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Abstract

Simple, easy to use and selective method of Al(III) sorption–spectroscopic (SS) determination was proposed. For this purpose, silica modified
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ith tridecyloctadecylammonium chloride(SGII) using adsorption technique and glass slide modified with thin silica–poly(dimeth
mmonium chloride) (SGI) composite film obtained by sol–gel technique were worked out. It was shown that lumogallion (LG) easil
n SGI and SGII. Obtained sorbents SGIII and SGIV, respectively, were used for aluminum(III) determination by diffuse reflect
pectrophotometric methods. The ranges of determination were (mg L−1): (0.08–0.54),sr ≤ 0.13,n= 4 for SGIII and (0.05–2.0),sr ≤ 0.11,n= 4
or SGIV. The detection limits (blank + 3σ) for aluminum were 70 and 30�g L−1 using SGIII and SGIV, respectively, whereσ is the standar
eviation of blank estimation. The accuracy of the developed spectrophotometric method was examined by the determination
ddition of aluminum in alcohol-free beverages. The relative error did not exceed 9%. SGIII can be regenerated by 0.05 M ED2H2

olution and reused. SGIV was shown to be perspective for determination of aluminum in solution in the range of 0.01–0.13 mg L−1 by solid
hase luminescent technique.
2005 Elsevier B.V. All rights reserved.
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. Introduction

One of the elements that needs precise control in the
nvironment is aluminum. High concentration of Al(III)

n water can cause serious health problems[1]. The cor-
elation between uptake of aluminum from drinking wa-
er and Alzheimer’s disease was shown[2]. The develop-
ent of simple, easy to use and selective methods of de-

ection of this element at the trace level in environmental
nd biological samples is of great importance today. Several
orption–spectrophotometric (SS) and sorption–luminescent
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(SL) methods using organic anion-exchangers and mem
filters were proposed for this purpose[3–10].

Chrome azurol S and eriochrome cyanine R as c
mophorous reagents were widely used for SS determin
of aluminum[3–6]. An optical sensor based on eriochro
cyanine R immobilized on XAD-2 resin was propos
for determination of≥10�mol L−1 aluminum in aqueou
environment using diffuse reflectance spectroscopy (D
[6]. More sensitive and selective fluorimetric technique
Al(III) detection in tap water in the concentration ran
0.2–14�g L−1 is based on adsorption of its comp
with salicyliden-o-aminophenol onto dextran-type cat
exchange gel[7]. Besides luminescent-optic sensors us
8-oxyquinoline sulfonate and morin immobilized on
ion-exchange resin Amberlite CG-400 or bio-membr

039-9140/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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were reported[8–10]. Modified membranes must be replaced
within two days. Manganese(II), iron(III) and copper(II)
interfered Al(III) detection.

Among other sensitive reagents 2,2′′,4′-trioxy-5-chloro-
(1-azo-1′)-benzene-3-sulfonic acid (lumogallion or LG) was
proposed for fluorimetric determination of Al (III) in solu-
tion [11]. A flow injection method of aluminum determina-
tion with LG in natural water was described. The detection
limit (DL) was (�g L−1): 0.1 and 0.05 after preconcentration
of the metal ion on the column modified with 8-oxyquinoline
[11–13]. As far as we know, no application of immobilized
LG for Al(III) sorption–spectroscopic determination was re-
ported.

Mesoporous silica gels are characterized by significant
active surface area and are widely used in analytical chem-
istry for preconcentration of microelements[14–17]. Ob-
tained modified sorbents can be successfully applied as active
element of optical chemical sensors.

It was previously described that silica gel (SG) modi-
fied with high molecular weight quaternary ammonium salts
(QAS) possessed anion-exchange properties and was used for
preconcentration and determination of metal ions and organic
anions in environmental objects by spectroscopic methods
[18–20]. The advantage of SG modified with QAS compared
to organic ion-exchangers is its chemical and mechanical sta-
bility, high rate of sorption equilibrium, homogeneous and
s
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loxysilane (TEOS), poly(dimethyldiallyl-ammonium chlo-
ride)(I), (MW 240,000), were purchased from Aldrich Chem-
icals. Bidistilled water was used for preparation of all solu-
tions.

Glassware was acid washed. Microscopic glass slides
1 cm ×1 cm were used as support for silica sol–gel composite
film.

2.2. Apparatus

UV–vis and diffuse reflectance spectra were recorded on
Specord M-40 (Carl Zeiss), pH meter, pH 340 was used in
the work. Sorption was developed by magnetic stirrers.

The photoluminescence (PL) spectra were measured at
room temperature using an optical multichannel analyzer as
the detector at excitation by the pulse nitrogen N2 laser (λ=
0.34�m, tp = 5× 10−9 s,E = 10−5 J) [23].

2.3. Procedures

2.3.1. Sol–gel procedure
Silica was obtained by hydrolysis and polycondensation

reactions of TEOS in the presence of I according to the previ-
ously described procedure[21,22]. Thin films were prepared
from freshly formulated sol–gel stock solution containing
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Another perspective and simple way of silica modifi

ion is low temperature sol–gel technology[21]. Recent re
earch has demonstrated that silicate glasses or thin
btained by sol–gel method can be a promising host

rix for immobilized analytical reagents. Incorporation
oly(dimethyldiallyl-ammonium chloride)(I) causes form

ion of a composite silica film (SGI) with anion-exchan
roperties [22]. Electrostatic immobilization of the dy
olecule onto SGI composite film platform can be a pers

ive way of preparation of sensitive element of optical sen
In the present paper, sorption of LG onto SG powder m

fied by adsorption with tridecyloctadecylammonium iod
SGII) and thin SGI film obtained by sol–gel technique on
lass slide surface is investigated. Analytical applicatio
btained modified sorbents for traces of aluminum dete

s examined.

. Experimental

.1. Reagents and solutions

All reagents were of analytical grade. Metal ions solu
ere prepared by dissolving of analytical grade salts in de

zed water with addition of hydrochloric acid. Lumogalli
Merck), tridecyloctadecylammonium chloride(II), 99% p
ity obtained from[24] was used to prepare 1× 10−2 mol L–1

olution in hexane:toluene (1:2). Acetic buffer (pH 5.0); si
el (Chemapol L 40/100) were used in the work. Tetrae
olyelectrolyte by dropping 2–10�L of solution onto micro
copic glass using microsyringe. The film was dried in th
vernight. Obtained composite film (SGI) was character
y high mechanical and chemical stability and transpare
he average thickness of the film was estimated by op

nterference method[25].

.3.2. Modification of SG with II
One gram of SG was stirred with 20 mL of 1×

0−2 mol L−1 solution of II for 30 min using magnetic stirre
ltered and dried for 40 min at 60± 5◦C. The modified sor
ent (SGII) obtained in such way contained 1× 10−4 mol g–1

f II on the surface. Anion-exchange properties of SGII w
escribed earlier[24].

.3.3. Immobilization of LG onto silica modified with I
nd II

The batch procedure was applied for sorption of LG o
odified silica. The residue of LG in solution after con
ith SGI and SGII was detected spectrophotometrically

ng calibration graph. Then the amount of LG adsorbe
GI and SGII was calculated.

Modification of SGI: 10 pieces of the glass slides m
fied with composite film (SGI) were immersed into 10
of 1× 10−3 mol L−1 solution of LG for 30 min at pH 4.
(acetic buffer), washed with water and dried in the air
30 min. SGIII was obtained in such way.
Modification of SGII: 0.500 g of the sorbent was stirred
magnetic stirrer with 12.0 mL of 5× 10−4 mol L−1 aque-
ous solution of LG at pH 4.3 (acetic buffer) for 40 m
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The modified sorbent was filtered through the paper filter,
washed with water and dried for 40 min at 60± 5◦C. Thus,
SGIV was obtained with the content of LG on the surface
10�mol g−1.

2.3.4. Sorption of metal ions
The batch procedure was applied for sorption of the metal

ions.

2.3.4.1. Sorption onto SGIII.Ten to twenty-five milliliters
of the water sample at pH 1.0 containing 1–10�mol L−1

standard aqueous solutions of aluminum(III), copper(II) and
iron(III) was adjusted to pH 5.0 by addition of 5 mL of acetic
buffer. SGIII was immersed into solution which was then ther-
mostated atT= 323± 3 K for 5–60 min. Then the slide was
taken out and washed with distilled water. The absorbance
spectra of the complex formed on SGIII was measured by
spectrophotometer using as a blank SGIII which was treated
by the same way after contact with bidistilled water adjusted
to pH 5.0.

For determination of Al(III) in alcohol-free beverage, the
sample of the beverage was acidified with HCl to pH 1.0 and
heated for 10 min at 343± 3 K using water bath. Then the
above described procedure was applied.

2.3.4.2. Sorption ontoSGIV.Water sample (10–50 mL) con-
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Fig. 1. Standardized absorbance spectra of LG (curves 1 and 2) and its
complex with Al(III) (curve 3) in solution and on SGIII (curve 4) and diffuse
reflectance spectra of SGIV before (curve 5) and after (curve 6) contact with
solution of Al(III). pH 4.3 (curves 1 and 5), 5.0 (curves 3, 4 and 6) and 6.5
(curve 2). For LG: pK2 = 5.64 and pK3 = 7.20[26].

rium was reached within 30 min under optimal conditions.
Diffuse reflectance spectra of SGIV and absorbance spec-
tra of LG in solution at different pH are presented inFig. 1
(curves 1, 2 and 5). The absorbance spectrum of monoan-
ion (pH 4.3) of LG in solution has maximum atλ = 425 nm.
The maximum of the absorbance spectrum of LG immobi-
lized on the surface at the same pH isλmax= 450 nm. Such
bathochromic shift in the spectrum may indicate the forma-
tion of ion associate between LG and immobilized QAS. The
same results were observed for SGIII film.

Isotherms of LG adsorption onto SGI and SGII are pre-
sented inFig. 2 (curves 1 and 3). They may be charac-
terized by L-type. The adsorption capacity of SGII was
9× 10−5 mol g–1 of LG for 1.0× 10−4 mol g–1 of QAS. It
confirms the fact of formation of ion associate with the ratio
LG:II = 1:1.

The content of anion-exchange groups on the surface of
SGI composite film was not known. It was shown earlier that
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aining 2–80�mol L−1 standard aqueous solution of a
inum(III), copper(II) and iron(III) at pH 1.0 was adjust

o pH 5.0 by addition of acetic buffer. SGIV (0.100–0.200
as placed into the mixture which was then thermostat
= 343± 3 K and stirred for 5–40 min by magnetic stirr
he sorbent was filtered through the porous filter and d

or 40 min at 60± 5◦C. Diffuse reflectance and luminesce
pectra of the dry SGIV were measured. Sorbent which
reated by the same way after contact with bidistilled w
djusted to pH 5.0 was used as a blank for DRS. The l
escence of sorbent was measured using the quartz c
t the angle 45◦ towards falling light beam.

. Results and discussion

.1. Sorption of LG onto SGI and SGII

Selected QAS easily adsorbed onto SGI and SGII
ere not washed from the surface by water and 0.1 mo−1

olutions of inorganic and short chain organic electrolyt
LG adsorbed on SGI and SGII surfaces contrary to

odified silica. Thus, SGIII and SGIV were obtained. A
orbed dye was not washed from SGIII and SGIV surf
y ≤0.1 mol L−1 aqueous solutions of Na2SO4, NaNO3,
aHCO3 and sodium acetate. Sodium chloride solutio
oncentration≥0.1 mol L−1 eluated LG from the surface
GIII contrary to SGIV powder. The optimal pH of the L
orption onto both sorbents was 4.0–5.0 when H3L– form of
he reagent prevailed in solution[26]. The sorption equilib
ig. 2. Isotherms of LG adsorption onto SGII (curve 1) and SGI (c
), aII = 1 ×10−4 mol g−1; mass of the sorbent (g): 0.020 (SGII) and 0.
SGI),V= 10 mL.
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methyl orange (MO) as monoanion formed with II immobi-
lized on SG ion associate with the ratio MO:II = 1:1[19]. To
understand better the mechanism of LG immobilization onto
SGI sorption of MO as a model compound was studied and
compared. Isotherms of LG and MO adsorption at pH 5.0 are
presented inFig. 2(curves 2 and 3). It is seen that maximum
absorption capacity is 15.5 and 16.0�mol g−1 for LG and
MO, respectively. It can be made a conclusion that LG as
well as MO formed the same ion associate with immobilized
QAS onto SGI surface.

3.2. Aluminum interaction with immobilized LG

Aluminum reacts with immobilized LG which is accom-
panied by the changes in spectroscopic characteristics of the
sorbents (Fig. 1, curves 4 and 6). This fact testifies that immo-
bilized LG retains its complex formation ability and grafting
of LG on SGI and SGII surface may be a result of interaction
between sulfuric group of the reagent and quaternary nitro-
gen of QAS. The optimal pH of complex formation on SGIII
and SGIV is 5.0 compared to 5.5 in solution. The complex
formed was not washed from the surface by water.

The heating of the mixture atT= 343± 3 K for SGIV and
323± 3 K for SGIII thin film for 15 min accelerates the pro-
cess of complex formation. The dependence of the coefficient
of diffuse reflectance of SGIV and absorbance of SGIII film
o ted
i hed
w lm
t
t g of
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T III
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3.3. Interferences

The influence of metal ions presented in natural water
at the levels comparable with aluminum was investigated
[27]. It was shown that Ca(II), Mg(II), Zn(II), NO3–, SO4

2–,
HCO3

– and CH3COO– did not influence the results of Al(III)
sorption–spectroscopic detection. Fe(III) and Cu(II) formed
complexes with immobilized LG and, thus, interfered alu-
minum determination. Their influence can be removed by
addition of 1,10-phenanthroline in solution. The comparable
with Al(III) amounts of F– interfere determination.

3.4. Sorption–spectroscopic determination of aluminum

3.4.1. Diffuse reflectance spectroscopic method of
aluminum determination in water using SGIV

Water sample (10 mL) containing 0.08–1.5 mg L−1of
Al(III) was placed into 50 mL glass. It was acidified with
HCl to pH 1.0. Then 5.0 mL of acetic buffer solution (pH
5.0), 1.0 mL of 0.2% 1,10-phenanthroline and 0.200 g of
SGIV were added to solution. The resulting mixture was ther-
mostated at 343± 3 K and stirred for 20 min. Then the sor-
bent was filtered through the porous filter, dried at 343± 3 K
for 30 min and examined by diffuse reflectance spectroscopy.
Sorbent which was treated by the same way after contact with
bidistilled water adjusted to pH 5.0 was used as a blank. The
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n the time of their contact with Al(III) solution are presen
n Fig. 3. It is seen that equilibrium of sorption is reac
ithin 15–20 min for both the sorbents. The optimal fi

hickness for SGIII composite film was 1.0± 0.2�m. The
ime of the sorption equilibrium increased with increasin
he film thickness. Thinner films possessed less stability

It can be seen that maximum of the spectra of the com
l–LG formed on the surface is more red shifted comp

o absorbance spectra of this complex in solution (Fig
t may be a result of binding of LG with immobilized QA
his effect is more noticeable for SGIV powder than for SG
lm.

ig. 3. The absorbance of SGIII (curve 1) and the coefficient of diffus
ectance of SGIV (curve 2) as a function of time of the sorbents contac
l(III) solution. CAl = 0.40 mg L−1; T= 323 K (curve 1) and 343 K (curv
); pH 5.0.
oncentration of Al(III) in the sample was detected us
alibration graph obtained by the same procedure from
ard solution of Al(III). The equation of calibration gra

s: �F530= (0.010± 0.004) + (0.39± 0.05)C(mg L−1). The
raph is linear in the range of 0.05–2.0 mg L−1 Al(III). DL is
0�g L−1 for the sample volume 10 mL that is 1/8 of m

mum contaminant level (MCL) of Al(III) in the tap wat
27]. The DL can be decreased five times by increasing
le volume up to 50 mL.

.4.2. Sorption–spectrophotometric method of Al(III)
etermination in natural water and alcohol-free
everage using SGIII

The sample of the water (10 mL) contain
.10–0.50 mg L−1 of aluminum was acidified with HC

o pH 1.0. Then the solution was adjusted to pH
y 5 mL of acetic buffer and mixed with 1 mL of 0.2
,10-phenanthroline. The modified glass slide was pl

nto solution. The mixture was thermostated at 323± 3 K for
5 min. The glass was taken out and rinsed with water.
bsorption of the film was measured atλ = 520 nm by spec
rophotometer using a blank modified glass slide which
reated by the same way after contact with bidistilled w
djusted to pH 5.0. The amount of Al(III) was calcula
sing calibration graph prepared by the same procedure
tandard Al(III) solution. The equation of calibration gra
s: �A520= (0.020± 0.008) + (0.36± 0.03)C(mg L−1). It is
inear in the range of Al(III) content 0.08–0.54 mg L−1. DL
s 70�g L−1 which is less than 1/3 MCL of this element
ater[27].
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Table 1
Results of aluminum determination in distilled water (1), model solution containing (mg L−1): 1.0 Cu(II) and 0.5 Fe(III) and 1 mmol L−1 of 1,10-phenanthroline
(2), and in alcohol-free beverage (3) using SGIII (A) and SGIV (B) (n= 4;P= 0.95)

Sample A, Al(III) (mg L −1) sr B, Al(III) (mg L −1) sr

Added Found (x± �x) Added Found (x± �x)

1 0.30 0.30± 0.03 0.06 0.11 0.11± 0.02 0.09
1 0.19a 0.18± 0.02 0.07 0.27 0.28± 0.02 0.05
2 0.19a 0.20± 0.03 0.09 0.27b 0.52± 0.06 0.07
2 0.30b 0.47± 0.05 0.07 0.27 0.26± 0.03 0.07
2 0.30 0.28± 0.03 0.07 0.38 0.37± 0.03 0.04
3 – 0.07± 0.02 0.13 – – –
3 0.11 0.19± 0.03 0.08 – – –
3 0.19 0.25± 0.03 0.07 – – –

a The same silica film was used after regeneration with 0.05 M EDTANa2H2 for four times.
b The samples without addition of 1,10-phenanthroline.

3.4.2.1. Determination of Al(III) in alcohol-free beverage.
Fifteen milliliters of the sample was acidified by HCl to pH
1.0 and heated for 10 min at 343± 3 K. Then the pH of solu-
tion was adjusted to pH 5.0 with 5 mL of acetic buffer, 1 mL
of 0.2% 1,10-phenanthroline was added and procedure de-
scribed above was applied. The accuracy of the developed
spectrophotometric method using SGIII was controlled by
standard addition of aluminum into alcohol-free beverages.
For this purpose, known amount of standard solution of alu-
minum was added into the sample and procedure described
above was applied. The error of determination did not exceed
9%.

The results of Al(III) sorption–spectroscopic determina-
tion using SGIII and SGIV are presented inTable 1. It is
seen that data obtained for SGIV are characterized by some
higher precision than those obtained for SGIII. But the deter-
mination of Al(III) using SGIII is more simple and express
than one using SGIV. It does not need procedures of filtration
and drying of the sorbent. The frequency of Al(III) detection
using SGIII by batch procedure is 4 determinations/h. The
developed method can be used only in solutions with low
ionic strength (natural, tap but not sea water) because of par-
tial removing of LG from the sorbent surface especially from
SGIII in solution with high ionic strength.

The regeneration of the sorbents was attempted by soak-
ing them into 0.1 M solutions of NaCl or HCl or 0.05 M
E
s be-
c ica
c hout
s on is
1

3
tric

d -
c ex-
a
a by
h why
f GIV.

The pulse luminescent spectra of SGIV before and after
contact with solution of Al(III) and spectra of the complex
in solution with the molar ratio Al:LG = 1:1 are presented
in Fig. 4. The similarity of the spectra in solution and on
the surface testifies that the same complex prevails on SGIV
surface under optimal conditions.

It is seen that immobilized LG possessed very low lu-
minescence intensity compared to its complex with Al(III).
This fact is important for reducing the signal of the blank.
The intensity of the pulse peaks noticeable increased with
increasing of Al(III) concentration in solution in the range of
0.1–2.0 mg L−1. At higher Al(III) concentration, saturation
of PL intensity was observed. The equation of calibration
graph is:I575= (–60± 9) + (2.18± 0.08)C(�g L−1).

The amount of aluminum(III) in the range of 10–130�g
L−1 can be detected using integral luminescence intensity
(I integral) of the complex formed on SGIV surface. The equa-
tion of calibration graph for determination of aluminum in
this range is:I integral= (18± 5) + (2.07± 0.06)CAl (�g L−1),
DL is 8�g L−1 for the sample volume 10 mL. The sensitivity
of the sorbent is enough for determination of this metal ion
in the water samples.

F with
A fter
( II)
( rve
7 7).
DTANa2H2. The best result was reached for EDTANa2H2
olution. Unfortunately, SGIV cannot be used repeatedly
ause of loosing its complex formation ability. Thin sil
omposite film can be used repeatedly for four times wit
ignal degradation. The time needed for film regenerati
0 min.

.4.3. Sorption luminescent determination of Al(III)
LG is known to be one of the best reagent for fluorime

etermination of Al(III) in solution[10–12]. Thus, lumines
ent properties of Al–LG complex on the surface were
mined using pulse photo luminescent technique[23]. SGIV
fter its contact with Al(III) solution was characterized
igher luminescent intensity compared to SGIII. That is

urther luminescent measurements were made using S
ig. 4. Pulse luminescent spectra of LG (curve 1) and its complex
l(III) (curve 2) in solution, PL (I, 10), and SGIV before (curve 3) and a

curves 4–7) its contact with solution of Al(III). Concentration of Al(I
10−5 mol L−1): 1 (curve 2); 2 (curve 4); 4 (curve 5); 8 (curve 6); 20 (cu
);CLG = 1 ×10−5 mol L−1; pH 5.5 (curves 1 and 2) and 5.0 (curves 3–
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Table 2
Comparative characteristic of sorption–spectroscopic methods of aluminum determination

N Sorbent Modifying agent Method of
detection

DL (�g L–−)
(sample volume, mL)

Ref.

1 XAD resin Eriochrome cyanine R DRS ≥270 5
2 Silica-QAS (SGIV) Lumogallion DRS 30 (10) Proposed
3 Membrane filter Al(III)–chrome azurol S and zephiramine SS 5 (20) 2
4 Dextran-type anion-exchangers Al(III)–chrome azurol S SS 0.6 (500) 3
5 Dextran-type anion-exchangers Al(III)–eriochrome cyanine R SS 0.02 (1000) 4
6 Silica-QAS (SGIII) thin film Lumogallion S 70 (10) Proposed
7 Dextran-type cation-exchange gel Al(III)–salicyliden-o-aminophenol SL 0.2 (500) 6
8 Amberlite CG-400 8-Oxyquinoline sulfonate SL 27 7
9 Cellulose powder or bio-membrane Morin SL 27 8, 9

10 Silica-QAS (SGIV) Lumogallion SPL 8 (10) Proposed

Diffusion reflectance spectroscopy (DRS); spectrophotometric (S), sorption–spectrophotometric (SS), sorption–luminescent (SL), sorption pulse luminescent
(SPL).

The comparisons of some chemical–analytical charac-
teristics of the developed and known earlier methods of
sorption–spectroscopic determination of aluminum are pre-
sented inTable 2. It is seen that proposed DRS method is
10 times more sensitive than the method using eriochrome
cyanine R. Proposed luminescent method possesses similar
sensitivity compared to developed earlier methods at equal
sample volume. All developed methods do not need addition
of the reagent into solution. Spectrophotometric method us-
ing SGIII is simple and has enough sensitivity for detection
of Al(III) in water at its MCL [27].

4. Conclusion

Thus, obtained sorbents based on silica modified with
QAS and LG (SGIII and SGIV) in comparison with
other modified sorbents were demonstrated to be perspec-
tive analytical forms for sorption–spectrophotometric and
sorption–luminescent determination of traces of Al(III) in
water and alcohol-free beverage. SGIII can be regenerated
four times and reused. Proposed methods are simple, express,
sensitive and do not need addition of the reagent into reac-
tion mixture which is important for the development of active
element of optic sensor.
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