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Abstract This mini-review covers chelating sorbents an-
chored to silica gel and their analytical applications for
the preconcentration, separation and determination of
trace metal ions, focussing mainly on the last 20 years.
The article summarizes also the experience gathered by
our research group in the synthesis and characterization
of new modified silica gels “via silanization”, and their
affinity toward selective extraction and separation of
trace elements. The introduction of 1,5-bis(di-2-pyr-
idyl)methylene thiocarbohydrazide silica gel (DPTH-gel)
and methylthiosalicylate silica gel (TS-gel) chelating
sorbents in trace and ultratrace analysis provide vital
breakthroughs in preconcentration methods. These
home-made materials allow certain analytes to be
selectively extracted from complex matrices without
matrix interference and good detection limits. The
advantages of these new chelating sorbents in compari-
son with 8-hydroxyquinoline chelating sorbent immo-
bilized on silica gel are discussed.

Keywords Chelating sorbents - Silica gel - DPTH-gel -
TS-gel - Sorbent materials

Introduction

In the last few years solid-phase extraction (SPE) has
become the most often used preconcentration technique
for trace analysis. The basic principle of SPE is the
transfer of analytes from the aqueous phase to the active
sites of the adjacent solid phase. The transfer is stimu-
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lated by the selection of appropriate optimal conditions
in the system of three major components: water (liquid
phase), analyte and sorbent [1]. The analyte after sorp-
tion on the solid phase is either desorbed with a suitable
eluate or the analyte along with the sorbent is dissolved
in a suitable solvent and further analyzed. Another
mode used is by analyzing the sorbent directly without
eluting the analytes [2].

Hitherto, liquid-liquid extraction (LLE) was most
often used among the various preconcentration or sep-
aration techniques in view of its simplicity, rapidity,
ready adaptability to scale-up and easier recovery of
analyte and extractant. SPE is replacing LLE because of
several advantages that it offers [1, 3, 4], including: (1)
flexibility, (2) low cost because of lesser consumption of
reagents; (3) absence of emulsion; (4) speed and sim-
plicity; (5) sampling in the field; (6) safety with respect to
hazardous samples and (7) ease of automation.

New types of SPE sorbents, such as naphthalene,
silica and silica gel, glass beads, cellulose, polyrethane
foam, molecular imprinted polymers (MIPs) and other
supports, are therefore currently being developed to al-
low more effective extractions. In the SPE with most
commercial sorbents, many components of complex
samples (e.g., biological, pharmaceutical and environ-
mental samples) are co-extracted, so additional clean-up
is usually needed before the chromatographic analysis is
made. However, specific SPE materials avoid this
problem by providing a selective extraction.

Silica gel can be used as a very successful adsorbing
agent, as it does not swell or strain, has good
mechanical strength and can undergo heat treatment.
In addition, chelating agents can be easily loaded on
silica gel with high stability, or be bound chemically to
the support, affording a higher stability. The surface of
silica gel is characterized by the presence of silanol
groups, which are known to be weak ion-exchangers,
causing low interaction, binding and extraction of io-
nic species [5]. In particular, silica gel presents high
sorption capacity for metal ions, such as Cu, Ni, Co,
Zn or Fe [6]. Retention is highly dependent on sample
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pH with quantitative retention requiring pH wvalues
over 7.5-8, as under acidic conditions silanol groups
are neutral and the ion-exchange capacity of the silica
gel is greatly reduced or even reduced to zero at low
pHs. In addition, this sorbent has a very low selec-
tivity, and is prone to hydrolysis at basic pH. Conse-
quently, modification of the silica gel surface has been
performed to obtain solid sorbents with greater selec-
tivity. In most of the methods for preparation of
immobilized silica gel, a two-step procedure has been
used for loading the surface with specific organic
compounds, physical adsorption and chemical immo-
bilization. In the first case, the organic compound is
directly adsorbed on the silanol group of silica gel
surface (impregnated or loaded sorbent), either by
passing the reagent solution through a column packed
with the adsorbent, or by shaking the adsorbent in the
reagent solution. In the second approach, a covalent
bond is formed between the silica gel surface groups
and those of the organic compound (functionalized
sorbent). Chemisorption of chelating molecules on
silica surface provides immobility, mechanical stability
and water insolubility, thereby increasing the efficiency,
sensitivity and selectivity of the analytical applications
[7]. Chemical modification of silica surface by organic
chelating group acts as ion-exchanger, which provides
greater selectivity for the analyte than that offered by
traditional ion-exchanger. The most convenient way to
develop a chemically modified surface is by simple
immobilization (or fixing) of the group on the surface
by adsorption or electrostatic interaction or hydrogen
bond formation of other type of interaction [§8, 9].
Simple impregnation of the solution of modifiers [10]
or covalent binding, the so called covalent grafting
[11] of the chelating molecule to silica matrix via
silanization, is the common practice of developing a
functionalized silica surface. In 1998, our research
group, mainly interested in sorbents based on silica
with organic ligands chemically bonded to the surface,
has synthesized and studied two new chelating sorbents
pertaining to a group of thiocarbonohydrazide, 1,5-
bis(di-2-pyridyl)methylene thiocarbohydrazide silica gel
(DPTH-gel) [12] and methylthiosalicylate silica gel (TS-
gel) [13], to determine the applicability of immobilized
chelating groups as preconcentration aids for trace
heavy metals. The DPTH-gel consists of chemically
immobilizing on a silica gel support the reagent 1,5-
bis(di-2-pyridyl) thiocarbohydrazide, which was syn-
thesized for the first time in 1983 by the same group
[14]. To be effective, these aids had to be inexpensive,
readily available or easily synthesized and provide
good stability, high sorption capacity for metal ions
and good flexibility in working conditions. The two
methodologies are frequently adopted for such
designing. The first involves sorption of chelating li-
gands onto a matrix. The other is based on covalent
coupling of a ligand with polymer backbone through a
space arm, generally: -N=,=N-NH-, S=, —-NH-,
O= or -SH.

In analytical chemistry, these home-made chelating
sorbents can be approached from two different points of
view. The first sees DPTH-gel and TS-gel as analytes,
which involves their determination in various samples,
such as biological and environmental materials. The
second sees DPTH-gel and TS-gel as analytical tools,
including their use as chromatographic stationary pha-
ses, as different electrochemical sensors based on their
activity and life times in continuous flow systems.

This paper will not try to review all publications on
the determination and SPE of metal ions using chelating
sorbents in the past 25 years, as this has already been
done by others [15, 16]. Instead, it will focus on the
important phenomena involved in chelating sorbents
anchored to silica gel and try to illustrate these phe-
nomena using representative contributions from the
most current literature and contributions of our research
group in the synthesis and characterization of new
modified silica gels, and their affinity toward selective
extraction and separation of trace elements.

Preparation of chelating sorbents based on silica gel

Most of the polymeric chelating sorbents known in the
literature used for the preconcentration, separation and
determination of trace metal ions, such as poly(acryl-
amidoxime)-divinylbenzene [17, 18], polyacrylonitrile-
divinylbenzene [19, 20], epithiopropylmethacrylate-divi-
nylbenzene [21], polyphenylethylene [22], Amberlite
XAD and related polymeric supports [23-26], cellulose
[27, 28], carbon fiber [29], activated alumina [30], ful-
lerene [31] and silica gel [32, 33], have been prepared by a
two-step synthesis:

1. The first step is the insertion of an appropriate
functional group on the surface of polymeric support
or activation of the polymeric support or the prepa-
ration of the polymer.

2. The second step is the immobilization of ligand of
particular suitability by virtue of a condensation
reaction or coupling reaction.

Immobilized silica gel is the most widely used che-
lating solid phase for preconcentration/separation and
determination of trace metal ions [34—36]. In most of the
methods for preparation of immobilized silica gel, a two-
step procedure has been used; e.g., DPTH-modified sil-
ica gel [12] or methylthiosalicylate-modified silica [13]
have been prepared by a two-step synthesis (Figs. 1 and
2). In the first step, activated silica gel was suspended in
3-aminopropyltrimethoxysilane in dry toluene and the
mixture was refluxed for 10 h in a nitrogen atmosphere
with constant stirring to obtain aminopropyl silica gel
(APSQG) while in the second step, APSG was reacted
either with DPTH or methylthiosalicylate to get modi-
fied silica gel. In this paper, the preparation of these
immobilized silica gel has been detailed. Another
method reported for immobilization of crown ether es-
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Fig. 1 Reactions for DPTH-gel formation

ters on silica gel [37] involves refluxing crown ether esters
with pendent vinyl groups, dimethoxy(methyl)silane and
chloroplatinic acid for 20 h in dry benzene.

Preparation of DPTH-gel

The silica gel was refluxed with 6 M HCI for 3 h to
remove metals, washed with deionized water and dried
in an oven at 180°C for 24 h. Activated silica gel (10 g)
was suspended in 100 ml of 10% v/v 3-aminopropyltri-
methoxysilane in dry toluene. The mixture was refluxed
through a calcium chloride tower for 24 h. The resulting
product, aminopropyl silica gel (AP-gel), was filtered off
and washed repeatedly with toluene and ethanol. This
product was mixed with 100 ml of 3% v/n diglutaric
aldehyde in deionized water and the reaction mixture
was refluxed for 4 h. The solid obtained (GlutAP-gel)
was filtered off, washed with deionized water and mixed
with 1.5 g of thiocarbohydrazide previously dissolved in
100 ml of deionized water; ten drops of glacial acetic
acid were added. After boiling and refluxing for 24 h the
corresponding derivative (ThcGlutAP-gel) was obtained
and suspended in 180 ml of 2% m/v di-2-pyridil ketone
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in ethanol. After refluxing for 24 h, the resulting product
(DPTH-gel) was filtered off, washed with ethanol and
dried in an oven at 50°C. The reaction for DPTH-gel
formation is shown in Fig. 1.

The contents of carbon, hydrogen and nitrogen in
the DPTH-gel measured with the CHN elemental
analyzer were 10.39, 2.12 and 2.62%, respectively. The
surface coverage, determined on the basis of per cent
nitrogen by elemental analysis, was found to be
267 ymol g'. The experiments showed that the
DPTH-gel chelating sorbent was not soluble in com-
mon organic solvents.

Because an elevated temperature may be useful to dry
the surface-modified silicas, to drive off volatile impu-
rities, or to perform reactions under more vigorous
conditions, it was desirable to have some idea of the
thermal stability of this material. Thermogravimetry was
therefore applied. Thermogravimetric profiles were re-
corded for silica gel and DPTH-gel. The results for silica
gel conform to what is known about this material [37],
most of physically adsorbed water is lost by 150°C and
an essentially stable situation exists up to 250-300°C,
when neighboring —SiOH groups begin to release water
to form siloxane bridges (—Si—O-Si-). Up to 250°C,
DPTH-gel displays virtually the same temperature pro-
file as silica gel. The TGA data showed that the DPTH-
gel exhibits a considerably larger mass loss (15%)
between 250 and 600°C. Above 600°C, no further mass
loss occurs. In the differential thermal analysis of this
compound, two peaks appeared at 345 and 530°C. The
important feature of the present result is that this silica-
bound material seems to be stable up to about 250°C.

XPS provides a sensitive means of characterizing the
chemical composition of the surface layer by following
the photoelectron bands of carbon, silicon, oxygen,
nitrogen and sulfur (in at.%) of the layer to be calcu-
lated. The results obtained are presented in Table 1.
Apart from the presence of sulfur (the finding of sulfur
confirmed that the synthesis had been effective), it is
interesting that the nitrogen-to-sulfur ratio is less than
that predicted by theory; this may be largely explained
by the fact that the yields of the different stages of the
synthesis were limited and it is highly probable that
intermediate structures existed between each stage.

The infrared spectrum (KBr pellet) is complicated
because the large mass of silica and the aromatic portion
of the molecule produce numerous bands, the overlap of
which makes detailed assignments difficult. The band at
1,280 cm ™! was attributed to C=S$ stretching and the
bands at 1,590 and 2,990 cm ™' were assigned to C=N
and N-H stretching, respectively. These bands were as-
signed on comparison with the spectrum of pure DPTH
as reference material [14]. The spectrum exhibits several
other bands, which are weak and difficult to assign, but
those discussed above appeared to be the most useful.
The '*C NMR spectrum shows peaks at 202, 181, 143
and 125 ppm, which were assigned, respectively, to the
C=S, N=C, Py-C and -CH,;omatic groups.
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Preparation of TS-gel

The procedure is shown schematically in Fig. 2. The
silica gel was refluxed with 6 M HCI for 3 h to remove
metals, washed with deionized water and dried in an
oven at 180°C for 24 h. Activated silica gel (3 g) was
suspended in 100 ml of 10% v/v 3-aminopropyltri-
methoxysilane in dry toluene. The mixture was refluxed
through a calcium chloride tower for 3 h without stir-
ring. The resulting product, AP-gel, was filtered off and
washed repeatedly with methanol. This product was
mixed with 5 g of methylthiosalicylate dissolved in 60 ml
of ethanol. The mixture was refluxed for 8 h without
stirring. The product obtained (TS-gel) was filtered off,
washed with small portions of methanol and dried in an
oven at 50°C. No stirring is required to obtain a che-
lating sorbent with a suitable pore size to pack the col-
umn; if stirring is performed, a small pore size is
obtained, which hinders the flow of sample.

The contents of carbon, hydrogen and nitrogen in the
TS-gel measured with the CHN elemental analyzer were
3.06, 1.01 and 0.89%, respectively. The surface coverage,
determined on the basis of per cent nitrogen by ele-
mental analysis, was found to be 636 pmol g~'. The
experiments showed that the TS-gel chelating sorbent
was not soluble in common organic solvents.

In order to ascertain the thermal stability of the
material, thermogravimetry was applied. Thermogravi-
metric profiles were recorded for silica gel and TS-gel.
The results for silica gel conform to what is known
about this material [8], most of physically adsorbed
water is lost by 150°C and an essentially stable situation
exists up to 250-300°C, when neighboring —SiOH
groups begin to release water to form siloxane bridges
(-Si—O-Si-). The TGA data showed that the TS-gel
exhibits a considerably large mass loss (19%) between

HLO.,

2
3 _/_/
H O——Sx
Hé:O

Tolueno

TS-gel

Fig. 2 Reactions for TS-gel formation

100 and 700°C. On the basis of the surface coverage
value of 636 pmol g~' obtained by CHN elemental
analysis for the TS-gel and supposing that all the ligand
is bonded to silica in the way depicted in Fig. 2, there is
good concordance between the mass loss observed and
that calculated theoretically for loss of organic group
and water. Between 100 and 300°C, a mass loss of 8%
occurs, corresponding to water; on incresing the tem-
perature, a large mass loss (11%) is observed, corre-
sponding to loss of the thiosalicylate group. Above
650°C, no further mass loss occurs. In the differential
thermal analysis (DTA) of this material, two peaks ap-
peared at 318 and 639°C. The important feature of these
results is that this silica-bound material seems to be
stable up to about 300°C.

XPS provides a sensitive means of characterizing the
chemical composition of the surface layer by following
the photoelectron bands of carbon, silicon, oxygen,
nitrogen and sulfur. Integration of these bands and
correction of the data by the equipment-specific factors
enables the contents of carbon, silicon, oxygen, nitrogen
and sulfur (in at.%) of the layer to be calculated. The
results obtained are presented in Table 1. The presence
of sulfur confirmed that the synthesis had been effective.

The infrared spectrum (KBr pellet) is complicated
because the large mass of silica and the aromatic portion
of the molecule produce numerous bands, the overlap of
which makes detailed assignments difficult. However,
the absorption observed at 1,650 cm ™! can be attributed
to O=C-NH- stretching and that between 1,450 and
1,577 cm ™! can be assigned to C—C, omatic Eroups.

Preconcentration and elution

Chelating agents immobilized on silica gel support have
various types of functional groups. These chelating
agents form complexes with metal ions only in certain
pH ranges. So when a sample containing metal ion is
passed over a chelating sorbent at certain pH values,
metal ion forms chelates with the chelating agent on the
silica gel support and thus are retained by the sorbent;
thus, the impurities are not retained and these pass
through. During elution, the eluent chosen is such that it
helps in knocking out the metal ion from the chelate site
on the sorbent. This is generally achieved by changing
the pH, i.e., by making use of acids. This also helps in

Table 1 Distribution of carbon, oxygen, silicon, nitrogen and sul-
fur in the DPTH-gel surface layer

Element DPTH-gel TS-gel
concentration (%) concentration (%)

Cls 10.85 1.53

O 1s 51.48 61.46

Si 2p 31.95 3542

N Is 4.75 1.42

S 2s 0.92 0.18




regeneration of the sorbent and thus chelating sorbent
can be reused. Such types of separation avoid use of
carcinogenic organic solvents and are ecofriendly.

Analytical applications of chelating sorbents based on
silica gel

Extraction of metal ions using chelating sorbents has
several advantages over the conventional methods:

1. Selective determination of metal ions will be possible
by using a chelating sorbent having a ligand pro-
cessing high selectivity to the targeted metal ion.

2. It is free from difficult phase separation, which is
caused by the mutual solubility between water and
organic solvent layers.

3. The chelating sorbent method is an economical
method since it uses only a small amount of ligand, is
free from difficult phase separation and extraction
solvent, and this also increases the sensitivity of the
system.

4. Trace metal ions at concentrations as low as parts per
billion (ppb) can be determined because the targeted
ion is enriched on the solid phase.

5. The concentration of metal ion can be visibly esti-
mated from the color intensity of the solid phase if
the metal complex formed process adsorption in the
visible wavelength region.

6. Use of carcinogenic organic solvents is avoided and
thus the technique is ecofriendly.

The interest in chelating sorbents based on silica gel
for preconcentration/separation and determination of
metal ions can be charted in surveys of publications
using chelating resin and silica gel key terms. In this
work, we used papers abstracted by the Analytical ab-
stracts Database (Royal Society of Chemistry, UK) as
the data source. The time period of this study is from
January 1980 to July 2004. The representative contri-
butions and most relevant aspects of each application
are reported in Table 2.

The number of papers represented in Table 2 from
each chelating sorbent immobilized on silica gel is 113.
8-Hydroxyquinoline [quinolin-8-0l] immobilized on
silica gel is the leading chelating sorbent used for
separation of trace metals, with 16 papers represented
in Table 2. This chelating sorbent has been used by
many workers for preconcentration of trace elements
[77-92]. Sturgeon et al. [91] has used this chelating
sorbent for preconcentration of Cd>*, Pb*", Zn’",
Cu’", Fe*, Mn?" and Ni*" from seawater prior to
their determination by graphite furnace atomic spec-
trometry. This sorbent was found to permit large
enrichment factors of 500 while providing rapid pro-
cessing of large volume samples, quantitative recovery
of these clements, and a matrix-free concentrate suit-
able for instrumental analysis. Luerhmann et al. [88]
also used this sorbent for sorption of Cu?*, Ni*",
Co*", Fe*", Mn?", Cd*", Pb*", Cr*", Zn®>Tand
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Hg”>". The metal uptake capacities were in the range
from 0.2 to 0.7 mmol g ' and the distribution ratios
were in the range from 10° to more than 9x10%.
Mercapto-modified silica gel has been used by many
workers for preconcentration of some trace metals [65—
73]. Volkan et al. [69] used this sorbent for separation
and preconcentration of Cu?*, Cd**, Pb>" and Zn*"
from aqueous solutions. All the metals were quanti-
tatively retained on the matrix and can be eluted with
3 M nitric acid with a recovery >95%. This mercapto-
modified silica gel was used for the preconcentration of
these metals from seawater. They also used this sor-
bent for selective preconcentration of arsenite from
natural waters [70]. This sorbent seclectively removes
arsenite from the samples that also contain arsenate,
monoethylarsenate and dimethylarsenate. Arsenite was
quantitatively retained over the pH range 1.5-8.5.
Since a number of potentially suitable acidic and basic
eluting agents were all ineffective in removing arsenic
from the mercapto-modified silica, they oxidized arse-
nite to arsenate by eluting with 2 g 17! potassium io-
date solution in 0.5 M hydrochloric acid. This sorbent
was also used by Akman et al. [71] as adsorbent for
preconcentration of Cu®’* and Cd*" in water. These
metals were quantitatively retained on the adsorbent at
acidic media with a capacity for Cu®" being
0.022 nmol g ' modified silica. They also used this
sorbent for separation and preconcentration of Co?"
and Ni’" prior to their determination by graphite
furnace atomic spectrometry [72]. K&klii et al. [73] had
also used this sorbent for adsorption of Cu®", Ag"
and Au’".

Our home-made chelating sorbents, DPTH-gel and
TS-gel, have been used for separation and preconcen-
tration of Hg, Zn, Cd, Co, Pb, Ni, Pt and Cr. The most
relevant aspects of each application are summarized in
Table 3.

Analytical applications of DPTH-gel and TS-gel

SPE has rapidly established itself as an alternative to
sample preparation, as it provides many advantages,
including high recovery of analytes, effective concen-
tration, highly purified extracts, the ability to extract
simultaneously analytes of widely variable polarities,
easy automation and reduced organic solvent con-
sumption. A survey of SPE from the literature can give
the impression that innovation in such a widely ex-
plored field is virtually impossible. However, the use of
new solid materials can open previously unexpected
prospects. Such is the case with DPTH-gel and TS-gel,
as they can be used as new sorbent materials for clean-
up and preconcentration. The analytical potential of
these sorbent materials for the preconcentration of
various species has apparently been developed only by
the authors’ group.

Minicolumns of DPTH-gel and TS-gel were made
from glass tubing (3 mm id.) packed with 500-
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Table 2 Chelating resins based on silica gel for separation/or preconcentration of metal ions

Functional group Metal ions References
1,5-Bis(di-2-pyridyl)methylene thiocarbohydrazide Hg, Zn, Cd, Co, Pb, Ni, Pt, Cr [11, 38—46]
1,8-Dihydroxyanthraquinone Fe, Co, Ni, Cu, Pb, Zn, Cd [47, 48]
1-Aminoanthraquinone Cu, Cr [49]
1-Nitroso-2-naphthol Co [50-52]
2-Amino-1-cyclopentene-1-dithiocarboxylic acid Ag, Hg, Pd, Cu, Ni, Cd Zn, Pt [53]
2-Hydroxy-1-naphthaldehyde Cu, Zn, Cd, Hg, Pb [54]
2-Mercaptobenzothiazole Bi, Pb, Cd, Hg, Au, Pt, Pd, Ag, Cu [55-63]
3-Hydroxy-2-methyl-1,4-naphthoquinone Co, Cu, Zn, Fe [64]
3-Mercaptopropyl group Hg, Au, Pd, Se,As [65-73]
4-(2-Pyridylazo)resorcinol or 2-(2-pyridylazo)- Cd [74]
S-dimethylaminophenol
4-Amino-3-hydroxy-2-(2-chlorobenzene)-azo-1-naphthalene Cr, Ni, Cu, Zn, Cd, Pb2+ [75]
4-Aminoantipyrene Hg, Cd, Pb, Cu, Zn [76]
8-Hydroxyquinoline [quinolin-8-ol] Cd, Pb, Zn, Cu, Fe, Mn, Ni, Co [77-92]
Acid Red 88 Mg, Ni, Cu, Fe [93]
Amidinothiourea Ag, Au, Pd [94]
Aminophenol, aminobenzoic acid Fe, Co, Ni, Cu, Cd, Pb [95]
Aminopropyltriethoxysilane Bi, Pb, Ni, Cu, Cd, Cr, V, Mn, Ag [96-100]
Aurin tricarboxylic acid Mo, Sn, Cu [101-103]
Benzimidazole Mn, Ni, Cd, Zn, Cu [104]
Calix[4]arene tetrahydroxamate Ni, Zn, Co, Pb, Cu, Mn [105]
Crown ether carboxylic acid Se, Th, Rb, Na, K [106-109]
Cyanex 301 Bi [110]
Dendrimer-like polyamidoamine Pd, Pt [111, 112]
Didecylaminoethyl-beta-tridecylammonium Zn, Cu, Co, Pb [113-115]
Diethylenetriamine, mono-naphthaldehyde, Fe, Ni, Cu, Zn, Cd, Pb [116]
mono-salicyaldehyde
Dithioacetal derivatives Hg [117, 118]
Eriochrome black-T Zn, Mg, Ca [119]
Formylsalicylic acid Fe [120]
Iminosalicyl group Fe, Co, NiCo, Zn, Cd [121]
Isodiphenylthiourea Au, Ag, Pt, Pd [122]
Macrocycle Pb, Hg, Fe, Cu, Zn, Cd, Pb [123-127]
Methylthiosalicylate Cd, Pb [13, 38, 39]
Morin Zr, Be, Al, Sn [128-131]
N-propyl-N’-[1-(2-thiobenzothiazole)-2,2’,2"- Ag, Au, Pd [132, 133]
trichloroethyl]urea
N-tripropionate tetraazamacrocycles U [134]
o-Dihydroxybenzene Cu, Pb, Fe, Zn, Co, Ni, Cd [135]
o-Vanillin Cu, Co, Fe, Zn [136, 137]
Purpurogallin Fe [138, 139]
Pyridinium ion Co, Cu, Zn, Cd, Hg [140]
Pyrocatechol violet Cu, Ni, Mn, Co, Cu, Hg, Fe, Zn, Pd, Au, Pt, Ag [141]
Quaternary ammonium salts Bi, Fe [142]
Quercetin Mo, Sn [143, 144]
Resacetophenone Cu, Pb, Ni, Fe, Cd, Zn, Co [145]
Rhodanine Au, Ag, Pd [146]
Salicyldoxine Cu, Ni, Co, Zn, Fe [147]
Thiosemicarbazide Pd [148]
Thiourea Au, Ag, Pd [149]

1,000 mg of sorbent, and sealed at both ends with
polyethylene frits (Omnifit) to prevent material losses;
the columns were initially flushed with 2 M nitric acid
and the subsequent use of eluents in each operating
cycle was sufficient to make the columns ready for re-
use for at least 3 months. The column was located in
the loop of an injection valve, and therefore only
continuous flow systems (CFSs) for automated sample
pretreatment have been developed. The CFS operation
comprises two steps: sorption (sample introduction)
and elution. The final extract was introduced to the
instrument on-line.

On-line preconcentration coupled to inductively coupled
plasma atomic emission

Figure 3 shows the manifold used for this purpose. In
the clean-up and preconcentration step, the sample
solutions were continuously passed through the column
(located in the loop of the valve). The metal was ad-
sorbed on the sorbent mini-column and the sample
matrix sent to waste. During the preconcentration step,
a flow of eluent was being aspirated from the containers
by the pump P; to establish the baseline of the readout
and to stabilize the plasma. In a second step, the eluent
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carried out by the pump is led into the sorbent column,
thereby effecting the rapid desorption of the metal.
From this point, the analyte is: (1) directly transported
to the nebulizer of an inductively coupled plasma atomic
emission spectrometer (ICP-AES) or (2) mixed with
reductant and speared via gas-liquid separator and
swept into the ICP torch by a stream of argon.

The first applications of DPTH-gel and TS-gel as
sorbent materials used a cold-vapor inductively coupled
plasma atomic emission model system for the determi-
nation of traces of mercury by using a sodium tetra-
hydroborate (III) as hydride generation [12, 13]. The use
of a column filled with TS-gel showed similar results to
those obtained with a column of DPTH-gel. These
materials exhibit the highest preconcentration factor and
lowest detection limit. Nevertheless, the most interesting
feature of the new sorbent materials is this selectivity.
The tolerance level for Zn>*, Cr**, Ni*", Cu®*, Mn?"
and Co?" (>50 mg1™") is very high, compared with
other values obtained with using other chelating sor-
bents in the preconcentration and determination of
mercury (5mg1™') in the presence of same metal
interferences [150—152].

The effect of many common metals that can be che-
lated by the columns in the determination of cadmium
by ICP-AES (see Fig. 3) is shown in Fig. 4. In this
determination, the results obtained with DPTH-gel and
TS-gel [39] were compared with those determined by
Goswami et al. [77] using 8-hydroxyquinoline immobi-
lized on silica gel. As can be seen, the selectivity was
highest for DPTH-gel and TS-gel. The adsorptive po-
tential of DPTH-gel for the preconcentration of trace
zinc, manganese and cobalt from biological and water
samples were also examined [40—42]. Best analytical re-
sults (sensitivity and selectivity) were obtained.

The CFS of Fig. 3 has been also applied for the
determination of lead by preconcentration on TS-gel

r————-———-———— 1
| Preconcentrationstep |
P | ]
|
| ¢ |
! |
* 1 E | On-line
! ' lcPtorch
l's w |
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| |
| Elution step |
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€ ! S w : On-line Reduction and
i i gas-liquid
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Fig. 3 Configuration of an SPE-based CFS using DPTH-gel and
TS-gel as sorbents for the on-line preconcentration of different
metals coupled to ICP-AES. E eluent, P; and P, peristaltic pumps,
V' injection valve, C DPTH-gel or TS-gel column

m TS-gel HOQ-gel

O DPTH-gel

16000
14000
12000
10000

8000

6000
4000

2000

400000
300000

200000

100000

0 A

Fig. 4 Comparative study of interferences on the determination of
10 ng/ml of cadmium by the on-line preconcentration systems
using, DPTH-gel, TS-gel and 8-hydroxyquinoline immobilized on
silica gel (HOQ-gel)

microcolumn and detection by ICP-AES [38]. The
obtained detection limit was comparable with those
obtained by other more sophisticated techniques and
manifolds or expensive sorbent materials [153].

On-line preconcentration coupled to electrothermal
atomic absorption spectrometry (ETAAS)

Figure 5 shows the manifold used for this purpose. It
operated as follows: during the sample loading period, a

Sample

Fig. 5 Schematic diagram of FI-ETAAS system: P peristaltic
pump, P,4s AS-70 autosampler pumps, V, switching valve and
W,,W, wastes



flow of sample (standard or blank) is pumped (via P)
through the microcolumn (located in the sampler arm);
the metal ion is adsorbed on the sorbent microcolumn
and the sample matrix is sent to waste; then, the
switching valve (V) is actuated and the pumps of the
AS-70 furnace autosampler, P5ag, are connected, per-
mitting the operation of the autosampler in the normal
mode; a wash step takes place with deionized water and,
immediately after, the sample arm lowers the sample
capillary into autosampler cup (filled with eluent) aspi-
rating an eluent; then, the sampler arm swings over to
the graphite furnace and the tip of the sampler capillary
is inserted into the dosing hole of the graphite tube
where the eluted metal was deposited as a drop; the
sampler arm then returns to its initial position and the
cycle of furnace operation commences; while the tem-
perature program is running, the switching valve is again
turned to start a new loading of the sample (standard or
blank); thus, when the spectrometer gives the measure-
ment, the microcolumn is ready for a new injection of
eluent. The eluent injection system (normal operation of
autosampler) provokes a flow though the column in
both directions, up (when it is aspired) and down (when
it is injected into the graphite tube), avoiding the con-
tinuous increase in column compactness. By using this
approach, DPTH-gel has been used for on-line precon-
centration and determination of nickel [43], cadmium
[44] and platinum [45] in environmental samples. These
systems have the advantage of simpler than other FI-
ETAAS because the process is fully automated without
complicated hardware and software; in fact modification
of the software of the spectrometer was not necessary.
High speed, ease of use and automation, selectivity and
relative freedom from interference make these methods
suitable for nickel, cadmium and platinum determina-
tion.

Another approach is the recently reported FI, on-line
preconcentration and speciation of chromium in natural
waters and human urine using a DPTH-gel chelating
sorbent and Amberlite IRA-910 anionic ion exchange
resin [46]. Diverse advantages are attained: (1) elimina-
tion of matrix, (2) increase of the sensitivity by the
DPTH-gel preconcentration, and (3) automatization of
different steps.

Conclusions and future directions

Probably the unavailability in the market of DPTH-gel
and TS-gel has deterred these uses in analytical chem-
istry. They have a low cost compared with other che-
lating sorbents as Chelex-100 and Muromac A-1. The
use of a column filled with DPTH-gel showed similar
results to those obtained with a column of TS-gel.
Although a better detection limit was obtained when
DPTH-gel was used, the applicability of both the
immobilized reagents was similar. The principal advan-
tage of TS-gel is a single simple and fast reaction rather
than the multi-step reaction reported in the synthesis of
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DPTH-gel and also with the other sorbents [154—-156].
On the other hand, the presence of an excessive number
of chelating centers may increase the complexing
capacity of these resins for one or more metal ions with
good selectivity. Using these newly synthesized chelating
sorbents, better detection limits and enrichment factors
were obtained when a DPTH-gel was used. Hg, Cd, Zn
and Ni are the preference metals preconcentrated in the
DPTH-gel sorbent with enrichment factors of 99, 86, 73
and 58, respectively, using 60 s preconcentration time.
In the case of TS-gel the enrichment factors obtained for
determination of Hg (1=60s), Cd (z=120s) and Pb
(=120 s) are 79, 62 and 41, respectively. The short time
(60 s) required for loading metal ions onto the DPTH-
gel sorbent is advantageous and better than required for
loading metals onto TS-gel sorbent (120 s).

One of the foreseeable trends is the synthesis and use
of their chelating sorbent derivatives that exhibit better
properties than the original DPTH-gel and TS-gel, on
the basis of the least number of chelating centers and to
direct those centers to bind only the desired metal ion.

Because the DPTH-gel and TS-gel are insoluble in
ordinary organic solvents and have a great capacity for
formation of complexes with metals such as Hg, Zn, Cd,
Mn, Co, Pt, Cr and Ni, they can be investigated as
stationary phases, for liquid chromatography (LC) and
for gas chromatography (GC).
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