
by diluting appropriate volumes of the stock solution.

Tetrahydroxyazon 2S was synthesized by us and this procedure
is given in “Section 2.3”. The reagent solution was prepared by dis-
solving 0.2032 g tetrahydroxyazon 2S in 500 mL deionized water.
The solution is stable for a month, at ambient temperature.

pH 3-9 buffer solutions were prepared by ammonia and acetic
acid solutions while pH 1-2 solutions were made with 0.1 and
0.01 M HCL.

2.3. Synthesis of tetrahydroxyazon 2S

The synthesis of tetrahydroxyazon 2S reagent was carried out as
follows: In a three-necked 500 mL flask was placed 26.9 g (0.1 mol)
2-aminophenol-4,6-disulphonic acid and dissolved by the addi-
tion of 10mL HCl (d=119gmL"1) and 50 mL water. The mixture
was stirred mechanically in an ice/water bath until its temperature
came down to 0°C. Meanwhile 6.9 g (0.1 mol) NaNO, salt was dis-
solved in 10 mL water and added dropwise to this flask at 0°C in a
time span of 40-50 min. After completion of the addition, the mix-
ture was stirred for 2 h. The degree of diazonation was checked with
starch paper. The excess NaNO, was removed by the addition of
urea crystals. 13.9 g (0.11 mol) pyrogallol was dissolved separately
in 50 mL water in a three-necked 25 mL flask to azotization reac-
tion. The pH of the solution was adjusted to 3 with HCIL. The mixture
was cooled down to 0°Cin an ice bath, and diazonium salt contain-
ing mixture was added to it in 30 min as shown in Scheme 1. The
final mixture was stirred with a mechanical stirrer for 2 h. The mix-
ture was transferred into a 500 mL beaker and after the addition
of 10 mL concentrated HCI it was kept on the bench for 12 h. The
precipitate formed was filtered off with a Buchner funnel, dried in
air, recrystallized from ethanol twice and kept in a desicator. The
purity of the ligand was checked with thin layer chromatography.
The yield of the reaction with regard to pyrogallol was 72%, decom-
posed at 188 °C, elemental analysis for C13H19019S2N3: found (%)
C 34.78; H 2.64; N 7.01; calculated (%) C, 35.46; H, 2.48; N, 6.89.
Moreover, ultraviolet spectrum, infrared spectrum, '"H NMR and
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Scheme 1. Synthesis of tetrahydroxyazon 2S.

13C NMR were also applied to study on the structure of the reagent,
the results confirmed the proposed structure of tetrahydroxy 2S
molecule.

2.4. General procedure

Transfer 1.25-40 pg AI?* solution into a 25 mL calibrated flask.
Add 3mL 1.0 x 103 M tetrahydroxyazon 2S and dilute to the mark
with pH 5 buffer solution. Measure the absorbance at 500 nm
against the reagent blank.

Transfer 1.5-52.5 g In>* solution into a 25 mL calibrated flask.
Add 3mL 1.0 x 10-3 M tetrahydroxyazon 2S and dilute to the mark
with pH 5 buffer solution. Measure the absorbance at 495 nm in a
1.0 cm cell against the reagent blank.

3. Results and discussion
3.1. Absorption spectra

The UV-vis spectra of aluminium-tetrahydroxyazon 2S and
indium-tetrahydroxyazon 2S complexes were given against water
and ligand (Figs. 2 and 3). The aluminium-tetrahydroxyazon
2S complex gave maximum absorbance at 500nm, and
indium-tetrahydroxyazon 2S complex gave maximum absorbance
at 495 nm. The reagent showed a minimum absorbance at max-
imum absorbance of the complexes. Therefore, all the spectral
measurements of the complexes have been carried out at 500 nm
and 495 nm.

%

3.2. Determination of tetrahydroxyazon 2S dissociation constants

pH-metric titration in an aqueous solution was used to deter-
mine the dissociation constant of the reagent. The volume of
1.5 x 10~3 M solutions in the analysis was 50 mL. The ionic strength
(I=0.1)was maintained at a constant by adding a calculated amount
of NaCl. A0.1795 M solution of NaOH, free of carbon dioxide, was the
titrant. The dissociation constants of the reagent were calculated
by the equation presented in Ref. [44]. Tetrahydroxyazon 2S has six
acidic groups in aqueous solution. However, the zero proton level
was chosen as the disulfonate (H4L2~) because of the very weak
acidity of the phenolic -OH group. According to the calculations,
pK;=3.23+0.05, pK; =6.18 £0.07, pK3=9.04+0.03. pK4 has not
been measured. This could be attributed to fourth dissociation of
the reagent may be very weak. Based on these data, a diagram of
the reagent distribution in the solution was plotted (Fig. 4).

It is known that the reagent form in the solution depends on
the medium acidity. To determine the reagent form involved in the
complexation, we used the known equations presented in Ref. [45].

It can be seen from Fig. 4 that in complexation with tetrahy-
droxyazon 28, the reactive forms of the reagent are H4L2~, H3L3~
and H,L*; their concentrations at pH 5 are 1.6, 92.3 and 6.1%,
respectively.

3.3. Effect of pH

It is well known that the acidity of the medium has an important
effect on complexation. The variations of the absorbances of the

Fig. 4. Diagram of tetrahydroxyazon 2S distribution in the solution.
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Fig. 5. The variation of the absorbance of the aluminium-tetrahydroxyazon 2S
and indium-tetrahydroxyazon 2S complex vs. pH at 500 and 495 nm, respectively,
Cai=2.0x10"5M, ;=12 x 10-> M, C = 1.2 x 10~4 M, blank reagent.

Table 1
Comparison of effect of interfering ions on the determination of aluminium and
indium with tetrahydroxyazon 2S at pH 5, 500 nm and 495 nm, respectively

Interfering species (I) Limiting mass ratio (AlL:I) Limiting mass ratio (In:I)

K* 1:3000 1:1700
Na* 1:3000 1:1700
Mg?* 1:3000 1:800
BeZ* 1:3000 1:800
Sr2* 1:740 1:800
Ba%* 1:740 1:250
Zn%* 1:540 1:400
Pb2* 1:250 1:400
Niz* 1:450 1:400
Fe?* 1:678 1:400
Mn?* 1:250 1:400
Cu?* 1:540 1:400
Cr3* 1:260 1:370
Hg2* 1:470 1:90
Sb%* 1:92 1:100
Ge>* 1:61 1:20
7t 1:23 1:20
we* 1:30 1:25
F 1:4000 1:800
Cl- 1:4000 1:800
Br— 1:4000 1:800
I~ 1:4000 1:800
Si%* 1:170 -

Sn?* 1:100 -

Co?* 1:300 -

Vo* 1:28 -

Bi3* 1:200 -

La3* 1:200 -

Ccd* 1:500 -

Nb?* - 1:20
Mo®* - 1:25
Sulphosalicilic acid - 1:750
Urea - 1:1000
SCN~ 1:2500 -
Thiourea 1:2500 -
Thiosulphate 1:2500 -
Ascorbic acid 1:4000 1:1500
Fe3* +ascorbic acid 1:602 1:412
Fe3* 1:0.5 1:04

Ca=2.0x10"M, Cpn=12x10"°M, (. =12 x 104 M.

Table 2
Determination of aluminium in water samples (n=5, p=0.95), pH 5, 500 nm

Sample Aluminium (mg/L) RS.D.%* AAS method, X + (ts//n)
Added Found, X + (ts/v/n)

Waste water 0.150 + 0.007 0.038 0.156 + 0.005

River water-1  4.000  4.080 + 0.004 0.031 4.110 + 0.006

River water-2 0.120 + 0.005 0.028 0.130 + 0.007

Spring water  6.000 6.250 + 0.003 0.039 6.210 £+ 0.006

Ground water 0.018 + 0.003 0.042 0.021 + 0.005

2 RS.D.% = ;—( x 100.
Table 3

Determination of aluminium in standard steel and alloy samples?® (n=5, p=0.95) pH
5,500 nm

Steel samples Aluminium (%) R.S.D.%P
Certified Found, X + (ts//n)
Medium carbon steel 221 0.036 0.035 + 0.005 0.043
Steel 223a 0.420 0.450 + 0.004 0.032
Steel 380 0.024 0.026 + 0.005 0.045
Steel 102 0.229 0.228 + 0.003 0.034
Alloy 951 0.050 0.057 + 0.007 0.038
Alloy M223x 1.360 1.354 + 0.005 0.026

3 Medium carbon steel 221: C: 0.37; Si: 0.282; Mn: 0.67; S: 0.005; P: 0.013; Cr:
0.189; Cu: 0.14; Ni: 0.202; N: 0.0105; Co: 0.014; Sn: 0.012, Steel 223a: Mn: 0.34; Ni:
0.17; Cr: 1.68; Cu: 0.15; W: 0.33; V: 0.17, Steel 380: Mn: 0.266; Ni: 0.042; Cu: 0.102;
Cr: 0.037; Si: 0.058; P: 0.0046; S: 0.017, Steel 102: P: 0.022; As: 0.012; S: 0.031; C:
0.217; Cr: 0.212; V: 0.006; Mn: 0.917; Ni: 0.105; Ti: 0.002; Cu: 0.243; Mo: 0.018, Alloy
951: Fe: 0.005; Pb: 0.006; Cd: 0.002; Cu: 0.003; Sb: 0.002; Sn: 0.001, Alloy M223x:
P: 0.022; As: 0.012; S: 0.031; C: 0.217; Cr: 0.212; V: 0.006; Mn: 0.917; Ni: 0.105; Ti:
0.002; Cu: 0.243; Mo: 0.018.

b RS.D.% = ; x 100

aluminium-tetrahydroxyazon 2S and indium-tetrahydroxyazon 2S
complexes were investigated in a wide pH range. The obtained
results are given in Fig. 5. These two complexes give a maximum
absorbance at pH 5

3.4. Effect of the ligand concentration

In the case of the addition of the increased concentrations of
tetrahydroxyazon 2S to aluminium solution, the absorbance of
aluminium-tetrahydroxyazon 2S complex increased and became
constant in the 1.2 x 10~4 M of tetrahydroxyazon 2S at 500 nm. For
this reason, the present study was carried out with the 1.2 x 10-4 M
of tetrahydroxyazon 2S concentration. Indium complex also gave
maximum absorbance in 1.2 x 10~4 M of ligand concentration.

3.5. Effect of the temperature and standing time

The aluminium immediately formed the complex with tetrahy-
droxyazon 2S, and the absorbance of this complex remained
constant for 24h and the complex was stable up to 80°C. The
indium-tetrahydroxyazon 2S complex remained constant for 12 h
and the complex was stable up to 60°C.

Table 4
Determination of indium in artificial mixture (n: 5, p: 0.95) pH 5, 495 nm

Sample Composition of mixture pg/25 mL Indium, pg/25 mL
Added Found, X + (ts/v/n)
In 10.000 9.960 + 0.030
1 Asc. Ac.2 +In+(300) Pb?* +(300) Fe3* 10.000 10.030 + 0.040
Il Asc. Ac2 +In+(500) Ni%* +(500) Fe3* 10.000 10.060 + 0.060

@ Asc. Ac.=Ascorbic acid.
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Table 5

Comparison of some reagent characteristics for spectrophotometric determination of aluminium reported in the literature

Reagent pH Amax (nm)  &(Lmol'em~') L R.(ug/mL) Remarks Ref.

Bis-(2,3,4- 4.8-5.3 445 11.2 x 10° 0.054-0.648 (1) Cu?*, Zr*, V°>*, F-, thiourea are interfere; (2) required adding [12]

trihydroxyphenylazzo)benzidine another reagent for increasing selectivity

Eriochrome cyanine R 5.0 584 1.19 x 10° 0.004-0.400 (1) Required using cationic surfactant for increasing sensitivity [39]

Tetrahydroxyazon SN 4.0 479 5.46 x 10* 0.005-1.079 (1) Ni*2, Zn*2, Co*? are interfere [41]

Semi-xylenol orange 2.6 526 3.30 x 10* 0.080-0.800 (1) Required adding another reagent for increasing selectivity; (2) [48]
temperature influence on the reaction rate

Trimethoxyphenylfluoronel0.9 506 2.02 x 104 0.002-0.050 (1) Required using cationic surfactant for increasing sensitivity; (2) [49]
time influence on the reaction rate

3,5- 5.0-10.0 542 3.52 x 108 NR (1) Required doing extraction for increasing sensitivity and selectivity; [50]

Ditertbutylsalicylfluorone (2) required using cationic surfactants for increasing sensitivity

Chrome azurol S 6.0 380 NR 0.003-0.100 (1) Required using cationic surfactants for increasing sensitivity [51]

Tetrahydroxyazon 2S 5.0 500 6.42 x 104 0.050-1.600 (1) Do not required using cationic surfactants; (2) do not require doing PM

extraction; (3) temperature and time do not influence on the reaction
rate; (4) highly sensitive and selective

PM: present method, NR: not reported.

3.6. Calibration curve

Under the optimum conditions given in Section 2.4. Absorbances
of the complexes obey Beer’s law in the aluminium ion concen-
tration range of 0.05-1.6 ugmL~! and indium ion concentration
range of 0.06-2.1 pgmL~!. The molar absorption coefficients of
aluminium and indium were found as 6.42 x 104 Lmol~! cm~'and
7.70 x 104 Lmol~1 cm~!, respectively.

3.7. Effect of interfering species

In order to assess the possible analytical applications of these
color reactions, the effect of some foreign ions is examined, by
carrying out determinations of 2.0 x 10~ M (0.54 wg mL~1) of alu-
minium(Ill) and 1.2 x 107°M (1.38 wgmL~1!) indium(Ill) with a
known amount of foreign ion solution, using the recommended
analytical procedure. An error of +£4% in absorbance reading is con-
sidered tolerable. The results are given in Table 1. Fe(Ill) interference
was masked by using ascorbic acid.

3.8. Composition of the complex

The molar compositions of the complexes were studied using
Job’s method of continuous variation, Asmus method [46] and
mole-ratio methods. These methods indicated a 1:1 ratio of
complexes may be formed aluminium and indium with tetrahy-
droxyazon 2S.

4. Applications
4.1. Determination of aluminium in industrial waste water

A 200 mL of industrial waste water sample was evaporated up
to the 10-15mL in sand bath and then 10 mL concentrated HCI
added. This solution was cooled down and diluted to 50 mL with
deionized water. A 2-6 mL of it was taken into 25 mL graduated
flask for analysis. After additions of 3 mL of 0.1 M ascorbic acid
(in order to reduction of Fe3* into Fe2*) and 3 mL of 1.0 x 10~3 M
tetrahydroxyazon 2S reagent, the solution was neutralized and
diluted to mark with pH 5. The absorbance of the solution was
measured at 500 nm. Analysis of results of aluminium in water sam-
ples are given in Table 2. The results are in reasonable agreement
with those determined by the atomic absorption spectrometry
(AAS).

4.2. Determination of aluminium in water samples

The river, spring, ground and sea water samples (1000 mL) were
evaporated nearly to dryness with mixture of 1 mL concentrated
H,S04 and 5 mL HNOj3 in a fume cupboard and was then heated
with 10 mL of deionizied water in order to dissolve the salts. The
solution was then cooled and neutralized with dilute NH4OH. The
resulting solution was then transferred into a 25 mL calibrated flask
and diluted with deionized water.

An aliquot 2 mL of this preconcentrated water samples was
pipetted into a 25 mL calibrated flask and the aluminium content
was determined. The sample solutions were appropriately diluted
for spectrophotometric determination. Interference of Fe(III) could
be eliminated by masking with ascorbic acid. Table 2 shows that
there is no significant difference between proposed method and
AAS method.

4.3. Determination of aluminium in steels and alloys

In order to evaluate the accuracy of the developed procedure,
aluminium was determined in a reference material, supplied by
Baku of Steel Company. A 0.5003 g of aluminium based alloys or
steels were taken into a 250 mL beaker and the method proposed
by Mendham et al. [47] was applied to dissolve these samples.
These solutions are prepared as in literature [43]. A 2-6 mL of these
solutions were taken into 25 mL graduated flask for analysis. After
additions of 3 mL of 0.1 M ascorbic acid (in order to reduction of Fe3*
into Fe2*) and 3 mL of the aqueous solution 1.0 x 10-3 M tetrahy-
droxyazon 2S reagent, the solution was neutralized and diluted to
mark with pH 5. The absorbance of the solution was measured at
500 nm. The amount of Al(IIl) in the certified alloys or steels was
determined by the use of the calibration curves. The result is sum-
marized in Table 3 and no significant difference between achieved
results by the proposed method and certified values was found. It
demonstrated also that there is no significant difference among the
achieved results and the certified values for a confidence level of
95%.

4.4. Determination of indium in artificial mixture

The method was successfully applied to the indium determina-
tion in artificial mixture. The mixtures were prepared as follows:

(I) Ascorbic acid +(10 pg) indium + (300 g) Pb2* + (300 u.g) Fe3*
(I1) Ascorbic acid +(10 pg) indium + (500 pg) Ni%* + (500 g) Fe3*
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These mixtures were transferred into 25 mL calibrate flask and
diluted with pH 5. The absorbances of colored solutions were mea-
sured at 495 nm. The results were given in Table 4. The proposed
method has high accuracy and precision.

5. Conclusion

In this work, a new azo dye, tetrahydroxyazon 2S, was syn-
thesized, and a new UV-vis spectrophotometric method was
developed for the determination of aluminium and indium. Alka-
line, earth alkaline elements, rare earth elements, halides, ascorbic
acid, Cu?*, Co?*, Pb%*, Ni2*, Zn2*, Fe?*, Cr3*, Mn%*, HgZ*, Sn2*,
Cd?*, Bi3*, La3*, Si** and Sr2*, did not interfere in this method.
Molar absorptivities of the complexes are 6.42 x 104 Lmol~! cm™!
and 7.70 x 104 Lmol~! cm~!, for aluminium and indium, respec-
tively. The stoichiometries of complexes were found 1:1 in the
optimum conditions. The system obeys Beer’s law in the range of
0.05-1.6 g mL~! for aluminium and 0.06-2.1 pg mL~! for indium.

The proposed method has a very high selectivity, and nearly all
of the anions and most of the cations do not interfere with the
chromogenic reaction.

This new reagent does not need to use some surfactants for
enhancement of selectivity and sensitivity of the method and does
notrequire using some separation techniques like extraction. When
compared to the reported spectrophotometric methods in Table 5.

As conclusion the proposed simple, reproducible, easy and
sensitivity method for the determination of aluminium different
samples such as water, certificated steels and alloys can be used
successfully.
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