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EDITORIAL

SPECIAL ISSUE ON CHEMICAL SPECIATION

Chemical speciation is a science area that seeks to characterize the chemical forms of
an element — its species — presents in the environment (water, soil, atmosphere), in
living organisms or in materials, in order to understand the transformation between
forms which can occur, and to infer from such information the likely consequences
for example in terms of risk assessment, reactivity, toxicity or biological activity. As
such, there is an increasing interest in speciation analysis in a number of areas such
as Environmental Sciences, Occupational Health, Nutrition, Medicine, Biochemistry,
among others. Therefore, nowadays, speciation has gained interdisciplinary status
and the join venture among different areas of knowledge can lead to a better
understanding of extreme complex systems that are still hardly explored and
understood.

So, during the last two decades, interest and research in chemical speciation strongly
increased and one of the important meetings dedicated to speciation analysis is the
International Symposium on Speciation of Elements in Biological, Environmental and
Toxicological Sciences. In Brazil, also some research groups worked with chemical
speciation, their founding were generally unnoticed due to the lack of a special forum
able to give them the convenient highlight.

A workshop on chemical speciation organized in 2006 in the 29th Meeting of
the Brazilian Chemical Society was the embryo of the biannual Brazilian Meeting
of Chemical Speciation. The “1o Encontro Brasileiro sobre Especiacdo Quimica -
EspeQBrasil-2008” was hold in 2008 in Sdo Pedro (SP), and the second issue of the
event - EspeQBrasil-2010” was hold in 2010, also in Sao Pedro. In each issue, more
than 150 participants were presents and many sponsors supported the events, clearly
showing the great interest for this so promising area.

Within its 4th issue BrJAC publishes six papers presented at EspeQBrasil-2010 and
the “Interview’, “Letter” and “Point of view"” sections, also bring many information
on Chemical Speciation, showing the dynamism of speciation science in Brazil and
highlighting its importance in a large field of applications.

Professor Anne Héléne Fostier
Guest Editor
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LETTER

This section is reserved for you to send comments, suggestions or reviews about the articles
or published reports by BrJAC. You may also submit comments on issues related to the Ana-
Iytical Chemistry in Brazil and abroad. Join us in this project! Be part of that!

SPECIATION ANALYSIS: FROM ACADEMIC RESEARCH TO INDUSTRIAL APPLICATIONS

It is with great pleasure that | contribute some reflections on chemical speciation to this new issue of
the Brazilian Journal of Analytical Chemistry (BrJAC).

Metals and metalloids play a key role in many fields of our modern industrial societies. Not only as
basic material such as steel in many industrial products, but also as trace elements and minerals in
industrial processes, in the environment and in living organisms. Thus knowledge on metals is directly
related to scientific and technical progress, industrial development and economical growth. Academic
research during the last 25 years has shown that not only simple information on the metals, e.g. their
total concentrations in a sample, but rather knowledge on chemical forms of metals and metalloids
- their species - is an important issue in order to evaluate their reactivity, their transport in the
environment or their essentiality and toxicity in organisms. Thus the analytic-chemical research field
of speciation analysis was born. Examples illustrating the importance of this research are: mercury
as a global pollutant, selenium in nutrition supplements, arsenic in drinking water and rice, metal
compounds in catalysts ... . In the following, the International Union for Pure and Applied Chemistry
(IUPAC) has published guidelines or recommendations for a clear definition of the terms speciation
analysis, chemical species, and speciation [1].

The analytical-chemical discipline of speciation analysis is an impressive example how academic
research has impact on our society, influences and interacts with industry and leading to new
technologies. During the last decade analytical methods for speciation analysis left the academic
research laboratories, introduced new analytical instrumentation on the market and found their
applications in manifold industrial and societal fields as well as legislation. Examples are: drinking
water and food industry (quality of drinking water and food); chemical, semiconductor and
petrochemical industry (optimization of processes); pharmacy, medicine, occupational health and
hygiene (essentiality and toxicity, metabolic pathways and exposure) ... .

With great interest | recognize that BrJAC focus on academic - industrial integration by attracting
authors and readers from both areas. This partnership can be a basis to promote technological
innovation, higher productivity, development and economical growth in Brazil. Speciation analysis
plays an important role in this context; moreover it is a strong research field in Brazil present at many
national and international scientific meetings. | wish BrJAC much success for promoting research on
chemical speciation in Brazil.

Dr. Dirk Schaumloffel

Research Director CNRS

Université de Pau et des Pays de 'Adour/CNRS

UMR 5254, Laboratoire de Chimie Analytique Bio-Inorganique et Environnement/IPREM
F-64053 Pau, France

dirk.schaumloeffel@univ-pau.fr

[11 D.M.Templeton, F. Ariese, R. Cornelis, L.-G. Danielsson, H. Muntau, H.P. van Leeuwen, R. Lobinski, Pure
Appl. Chem., 72/8 (2000) 1453-1470.
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INTERVIEW

FRONTIERS OF ENVIRONMENTAL CHEMISTRY IN BRAZIL

Marco Tapeu GRrassi

Water and air pollution, destination and toxicity of wastes are today political problems
that affect the whole world population in different degrees and with different complexi-
ties. This is one of the areas of study of professor Marco Tadeu Grassi, from Federal Univer-
sity of Parand, in southern Brazil. Professor Grassi is a Brazilian chemist dedicated to the
field of Environmental Chemistry.

Grassi has created and found infrastructure and financial support for laboratories in the
field of Environmental Chemistry in Brazil. He has been researching in the field since the
90s, and has many ongoing research projects dealing with water, oil, instrumentation for
chemical analysis, aquatic sediments, and pollutants in public water supply and in rivers
and watersheds, plastic containers for water, bioavailability of heavy metals and many
other themes. He talked to BrJAC about Environmental Chemistry in Brazil.

How pip THE ENVIRONMENTAL CHEMISTRY BEGIN IN BRAZIL AND WHAT IS ITS RELA-
TIONSHIP WITH THE ANALYTICAL CHEMISTRY?

In Brazil, Environmental Chemistry has developed from a very close link with
the Analytical Chemistry, which was consolidated based on a very strong
and traditional school, with a classical vision of its role, and firstly turned

BrJ Anal Chem



INTERVIEW

to the development of analytical protocols and
elucidation of problems that arise in the labo-
ratory. Much of environmental chemists at that
time had a strong connection with the Analyti-
cal Chemistry and few had experience in envi-
ronmental field work and sampling.

In the early 1980', research in Environmental
Chemistry conducted in our country was focused
on monitoring of chemical species considered
pollutants in the hydrosphere, atmosphere and
biosphere. Documents and articles highlight the
paucity of research activities dedicated to the
study of chemical reactivity and physical behav-
ior of pollutants not only in the three compart-
ments aforementioned, but also
in their interfaces’. This resulted
in a slower development of the
Brazilian Environmental Chemis-
try, compared to other countries,
especially the developed ones.

Despite this, today Environmen-

tal Chemistry occupies a prominent position in
the national scientific scene, having also reached
international prominence. Scientific events, such
as the Annual Meetings of the Brazilian Chemical
Society (SBQ), the National Meetings of Analyti-
cal Chemistry (ENQA), the Brazilian Congress of
Environmental Chemistry, subsequently named
the International Environmental Chemistry Con-
gress in Brazil, and National Meetings of Envi-
ronmental Chemistry (ENQAmb), contributed
to that. They allowed the discussion about the
course of Environmental Chemistry in Brazil.

Other relevant factors were the creation of the
Division of Environmental Chemistry of SBQ in
1994, the formation of a significant number of
researchers from the groups that had consoli-
dated in the years 80 and 90. These researchers

“In Brazil, Environmental
Chemistry has developed
from a very close link with
the Analytical Chemistry”

now lead active groups distributed throughout
the national territory. Finally, it should also be
mentioned the creation of the Environmental
Chemistry course, which was included in the
curriculum of undergraduate courses in Chem-
istry in Brazil since the 80's and 907s.

WHAT IS THE DIFFERENCE BETWEEN ENVIRONMENTAL
ANALYTICAL CHEMISTRY AND ANALYTICAL CHEMISTRY?

They are very distinct areas of knowledge. Brief-
ly we can say that the Environmental Analytical
Chemistry is dedicated to the development of
protocols and analytical methods aimed at the
evaluation of chemical species relevant to hu-
mans and the environment.
The Environmental Chemistry,
in turn, can be defined in many
ways, as well as other classic
areas of chemistry. Particu-
larly, | like to refer to the defi-
nition given on the website of
the Division of Environmental
Chemistry of SBQ?, which states: “Environmental
Chemistry studies the chemical processes that
take place in nature, whether natural or man-
made, and that compromise the human health
and the planet as a whole! Thus, it is important
to say that this area of knowledge is devoted to
the elucidation of the mechanisms that define
and control the concentration of a particular
chemical species in a given environmental com-
partment, as well as in the interfaces between
compartments.

WHAT IS THE IMPORTANCE OF CHEMICAL SPECIATION
FOR ENVIRONMENTAL CHEMISTRY?

The important role of trace elements in areas
such as health and environment, materials sci-
ence, biogeochemistry, among others, came to

1 To read more: Andrade, J.B. Quimica Nova, 15, 1992, 173; Mozeto, A.A. and Jardim, W.F. Quimica Nova, 25, 2002, 7; Fatibello Filho, O. et al,

Quimica Nova, 25, 2002, 62.
2 To see details visit http.//ww.sbg.org.br
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INTERVIEW

be recognized from the development of instru-
mental analysis, which occurred in the second
half of the twentieth century, especially in the
area of atomic spectrometry. However, in the en-
vironmental and public health contexts it soon
became evident that issues such as distribution,
mobility and transport, reactivity, bioavailability
and consequently the toxicity of chemical spe-
cies could not be explained solely on the basis
of certain chemical inventories, ie., the total
concentration of the species studied. Therefore,
it is essential to know the physi-
cal and chemical associations
in which species are involved.
For example, inorganic arsenic
is highly toxic, while arseno-
betaine, an organic compound,
is practically harmless to fish.
Another example is chromium.
The trivalent chromium is an
essential element for humans, while hexavalent
chromium is a known carcinogenic agent. Thus,
speciation analysis has many implications in en-
vironmental chemistry and its interface areas,
such as ecotoxicology, biology, soil science, as
well as in certain areas of nutrition and medi-
cine.

How DpoES POLITICS INTERFERE WITH ENVIRONMENTAL
ANALYTICAL CHEMISTRY?

In Brazil, especially, most studies in the envi-
ronmental area have a political bias. This is be-
cause, with few exceptions, government agen-
cies have been negligent, failing to fulfill their
role to monitor and control; governments at the
municipal, state and federal levels do not play
their role as enforcing the law. If a company
develops waste-generating activities, it can be
fined or even closed if the effluent does not
comply with the law, but what about cities that

“Environmental Chemistry
occupies a prominent
position in the national
scientific scene, having
also reached international
prominence”

do not invest in the treatment of domestic sew-
age, for example? In this case nothing happens
in Brazil nowadays. The same can be said about
situations involving the presence of compounds
that are not provided for by law in a given en-
vironmental compartment. The fact that they
are not “legislated” makes the situation much
worse and shows that there is a lack of action
in the environmental and public health fields.
Rarely the true culprits are held responsible for
it. Fortunately, in some localities the prosecution
has sought to intervene in this
process, forcing the respon-
sible individuals or companies
to fulfill their roles. Ultimately, |
believe that the greatest desire
of the academic community
in the environmental area is to
be able to contribute through
their research to the improve-
ment of public policies for the environment and
extensively the public health.

WHAT ARE THE MAIN DEVELOPMENTS IN THE AREA OF
“DIAGNOSIS” IN ENVIRONMENTAL ANALYTICAL CHEMISTRY
IN RECENT YEARS? How DID THE TECHNOLOGY EVOLVE
TO DETECT CONTAMINANTS?

There is no doubt that the environmental ana-
lytical chemistry has advanced greatly in re-
cent years. Recently, the American researcher
Shane Snyder was asked whether the presence
of pharmaceuticals in natural waters was a new
problem. In a statement before the U.S. Senate,
he was categorical: “contrary to recent reports
that characterize pharmaceuticals in water as an
entirely new issue, pharmaceuticals were first re-
ported in US waters by the EPA in 1975. The fact
that more pharmaceuticals are detected today is
not due to greater contamination of our nation’s
water, but a reflection of the increasingly sensi-

3 To read the whole document visit: http://epw.senate.gov/public/index.cfm?FuseAction=Hearings.Testimony&Hearing_
ID=30641a14-802a-23ad-4b51-a10dd439793f&Witness_ID=81d13b7b-c746-4dc7-b97e-c7245922bc8f
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INTERVIEW

tivity analytical technology that allow us to iden-
tify and quantify diminishingly minute concen-
trations of these chemicals in water.*"There is no
doubt, therefore, that the environmental analyti-
cal chemistry, as well as analytical chemistry in
general, has achieved enormous progress, both
by the rapid development in analytical instru-
mentation, and because of the advances that
have occurred in the area of materials, which has
enabled the development and improvement of
numerous types of sensors, as
well as systems of pre-concen-
tration analysis, for example.

WHAT ARE THE MAIN DEVELOPMENTS
IN THE AREA OF “TREATMENT”, I.E.,
IN THE SOLUTION FOR THE PROBLEM

“The greatest desire of the
academic community in
the environmental area

is to be able to contribute

through their research
to the improvement

are still being implemented empirically, ground-
ed on past experience, and this scenario needs
to be changed quickly. The traditional micro-
biology still works, in many cases, considering
monocultures, while the microorganisms act in
the form of consortia in wastewater treatment
systems. This requires a much more detailed
assessment on the highly complex microbial
community and the advances in molecular bi-
ology should contribute to the improvement of
treatment processes. In addi-
tion, we also have to improve
the efficiency of all production
processes in general, given that
consumption of manufactured
goods has grown dramatically
over the past 20 years. The pro-

of public policies for
7 . .
OF RESIDUALS? the environment and duction of one kilogram of beef
extensively the public demands, on average, about
In the area of treatment ad- health” 15,000 liters of water. This num-

vances are also unambiguous,

making it possible to efficiently treat most of the
waste produced by man, whether liquid, solid or
gaseous. But today the scientific community has
to deal with challenges that mainly involve the
development of treatment processes without
increasing the pressure on the use of energy and
natural resources. In this scenario, the question
of water and sewage treatment, for example, is
emblematic. Despite all the advances available,
about 1 billion people worldwide still lack access
to clean water. The availability of good water in
quantity and quality is still an indispensable fac-
tor for the improvement of life for a good part of
the world population. In this field, sanitary en-
gineering has been successful in the treatment
of sewage and in the removal of the so-called
conventional pollutants. However, the removal
of a greater variety of pollutants at different lev-
els of concentration, without increasing energy
demand and/or natural resources remains a
challenge.

The processes based on biological treatment

ber is frightening and shows us
that we urgently need to reflect on our habits of
consumption, in all spheres, in order to better
manage our water resources.

WHAT ARE THE FRONTIERS OF RESEARCH IN ENVIRON-
MENTAL ANALYTICAL CHEMISTRY?

As mentioned earlier, the analytical instrumen-
tation has become more and more powerful
each year, allowing, for example, the detection
of smaller amounts of environmental contami-
nants. This increase in analytical sensitivity is im-
portant in that many of these contaminants are
present in public water supplies, air, food, even
though we know very little about the long-term
effects of their intake at trace or ultra-trace con-
centrations. On the other hand, one of the main
challenges in chemical speciation is the ability
to isolate, identify and quantify a given individ-
ual species, without tampering with the original
compound.

In the environmental area the trend seems to be

www.brjac.com.br
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to invest heavily in the development of sensors
that can be used directly in the field, eliminating
the need for collection, preservation and trans-
portation of samples to the laboratory, consid-
ered critical steps in the maintenance of the
sample’s “identity” While such devices are not
currently available, efforts have been devoted to
the development of semi-automatic equipment
based on hyphenated techniques, seeking to in-
clude part of the samples pre-treatment stage,
in order to offer better reproducibility and also
aiming at shortening the time needed for analy-
sis. Another challenge is the development of cer-
tified reference materials for speciation analysis,
in order to ensure analytical reliability through
accuracy and traceability.

“Much of our community

terization of the matrix is no longer relevant. This
requires a deep knowledge of chemistry, and a
strong academic background.

WHAT ARE THE POSSIBILITIES OF WORK TODAY FOR THE
NEWLY GRADUATED CHEMIST IN THE ENVIRONMENTAL
AREA?

The pressures exerted on our planet by human
activities have reached a level never seen before,
where abrupt environmental changes clearly can
no longer be disregarded. Maintain economic
growth and good living conditions for the grow-
ing world population without further increasing
our demands for energy and raw materials repre-
sent a series of challenges for all
stakeholders and offer, even in

How Is BRAziL POSITIONED IN RE- continues to develop the regional, local level, excellent
SEARCH IN THIS AREA COMPARED TO research ofdescriptive prospects and opportunities for
OTHER DEVELOPING AND DEVELOPED nature and producing newly graduated in chemistry
COUNTRIES? articles that describeonly  in the environmental area. We

the concentrations of need urgent answers to a num-

Both in the areas of Environ-
mental  Analytical Chemistry
and Environmental Chemistry,
Brazil is very well positioned. We have now con-
solidated groups developing excellence research
in both areas of knowledge, which is the result
of the consolidation of chemistry in our coun-
try, a consequence of the constant growth and
improvement of our graduate programs and the
significant improvement in research funding in
the last 10 years, particularly at the federal level.
However, especially with regard to the Environ-
mental Chemistry, we could be in an even bet-
ter position. Much of our community continues
to develop research of descriptive nature and
producing articles that describe only the con-
centrations of chemical species in a given envi-
ronmental matrix. Nowadays, taking into account
the importance given to impact factors of the sci-
entific journals, the publication of results has to
be strongly linked to the development of effec-
tively innovative studies, where the mere charac-

chemical species in a given
environmental matrix”

ber of issues associated with
global warming, acidification of
ocean waters, the biogeochemi-
cal cycles of nitrogen and phosphorus, global wa-
ter use, as well as pollution by chemicals, among
others. We also need to develop projects based
on the principles of green chemistry, i.e,, that re-
sult in minimization of waste production and de-
creasing the toxicity. To provide answers and safe
paths for humanity, we will certainly need well-
formed professionals in chemistry, especially in
the environmental area.

PLEASE TELL US A LITTLE ABOUT THE HISTORY OF YOUR
CAREER AND HOW (AND WHEN) YOU STARTED TO WORK
IN THE ENVIRONMENTAL AREA.

My training took place almost entirely at the
Chemistry Institute of Unicamp (Campinas State
University). | graduated in Chemistry in July
1986 and soon after that | joined the Masters
degree program in the area of Analytical Chem-
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istry, working under the guidance of Professor
Oswaldo Godinho, a person with a particular
characteristic with a strong influence on my
training: the search for simple solutions to the
problems faced in the laboratory. The Masters
degree program represented my first real scien-
tific experiment, for I had met only a short stage-
level undergraduate research project in the end
of the graduation course, also under Professor
Godinho. Living with the teachers and other col-
leagues in the laboratory was
very rich and important to my

“The pressures exerted

and Water Resources Engineering, where | also
worked as an off campus faculty, having worked
under the supervision of Professor Herbert E. Al-
len.In U.S.'had the opportunity to begin my work
in the field of speciation of metals in natural wa-
ters, research field to which | still dedicate myself.

Returning to Brazil, | worked for two years as
a visiting professor at the Federal University
of Maranhao, where, in the company of col-
leagues and Professor Godinho,
| worked on the creation of a re-

training, and contributed deci- on our planet by human search laboratory. There, | have
sively to the choice of my pro- activities have reached been orienting students at the
fessional future. a level never seen Masters and Undergraduate re-

before, where abrupt
environmental changes
clearly can no longer be
disregarded”

Upon completion of the Mas-
ters, | decided to go ahead with
a Doctoral Degree, working
in the field of Environmental
Chemistry. | made contact and was accepted to
work under the guidance of Professor Wilson de
Figueiredo Jardim. In his laboratory | also had
excellent opportunities to improve my training.
The change of area brought to me the experi-
ence of dealing with the real-world problems,
with the management of a laboratory, with the
development of research projects, something
that was not part of our training at the time.

After the PhD, | conducted a post-doctoral train-
ing for two years at the University of Delaware,
USA, in the Graduate Program in Environmental

search projects.

In 1998 | was admitted to the
Department of Chemistry, Fed-
eral University of Parana (UFPR),
where | coordinate the Environmental Chemistry
Research Group. In UFPR | have been the head of
department and vice-coordinator of the gradu-
ate program. With support from CNPg, CAPES,
Fundacao Araucdria and also from PETROBRAS,
in partnerships in the last 4 years, | have created
and gathered infrastructure for a new laborato-
ry. Nowadays, | develop research activities in the
area of Trace Analysis and Environmental Chem-
istry, on the following themes: aquatic and sedi-
ment chemistry, speciation of metals and metal-
loids, behavior and fate of organic and inorganic
contaminants in the environment.

www.brjac.com.br
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ConcenTrATION OF Cu(ll) AN Co(Il) FROM NATURAL RIVER WATER BY
ADSORPTION ON A MODIFIED SILICA SURFACE

GuiLherme Ferreira®, Apriano S. Pereira®, Laercio Caerano®, Apemir pos SantosS, Marco Antonio U. MarTiNes®, Pepro M. PaiLua®E, Luiz Fasricio ZaraF,
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AgsTracT

A high surface area silica gel (737 £ m? g™") was synthesized modified through a two-step reac-
tion with a 4-amino-2-mercaptopyrimidine ligand and applied to Cu(ll) and Cd(ll) adsorption
from an aqueous medium. The modified material was characterized by FTIR, which showed
that attachment of the molecule occurred via thiol groups at 2547 and 2600 cm™, and by ele-
mental analysis that indicated the presence of 0.0102 mmol of ligand. The data from adsorp-
tion experiments were adjusted to a modified Langmuir equation and the maximum adsorp-
tion capacity was 6.6 and 3.8 umol g™ for Cu(ll) and Cd(ll), respectively. After adjusting several
parameters, the material was applied in the preconcentration of natural river water using a
continuous flow system before and after sample mineralization, and the results showed a
10-fold enrichment factor. The proposed method was validated through preconcentration
and analysis of certified standard reference material (1643e), whose results were in agreement
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with the values provided by the manufacturer.

Kevworns: metal ions; continuous flow system; surface modification; preconcentration; river

INTRODUCTION

The world’s ever growing population and our unsustain-
able lifestyle are the major causes of environmental contami-
nation. Among the various classes of contaminants, toxic
metal species have attracted the attention of numerous sci-
entists around the world because of their distinctive charac-
teristics, such as their persistence in the environment, essen-
tiality and non-essentiality for live organisms, and ability to
bicaccumulate in the food chain [1-4]. Heavy metal ions such
as cadmium, mercury, lead, nickel and others generally origi-
nate from sources such as natural erosion of the earth’s crust,
mining activities, sewage and industrial effluents that enter
the aquatic environment [1,5-8]. Due to the bioaccumulation
process, it is important to monitor their concentrations even
when metals are present at trace levels.

Materials developed for application in solid phase extrac-
tion processes can be used as filters and in concentration pro-
cedures [9-14]. The advantages of materials use in concentra-
tion are related to the increase in analyte concentration that
may reach up to 100-fold. This way, simple equipment such
as a flame atomic absorption spectrometer can be used. On
the other hand, through concentration the matrix is elimi-

nated ensuring a safe quantification.

Silica-based materials have been used extensively due to
the properties of their matrix, such as thermal and mechani-
cal stability and high surface reactivity, which are attributed
to the presence of large numbers of silanol groups (4.5 OH/
nm?) [15].

Adsorbent materials are prepared through reaction steps
that involve the attachment of organic molecules contain-
ing Lewis bases as adsorption sites. This attachment usually
occurs via a covalent bond with chlorosilane or aminosilane
molecules or through a chlorination reaction with POCI, [16-
21]. The purpose of these modification reactions is to ensure
the availability of sites to react with the nucleophilic spe-
cies existing in the ligand and the major advantage of these
modifications is that they improve the adsorption capacity of
silica materials toward metal ions.

Several studies have focused on commercial silica [17-
19, 22] and its synthesis via a SiO, precursor, which can yield
materials with desirable characteristics such as large surface
area, pores with uniform radii, and ordered structures such as
hexagonal mesoporous silica [12,14,23,24].
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Actually there is large variety of materials applied to
the same purpose, such as silica modified with 2-amin-
othiazole [12] and oxime molecules [25], cellulose modi-
fied with succinic anhydride [26] and natural adsorbents
such as coconut coir and agricultural waste material
[27,28]. Despite the same application related to metal
adsorption/extraction, natural materials presents low cost
production and due to this can be used to remove met-
als from waste water and contaminated systems [29]. Syn-
thetic materials usually present high cost production and
are used in concentration systems in order to determine
trace concentration of metals.

In this work, a silica gel was synthesized by the sol-gel
method and the resulting material was modified in a two-
step reaction, resulting in the attachment of 4-amino-2-
mercaptopyrimidine to its surface. The modified material
(SG-BP) was characterized and applied to determine trace
concentrations, through a concentration procedure, of
Cu(ll) and Cd(ll) from a freshwater sample from the Parana
River, llha Solteira, SP, Brazil. The accuracy of the proposed
method was evaluated by comparison against a standard
reference material (SRM-1643-e).

MetHopoLoGy

MATERIALS AND INSTRUMENTATION

All the reagents used in the synthesis and modification
steps, namely tetraethylorthosilicate (TEOS), 3-chloropro-
pyltrimethoxysilane (CPTS) and dimethylformamide (DMF),
were of analytical grade (Aldrich — Steinheim, Germany).
The solution of metal ions used in all the experiments
was prepared by dissolving their respective nitrate salts
(Aldrich-Steinheim, Germany) in deionized water (Millipore,
Direct-Q).

A Perkin Elmer AAnalyst 700 atomic absorption spec-
trometer equipped with electrothermal atomization in a
graphite furnace was used in all the metal determinations
using 324.8 and 228.8 nm wavelengths as resonance lines
for copperand cadmium, respectively. Infrared spectra were
recorded on a Nicolet Nexus 670 spectrometer equipped
with a Smart Collector, in 200 scans and with 4 cm™ resolu-
tion. The surface area was identified using a Micromeritics
ASAP-2010 system and the continuous flow experiments
were performed with a Gilson Minipuls 3 peristaltic pump.

PREPARATION OF SILICA GEL

Aliquots of 10 mL of TEOS, 20 mL of ethanol and 20 mL of
water were transferred into a 250 mL reaction flask and the
solution was acidified to pH 1.7 with nitric acid. The solution
was stirred for 60 minutes, after which it was transferred to
another reaction flask containing 250 mL of nitric acid solu-
tion, pH 2. The resulting solution was allowed to rest for 24
hours at 298 K, followed by gradual heating to 323 Kto evap-
orate the solvent until it turned into a gel. This gel was then
placed in a drying oven at 333 K and left there until it dried.
The resulting silica was stored in a desiccator.

MODIFICATION OF THE SILICA SURFACE

The reaction steps followed the heterogeneous route,
in which the solid matrixis first modified with the organosi-
lane and then attached to the molecule containing Lewis
base sites [30,31]. An aliquot of 3 g of the presynthesized
silica was activated at 423 K under vacuum for 24 h, fol-
lowed by immersion in 50 mL of DMF together with 3.37
mL of 3-chloropropyltrimethoxysilane. This suspension
was stirred continually for 72 h in a nitrogen atmosphere
at 423 K, after which the reaction product (SG-CPTS) was
filtered, washed with ethanol and oven-dried at 373 K.

The resulting product (Si-CPTS) was immersed in 50
mL of DMF containing 2.33 g of 4-amino-2-mercaptopy-
rimidine (MP) ligand, and the mixture was stirred for 72 h
in a nitrogen atmosphere at 423 K. The resulting product,
called SG-MP, was washed with ethanol and acetone to
remove molecules not bonded to the SG-CPTS product,
oven-dried at 373 Kand stored in a desiccator before use.
The two-step reaction involved in the silica modification
is depicted in Fig. 1.
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FiGURE 1. SILICA SURFACE MODIFICATION STEPS THROUGH THE ATTACHMENT OF 4-AMINO-2-
MERCAPTOPYRIMIDINE.

COLUMN OPTIMIZATION PARAMETERS

The modified material (SG-MP) was characterized in
terms of its ability to adsorb Cu(ll) and Cd(ll), using the con-
tinuous flow systemiillustrated in Fig. 2, and a column packed
with 10 mg of SG-MP. In the system, the metal ion solution
was stored in the container (1), from where it was pumped
through a peristaltic pump (3) to percolate through the
SG-MP column (5). After percolation of the metal ion solu-
tion, an aliquot of 10 mL of deionized water was percolated
to strip the metal species not bound to SG-MP from the col-
umn. The commutation switch (4) enabled the eluant (2) to
percolate through the column and the eluate was collected
ina 2 mL polyethylene flask.

Before determining the metal ion adsorption capacity,
the system’s operational parameters, such as sample and
eluant flow rates, sample and eluant pH, and type of eluant,
were optimized by a univariate method. These parameters
were established by using 10 mL of 0.05 mg L' Cu(ll) solu-
tion and 1 mL of 2.0 mol L HNO, solution as eluant. After
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each elution step, the eluates were analyzed by flame atomic
absorption spectrometry (FAAS).

— 4 — 5
? —
[—» |+ EE
H —
L}

FIGURE 2. SCHEMATIC DIAGRAM OF THE CONTINUOUS FLOW SYSTEM USED FOR THE DETERMINATION OF SG-
MP ADSORPTION CAPACITY AND FOR THE CONCENTRATION OF NATURAL RIVER WATER: (1) SOLUTION/SAMPLE
CONTAINER; (2) ELUANT; (3) PERISTALTIC PUMP; (4) cOMMUTATION swiTcH; (5) SG-MP coLumn.

CoLumn apsorptioN ExPERIMENTS oF Cu(11) anp Co(ll)

As described in the literature [32], static (solid phase
remains fixed such as in column experiments) and dynamic
(solid phase and metal species remains under stirring) meth-
ods did not show significant differences, so the adsorption
experiments were performed using the static (column)
method. The percolation and elution flow rate of the metal
solutions was fixed at 1.0 mL min™. To determine the SG-MP
adsorption capacity, aliquots of 10 mL of the metal solutions
in the range of 0.05 - 1.0 mg L' were percolated through the
column and the eluates (1 mL) were analyzed by FAAS.

The effect of sample volume on adsorption was studied
by percolating volumes of 5.0-150 mL of metal ion solution
containing the same amount of metal ions, 0.5 ug. After elu-
tion, the metal concentration was determined by FAAS.

PreparATION OF PARANA RIVER WATER AND SRM MATERIAL

The river water was filtered through a 0.45 um membrane
to eliminate particulate matter, and a filtered aliquot of 50 mL
was heated near to dryness (approximately 10 mL) at 80 °C
on a hot plate. A digestive solution was prepared by pouring
5 mL of concentrated HNO, and 0.5 mL of H O, into a flask
containing the remaining water and keeping the mixture on
a hot plate for 30 minutes. After digestion the mixture was
filtered, the pH was adjusted to 5 by adding NaOH solution,
and it was then transferred to a 50 mL volumetric flask. The
results obtained with river water concentration were com-
pared with those obtained directly by GFAAS to estimate the
contribution of organic matter that could be associated with
the metal species under investigation.

The precision and accuracy of the proposed method were
checked by comparing them with a water SRM. Aliquots of
10 mL were percolated through the column and the eluates
were analyzed by FAAS.

ResuLts anp Discussion

CHARACTERIZATION OF MODIFIED SILICA

To confirm the silica surface modification, FTIR spectra of
pure silica (SG), silica with 3-chloropropyltrimetoxysilane (SG-

CPTS) and silica modified with 4-amino-2-mercaptopyrimi-
dine (SG-MP) were recorded and are depicted in Fig. 3. Pure
silica spectra exhibit a broad band in the region of 3500 cm”’
that was attributed to OH stretching vibrations from silanol
groups as well as that intense band in the region of 3750 cm™.
After silica reaction with 3-chloropropyltrimethoxysilane sev-
eral changes in the silica spectrum can be observed, such
as bands that appears in the region of 2950 and 2850 cm™,
which can be attributed to the symmetrical and asymmetrical
vibrations of CH, groups from silylating agent, respectively.
Through the comparison of the modified silica spectrum
(SG-MP) with the other two spectra some observed modifi-
cations were attributed to the attachment of the ligand, such
as the bands that appear in the region of 1582 and 1541 cm
and at 3347 cm, which are attributed, respectively, to N-H
and NH, vibrations from 4-amino-2-mercaptopyrimidine
groups. The presence of the NH, band in the SG-MP and the
absence of SH absorption bands (2550 — 2600 cm™) con-
firm that MP reacted with 3-chloropropyltirmethoxysilane
through a chemical bond formed with sulfur atoms (Fig. 1).

SG
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FiGure 3. INFRARED SPECTRA OF PURE SILICA (SG), SILICA WITH 3-CHLOROPROPYLTIRMETHOXYSILANE
(S1-CPTS) AND siLicA WiTH 4-AMINO-2-MERCAPTOPYRIDINE (SG-MP).

The attachment of the ligand was also ascertained by
measuring the specific surface area of the materials. The
decrease in specific surface area from 737 £ m? g to 399
+ 1 m? g' was ascribed to occlusion of SG pores by bond
formation between pendant organic chains, which reduced
the adsorption of N, molecules used in the S measure-
ment process [33].

An important aspect of the information about the
immobilization of pendant groups on the silica surface was
obtained through elemental analysis, which showed the
presence of 0.0102 mmol of 4-amino-2-mercaptopyrimidine
attached per gram of silica. The number of ligand molecule
was calculated taking into account the SG-BP nitrogen con-
tent (in a determined mass of modified material) and the
number of nitrogen atoms existing in a molecule of 4-amino-
2-mercaptopyrimidine.
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COLUMN OPTIMIZATION PARAMETERS

The continuous flow system parameters were optimized
based on the best Cu(ll) ion recovery rate and these condi-
tions were also applied in the concentration of Cd(ll). The
sample and eluant flow rate were investigated in a range of
1-4 mL min™ and when one parameter was under investiga-
tion the other was kept constant at 1.0 mL min™. The results
are shown in Fig. 4.
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FiGuRE 4. EFFECT OF SAMPLE AND ELUANT FLOW RATE ON THE RECOVERY OF METAL IONS

As Fig. 4 indicates, the best sample flow rate was
achieved with 1.0 mL min™, which corresponds to a recov-
ery rate of about 101%. Higher flow rates led to a decrease
in the recovery rate, which was attributed to the shorter
contact time between metal species and adsorption sites,
preventing the formation of bonds between the electron
pair donor atoms in the 4-amino-2-mercaptopyrimidine
ligand and the metal ion species. This behavior was also
observed in other published works that involved the use
of continuous flow systems [12,31].

The effect of the eluant flow rate on the metal ion
recovery rate was not significant, since 100% recovery
was attained at flow rates of up to 2.0 mL min™'. At higher
values, the recovery rate decreased due to the briefer con-
tact between adsorption sites and H* species, rendering
the protonation ineffective. To render the system easy to
use in further experiments, the sample and eluant flow
rates were kept constant at 1.0 mL min™.

The sample’s pH was investigated in the range of 1-5,
with sample and eluant flow rates kept constant at 1.0 mL
min™. The best recovery rate (about 100%) was achieved
at sample pH 5. At pH values lower than 5, the concentra-
tion of H* species becomes higher and, hence, the num-
ber of adsorption sites available to coordinate metal spe-
cies diminishes, due to the protonation process that may
occur in the ligand.

To investigate the best eluant and its concentration,
three different types of acid solutions were tested: HNO,,
HCl and HC H,0, in concentration ranges of 0.5-3.0 mol
L. The results in Fig. 5 indicate that, at a concentration of
2.0 mol L7, all acid solutions attained an effective recov-
ery rate of over 96%. However, acetic acid only attained
a recovery rate of about 100% at a high concentration of
3.0 mol L. Hydrochloric acid showed quantitative recov-
ery starting from 1.5 mol L' and could be used to elute
Cu(ll) and Cd(Il). Nevertheless, the eluant chosen for fur-
ther experiments was nitric acid because it showed a high
percentage of recovery even at the lowest concentration
(1.0 mol L"), with the advantage of allowing for the simul-
taneous elution of several elements.
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FiGURE 5. TYPE OF ELUANT AND INFLUENCE OF CONCENTRATION ON THE RECOVERY OF METAL IONS

EFFECT OF SAMPLE VOLUME

The effect of sample volume on the adsorption of
metal species on 10 mg of SG-MP was investigated by
passing sample volumes of 5-150 mL containing the same
quantity of metal ions (0.5 pg) through the column and
measuring the amount of adsorbed metal after elution.
The system parameters were the ones described previ-
ously. All the sample volumes of both Cu(ll) and Cd(ll)
resulted in a recovery rate of about 100%, indicating that
sample volumes of up to 150 mL can be concentrated in
the system, provided their metal concentrations are at
trace levels [34-36].

Cu(11) anp Co(I1) ADSORPTION CAPACITY AND ENRICHMENT FACTOR

The adsorption capacity was determined using the col-
umn system and all the aforementioned parameters. The
Si-MP adsorption capacity was calculated according to equa-
tion 1 [19]:
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where N, is the adsorption capacity, n_ is the mol number
of metal species existing in the eluate,and m,_, . is the modi-
fied silica mass used in the packed column. The experimental
data were substituted in the general equation of the modi-
fied Langmuir model presented in equation 2 [19]:

c _c 1
N N Np @
7 s

N

where C is the concentration of the solution at equi-
librium, N_is the maximum amount of metal species
adsorbed per gram of Si-mod, and b is the equilibrium
constant. The N, values for Cu(ll) and Cd(Il) calculated from
the linearization of adsorption isotherms (Fig. 6) were 6.6
and 3.8 umol g7, respectively, for Cu(ll) and Cd(ll).

N
1

Cs/N.(g L")

Cs(pumol L™

FiGure 6. Linearizep ApsorpTioN isoTHERMS For Cu(l1) anp Co(1l)

The enrichment factor was calculated by percolating
aliquots of 10.0 mL of 0.05 mg L' of Cu(ll) and Cd(ll) solu-
tions. After elution, the eluates containing 1.0 mL were
subjected to FAAS analysis. The enrichment factor of the
metals under investigation was 10.2, which is consistent
with the sample volume experiment. The enrichment fac-
tor was calculated according to equation 3 [30]:

Ec
Ef== @
f < (3)

were Ec represents the eluant concentration (1.0 mL)
and Sc represents the solution concentration/sample
concentration (before being subjected to the concentra-
tion). A comparison of enrichment factor for different type
materials are summarized in Table I.

TaLE |. COMPARISON OF ENRICHMENT FACTOR OF SEVERAL
MATERIALS APPLIED IN THE EXTRACTION OF METALS FROM WATER.

TYPE MATERIAL Mass usep () SAMeLE EHRICHMENT REFERENCE
voLume (L) FACTOR
Modified activated 0.25 250 (37]
carbon
gyt 0.04 0.10 200  [38]
amidoamidoxime
Activated carbon - 0.025 30.0 [39]
SG-MP 0.01 0.010 10.0 a
2This work

According to the values presented in Table | the enrich-
ment factor of the developed material showed a similar
enrichment factor, compared to the other materials. As this
parameter is related to the mass and sample volume sub-
jected to concentration, the enrichment factor could be
enhanced, although sample volumes larger than 10 mL were
not used due to the high percolation time necessary.

CONCENTRATION OF NATURAL RIVER WATER

After the digestion procedure, aliquots of 10.0 mL of
water were percolated through the column at 1.0 mL min-
'. The elution was also performed at 1.0 mL min™ with 1.0
mL of 2.0 mol L' HNO, solution. The procedure was carried
out in triplicate for each metal and after recovery, all eluates
were analyzed by FAAS. Table Il lists the results of the Cu(ll)
and Cd(ll) concentration in natural river water determined
directly by electrothermal atomization in the graphite fur-
nace, as well as the concentration results. The results listed
in Table Il indicate the consistency of the values obtained for
the concentration of metal species in water with and without
the use of the concentration system. To validate the method,
a certified reference material of water was subjected to a
concentration, and its results showed a direct relationship
with the values provided by the manufacturer, taking into
account the preconcentration factor provided by the con-
tinuous flow system.

TasLE I1. METAL 10N CONCENTRATIONS IN RIVER WATER
WITH AND WITHOUT CONCENTRATION

www.brjac.com.br

SAMPLE WITHOUT CONCENTRATED/ CONCENTRATED/ NON
MeTa CONCENTRATION MINERALIZED B
(o L-1)* sarte(pe L) MINERALIZED (6 L)
Copper 8.20+0.67 85.2+4.5** 71.0 £4.0%*
Cadmium 2.30£0.19 21.0£2.6* 14.1+£2.8%
SRM (pe L") SRM PC (pe L7)**
Copper 2276 031 230.0+54
Cadmium 6.568 +0.073 65.1+3.6
(*) Analyzed by GFAAS, (**) Analyzed by FAAS
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Conctusion

The two step reaction of silica with organic molecules
resulted in a hybrid material with good separation and
concentration capacity. Through the concentration system
developed a water sample can be concentrated and metal
ions present at trace levels can be determined using flame
atomic absorption spectrometry, which is an accessible
analytical technique with low cost. The developed concen-
tration system was successfully validated through certified
reference material.
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Asstract

This work represents a study of the association of zinc, cadmium and arsenic to proteins in
terrestrial plants. Two plants species (Pityrogramma calomelanos and Nephrolepis biserrata)
were collected at a site highly contaminated with to Cd, Zn and As, located in Sepetiba Bay,
RJ-Brazil. Plant samples were dried at room temperature and crushed. Then plant proteins
were extracted. The fractions were immediately injected into an hyphenated system SEC-UV-
ICP-MS, using a Superdex 200 10/300 GL column. The results showed an association of zinc,
cadmium and arsenic to three proteins with molar mass ranges of 94.7 + 0.2 kDa (present in
P, calomelanos); of 31.6 + 2.6 kDa and of 20.2 + 0.6 kDa (in both plant species). Moreover, the
results also showed that zinc, cadmium and arsenic are preferentially associated to a protein
whose molar mass is close to superoxide dismutase - SOD (32 kDa), normally associated with
oxidative stress processes. In both species the arsenic also shows association to a protein
whose molar mass is close to that of dehydrins (19 and 24 kDa), which are produced by plants

PHONE: +55-21- 2636-3301
E-MAIL ADDRESS:
bacellarmel@hotmail.com

under conditions of high salinity in dry environments.

Kevworos: plants, proteins, metals, SEC-UV-ICP-MS.

INTRODUCTION

The determination of chemical species present in
low concentrations in living cells is extremely important,
since small variations in their concentrations determine
the essentiality or toxicity of the species[1,2]. Heavy met-
als, at high levels, affect plant growth, nutrient uptake and
metabolism[2].

Several studies have been made in order to identify
plants which can be used for phytoremediation. This tech-
nology uses plants that are able to accumulate metals in
order to clean up the environment. Even though most
of the plants are capable of accumulating metals, only a
small number of species is considered hyperaccumula-
tors. According to the literature[3], metal concentrations
in plants above 500 mg kg indicate hyperaccumulation
capability.

Studies involving the relationship of metals and oxida-
tive stress have carried out and the authors concluded that
the induction of oxidative stress is the main process under-
lying metal toxicity in plants[4,5,6,7].

Singh et al. (2006)[5] studied arsenic-induced oxidative
stress in two ferns, one hyperaccumulator (P vittata) and
another a non-hyperaccumulator specie (P. ensiformis). In
this study plants were cultivated in vitro in a nutrient solu-
tion containing 133 and 267 mmol As L. P vittata accumu-
lated 2.4-2.8 times more arsenic than P ensiformis in the
fronds after 1 day exposure, and the difference increased

to 10-19 times after 5- and 10-days exposures. Proteins, lip-
ids peroxidation, chlorophyll, total carotenoids, glutathione
and ascorbate were determined, and changes in these con-
centrations explained why P vittata is an As hyperaccumu-
lator and P ensiformis isn't. Concentrations of glutathione
and ascorbate, which are known to combat oxidative stress,
increased at rates higher for P vittata than P.ensiformis,
showing that the antioxidant defense system in P vittata is
more effective.

According to Bidar et al. (2007)[8] different plant spe-
cies, Trifolium repens and Lolium perenne, can exhibit differ-
ent behaviors in soil polluted with Cd, Pb and Zn, L. perenne
being more affected by metal-induced oxidative stress than
T repens. In this study two sites were used, one unpolluted
environment, distant of about 20 km from the polluted area.
The polluted site was situated at 200 m from a closed smelter
on former agricultural land. The unpolluted site was defined
as control. The plants were cultivated at these sites. The
results show that the T repens species accumulates until 1301
+ 55 mg kg'of Zn, 1222 + 150 mg kg™ of Pb and 25.86 + 0.9
mg kg™ of Cd from the polluted site. Moreover, this species
shows lowh oxidative damage than L. perenne, suggesting
that T. repens would be more suitable for phytomanagement
than L. perenne. In this study the superoxide dismutase (SOD)
level in plants was also determinated and the authors con-
cluded that SOD has been delineated to be one of the most

www.brjac.com.br



Melendez et al.

important members of enzymatic antioxidant defenses.

It is well known that plants submitted to high metal
concentrations can show induced oxidative stress and
increased levels of superoxide dismutase in the cell com-
partments. Oxidative stress is closely related to metal levels
and to plants species[8].

Metals such as copper, zinc and manganese are related
to the enzymatic oxidative stress defense system. Oxidative
stress occurs when there are serious imbalances in some
compartments of the cells between the production of reac-
tive oxygen species (ROS) and antioxidant defense. ROS in
plants are produced mainly in mitochondria and also in
the chloroplast. Because reactive oxygen species can dam-
age proteins, lipids and DNA, anti oxidant enzymes act in
defense against oxidative stress[8,9]. The superoxide dis-
mutase is a metalloenzyme crucial in defense against reac-
tive oxygen species, as it acts in the removal of superoxide
radical. The metalloenzyme plays an essential role in pro-
tecting the cell against harmful effects of oxygen radicals.
The form that contains copper and zinc, called copper and
zinc dependent superoxide dismutase (CuZnSOD), is very
stable and seems to be present in virtually all eukaryotic
cells (plants or animals). The CuZnSOD has a molar mass of
32 kDa and consists of two identical protein subunits, with
one atom of copper and zinc in each[9,10].

Another factor that interferes in the development of the
plantis drought.There are several factors responsible for plant
adaptation to dry conditions; however, dehydrins develop
an important role in these cases. Dehydrins correspond to
a family of hydrophilic proteins, with a wide range of molar
masses ranging from 9 to 200 kDa, accumulated in various
plant species in environmental conditions of drought, cold
and salinity[11]. In cultured Cynodom dactylum, a species of
grass, Longxing Hu et al. (2010)[11] found six dehydrin spe-
cies, with molar masses of 74, 40, 31, 24, 19 and 14 kDa.

The presence of these protein-associated metals is
closely linked to environmental factors. Thus the aim of
work was to characterise As, Zn and Cd species in P calo-
melanos and N. biserrata growing in a highly contaminated
area in order to provide some insight into the mechanisms
involved in metal tolerance by plants species.

MeTHoboLoGY

2.1 STuby AREA

Sepetiba Bay is a semi-enclosed bay of 519 km?, situ-
ated 60 km from Rio de Janeiro city. It has the second larg-
est area of mangroves in the State of Rio de Janeiro and
is where most of the industrial and domestic effluents are
drained. The industrial park in Sepetiba Bay contains diver-
sified companies in various industries. Among them metal-
lurgical and chemical industries are of greatest relevance
for potential metal contamination[12,13].

Metalworking began production of Cd and Zn in
1974. As raw material, this industry used the calamine
(anSiOS(OH)z) or willemite (Zn SiO,). The production pro-

cess was based on the solubilization of the minerals, fol-
lowed by the precipitation of undesirable metal and, finally,
metal electrodeposition[14]. Also according Barcellos[14],
this industry used about 2,000 tons year' of arsenic during
the purification step and only 11 t year” (0.6% of total used)
were recovered from the tailings. Moreover, from 2 to 7% of
waste was composed of by zinc.

2.2 SAMPLING AND SAMPLE PREPARATION

Two plant species (Pityrogramma calomelanos and
Nephrolepis biserrata) were collected at two sampling
points: along a drainage channel (DC) and in a waste pile
(WP). They were packed separately into paper bags and
transported to the laboratory. Immediately, the samples
were washed several times with deionised water (Milli-Q,
specific resistivity: 18 MQ cm) and air-dried. Microscopic
inspection of plant surfaces did not show any visible depos-
its of solid matter. A composite sample from each group of
four samples was prepared by mechanically grinding all of
them, using a stainless steel grinder, and then by careful
homogenisation of the powder. These composite samples
were stored in clean polyethylene tubes and kept in the
freezer (-4 °C) until analysis.

2.3 TOTAL ELEMENT DETERMINATIONS

Aliguots of 500 mg (n = 4) of each composite plant sam-
ple were digested with 6 mL of HNO, (twofold sub-boiled)
using closed 50-mL graduated polypropylene tubes placed
in a heating block at 90 °C for 12 hours. After cooling, 3 mL
of H.O, (Merck Suprapur®, 30% v/v) were added and diges-
tion continued for further 3 hours. The sample extract was
then completed to a final volume of 10 mL and centrifuged
to separate a small insoluble portion. This insoluble frac-
tion was not considered in the further results. The total As,
Zn and Cd determination was performed by ICP-MS (ELAN
6000, Perkin Elmer Sciex). The validation of this technique
was tested by the use of a standard reference material of
tomato leaves (SRM 1573a NIST).

2.4 EXTRACTION PROCEDURE

Aliquots of 400 mg (n=3) of each composite plant
sample were used for protein extraction in three sequen-
tial steps, modified from reference[15]. The extraction pro-
cedure consisted of 3 steps: Step 1 (E1) - 10 mmol/L Tris-
HCl (pH=7.4) for removal of aqueous complexes located in
cytoplasm and vacuoles; Step 2 (E2) - 1% solution of SDS
in 10 mmol/L Tris-HCl (pH=7.4) for hydrophobic protein
removal, and Step 3 (E3) - 10 mmol/L Ammonium acetate
solution (pH=4.6) for removal of small organic acids of low
molar mass. The extraction procedures were performed
with 10 mL of extracting solution under agitation during 1
h, followed by centrifugation for 40 min (12000 rpm) at 5 °C,
in the same vessel, in sequence.

In order to investigate extraction efficiency, an aliquot
of the extracts obtained were digested with HNO, using
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the same procedure described in section 2.3. The deter-
mination of total element concentrations in these extracts
was performed by ICP-MS. The extracts were diluted 100
times before the determination.

2.5 QUALITATIVE CHARACTERIZATION OF THE EXTRACTS

For this study a chromatographic system composed of
an isocratic pump, LC-200 (Perkin Elmer, NY,USA), a Superdex
200 10/300 GL SEC column (Tricorn, GE-Healthcare Bio-Sci-
ences, Sweden), a UV/VIS detector (Perkin Elmer) for moni-
toring macromolecules and ICP-MS (ELAN 5000A, Perkin-
Elmer-Sciex, NY,USA) detector for monitoring As-75, Cd-114
and Zn-64 were used. The extracts obtained (section 2.3)
were immediately injected into this hyphenated system. The
column calibration was performed with the following molar
mass markers: chymotrypsinogen (21.6 kDa), ovalbumin (45
kDa), bovine albumin (66 kDa) and blue dextran (2000 kDa).
The operational parameters are shown in Table I.

TasLe . THe Superpex 200 10/300 GL 0PERATIONAL PARAMETERS

SEPARATION RANGE 100 - 600 kDa
a -1 .
Mobile phase 30 mmol L'TRIS, 10 mmol L Nadl; pH
74
Injection volume 100 pL
Flow rate 0.8 mL/min
Total exclusion limit
(determine by blue 10.3 min (2000 kDa)
dextran)
REsuLTSs AND DISCUSSION

To evaluate the methodology, including acidic diges-
tion of the samples and Zn, Cd and As determination by
ICP-MS, a standard reference material (SRM 1573a NIST,
USA) was analysed. Appropriate recoveries were obtained,
ranging from 92.2 to 118% with similar repeatability to that
reported by NIST, thus validating the employed methodol-
ogy (Table ll).

TasLe I1. AVERAGE CONCENTRATION (MG G), STANDARD DEVIATION (N=4)
AND ANALYTICAL RECOVERY (%) OF THE ELEMENTS IN STANDARD REFERENCE MATERIAL
ANALYZED BY ICP-MS.

ELEMENT IN () As
This study 285+0.5 1.80£0.03  0.128 £0.021
SRM 15732 Certified
(tomato 30.9+0.7 1.52+£0.04 0.112+0.004
value
leaves)
Recovery 922 18 14

The results obtained for total Zn, Cd and As concentra-
tions in plants species, as well as after protein extraction,
are shown in Table Ill. In general it can be seen that P, calo-
melanos presents higher Zn, Cd and As contents compared
to N. biserrata. P. calomelanos belongs to the same order

(Pteridales) as Pteris vitatta, which is recognised world-wide
as a species that hyperaccumulates As[16].

When compared to the total Zn, Cd and As concen-
trations in the plant species (Table Il) it can be seen that
approximately 60% of As, 10% of Zn and 6% of Cd in P
calomelanos specie is extractable, regardless of their con-
centrations. In general, N. biserrata showed higher metals
extraction efficiency (60% of As, 19% for Zn and 15% for
Cd). It also shows that the main portion of total metals is
extracted with 10 mmol/L Tris-HCl (pH=7.4, E1) from both
plant species. The results on As extraction efficiency are in
agreement with data from the literature[17, 18].

TasLe I11. ToTAL AVERAGE CONCENTRATIONS, STANDARD DEVIATIONS (N = 4) AND TOTAL
CONCENTRATIONS IN EACH EXTRACT (MG ") OF THE ELEMENTS ZINC,
CADMIUM AND ARSENIC IN FOUR PLANT SAMPLES.

SAMPLE I NEPHROLEPIS BISERRATA
CALOMELANOS
DC wp DC WP
Total 2128+66 6294+363 565+33  3845+198
I Extract 1 174 328 69.6 578
Extract 2 51,6 168 18.6 146
Extract 3 371 75.0 1.1 63.0
Total 128+39  508+21 237£09 58.0+29
o Extract 1 3.26 1.29 2.36 5.26
Extract 2 2.16 1.66 0.819 2.17
Extract 3 1.68 0.704 0.538 1.13
Total 271+47  510+32  264+58 367+27
As Extract 1 854 202 7.60 237
Extract 2 278 789 1.95 13.2
Extract 3 266 35.8 1.22 5.35

Note. (DC): drainage channel and (WP): waste pile.

Even though the extraction efficiencies of Zn and Cd
were low, the extracts of the P calomelanos species were
submitted to chromatographic analysis on the Superdex
200 column, in order to characterize those proteins that
were associated to the metals. The retention times obtained
for the peaks were used to identify the molar mass range of
the proteins. The results are shown in Table IV.

TasLE IV, AVERAGE RETENTION TIMES, STANDARD DEVIATIONS (N=6) AND MOLAR MASS
RANGES OF PROTEINS ASSOCIATED WITH METALS.

PITYROGRAMMA CALOMELANOS NEPHROLEPIS BISERRATA
Peak Betentiqn molar mass Peak Betentign molar mass
time (min) range (kDa) time (min) range (kDa)
1 10.2£0.02 94.5-94.9 1 10.5+03 91.1-95.4
2 239+1.0 28.9-342 2 21.8+006  37.5-37.1
3 29.4+04 19.6-20.8 3 251+£1.0 26.3-31.1

It can be seen that the qualitative composition of P calo-
melanos in the drainage channel (Figure 1) presents two
predominant protein peaks (2 and 3) in the UV-VIS chro-
matograms, whose retention times coincide with the ones
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also shown by As in the chromatograms obtained by ICP-
MS. These peaks are also present in extracts E2 and E3 (not
shown). Moreover, these extracts (E2 and E3) present another
peak (peak 1) that is not associated to any element of this
sample. Peak 1, whose molar mass range is of 94.7 + 0.2 kDa
(Table IV), presents an elution volume close to the exclusion
limit which make it difficult to characterize. Peak 2, whose
molar mass range is 31.6 + 2.6 kDa (Table V), characteristic
of superoxide dismutase - SOD (32 kDa), is mostly associated
to As. Peak 3 has a molar mass range 20.2 + 0.6 kDa (Table
IV), that resembles the molar masses of dehydrins (19 and 24
kDa according to literature)[20].
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FiGURE 1. CHROMATOGRAPHIC ANALYSIS OF SAMPLE EXTRACT 1 (ET) P. cALOMELANOS, DRAINAGE CHANNEL.
Upper Ficure: UV-VIS DETECTOR, MONITORING MACROMOLECULES; LOWER FIGURE: ICP-MS DETECTOR
MONITORING THE ISOTOPE INDICATED.

The qualitative composition of P calomelanos in the
waste pile (Figures 2, 3 and 4; E1, E2 and E3, respectively)
for proteins is similar to that obtained for the same species
in different locations, showing three protein peaks (1, 2
and 3) in the UV-VIS chromatogram, at the same retention
times as those of peaks obtained for the drainage chan-
nel. Again, arsenic is associated to peak 2 and 3 in extracts
E1, E2 and E3. However, Zn also showed association with
peaks 1and 2 (Figures 2, 3 and 4). The Zn presence associ-
ated to proteins in this sample site can be understood due
to the higher concentration of total Zn (Table Ill), as the
waste pile has high contents of Zn. Moreover, it can be
seen in Figure 3 that peak 1 is associated to the presence
of Cd. Itis important to note that the specie P calomelanos
demonstrated quite different behavior between the two
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FiGURE 2. CHROMATOGRAPHIC ANALYSIS OF SAMPLE EXTRACT 1 (E1) P. caromeLanos, WASTE PiLE. UPPER
FIGURES: UV-VIS DETECTOR, MONITORING MACROMOLECULES; LOWER FiGUREs: ICP-MS DETECTOR
MONITORING THE ISOTOPES INDICATED.

sampling sites with respect to the association of these
metals with proteins. Zn and Cd association with protein
was higher in the drier environment (waste pile), which
probably promotes greater oxidative stress in plant cells.
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It is also important to observe the significant association
of Zn (Figure 2) with peak 2, with the mass range of SOD,
the protein naturally associated with Zn and related with
oxidative stress.

Even considering its lower concentration Cd shows (Fig-
ure 3) an association with peak 1 whose molar mass range
is 94.7 + 0.2 kDa, too close to the column exclusion limit to
be identified. Zn also shows an association to this protein.

01
0.08 f|

0.06 l

AbsOrvance

0.04 \ | ..

0.2 | ; i

3.ED5

205 |

Intensity (cps)

1.E+D5

Time (min)

B.E+05

6.E+05 ‘ |

Imensiy (cps)

4.E+05 | |
|

2 E+05

0E-00 E= ==

3E«03

Cd

2E«03

Intensity (cps)

1.E+03

0.E+00

Time (min) 30

FiGuRE 3. CHROMATOGRAPHIC ANALYSIS OF SAMPLE EXTRACT 2 (E2) P. catomeLanos, WasTE PILE. UPPER
FiGUREs: UV-VIS DETECTOR, MONITORING MACROMOLECULES; LOWER FiGUREs: ICP-MS pETeCTOR
MONITORING THE ISOTOPES INDICATED.

0.1 2
i
l
0.08 . [
o ! |
2 006 l I|
£ I | i
0.04 \ Al
= [\ f
[ s
002 | J ] .-
0 : -
0 10 20 Tme(mn) 39
3.E+D4
Zn
2
2.E+04
- I
2 2E04 '
g i |I \
E Vas [\ "
1.E404 v NN/ A N—
5.E+03
0 10 20 Tme(mn) 30
9.E+05
As ﬁ
T 6.E«05
S
o
£
: |
= 3.E+05
3
0.E+00 = (WAN
0 10 20 Time (min) 30

Figure 4. CHROMATOGRAPHIC ANALYSIS OF SAMPLE EXTRACT 3 (E3) P. CALOMELANOS, WASTE PILE.
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The N. biserrata species in the drainage channel showed
low metal concentrations that were not associated to pro-
teins. Regarding the N. biserrata species in the waste pile it is
interesting to point out that although the Cd concentration
was too low, this element clearly showed association with
peak 2 (Figure 5), whereas P calomelanos showed larger Cd
association to peak 1, which indicates different responses
from different plant species for the same element, which
has also been observed in previous studies[8].

It can be seen that As and Zn are mostly associated to
peak2, whose molar mass range is 31.6 =+ 2.6 kDa, character-
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istic of superoxide dismutase - SOD (32 kDa), an antioxida-
tive enzyme found in many plants[19,9].

This shows that, besides the production of phytochela-
tins, substances which are widely known in detoxification

mechanism in plants, there still may be other defense
mechanisms involving proteins, which depend on the envi-
ronmental condition of the plants.

ConcLusions

The results showed that total Zn, As and Cd levels in
plants and in each extract depend on the plant species and
that the protein associations are more depend on plant
location than on species. It also showed that plants have
different tolerance mechanisms to cope with the presence
of metals.

Although the use of complementary techniques for
protein identification was not possible, the preliminary
results of this research clearly shows that these plant
species developed defense mechanisms to adapt and to
survive in a highly contaminated, dry and saline environ-
ment, since they did not present phytotoxicity symptoms.
These mechanisms seem to be related to oxidative and
hydric stress.
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AgsTract

Diffusive gradients in thin films (DGT) were used for characterization of the lability of metal-
lic species in synthetic natural waters. We investigated the possibility of using an alternative
low cost binding phase based on montmorillonite (MT) in DGT devices to determine labile
fractions of Cu?*, Cr**, Cd*", Mn?%, Ni*, Pb?*, and Zn*" in natural waters. Evaluation of the appli-
cability of montmorillonite for use in DGT devices was performed for metallic species under
similar conditions to those found in freshwaters. The percentage of sorption and desorption
obtained ranged from 78 + 5% to 100 + 2% for the elements studied, indicating that MT exhib-
ited excellent sorption and desorption properties for all elements. DGT devices with mont-
morillonite were evaluated by recovery tests, with results ranging from 91 + 6% to 103 + 6%,
being considered satisfactory. The lability of elements in model systems was comparatively
evaluated using conventional DGT and MT-DGT devices. Both devices remained between 24
and 72 hin synthetic freshwater samples. The results obtained with both conventional and
modified DGT devices showed no statistically significant differences, with 95% confidence.
The labile fraction of elements decreased with time, indicating that kinetics is a relevant factor
to be considered in studies of speciation. It can be concluded that the MT-DGT devices can be
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used satisfactorily in determination of labile species of various elements in natural waters.

Keywords: speciation, trace elements, montmorillonite, DGT

1. Introduction

Many trace metals are micronutrients to living organ-
isms, but can become toxic at higher concentrations; oth-
ers are highly toxic to various life forms [1]. Regardless of
their role, the bioavailability and toxicity of elements is
related to their chemical form, i.e,, their speciation [2,3].

Trace metals can be present in aquatic systems and
distributed between different physicochemical forms or
species when dissolved, ranging from free hydrated ion to
inorganic and organic complexes, as well as in the partic-
ulate form [1,4]. Among these forms, labile species — free
metal ion and reversible complexes — have been observed
to be the bioavailable ones [5]. Therefore, there is a direct
relationship between the speciation of elements and
their biovailability, dymanics, mobility and toxicity [6]. As
a result, speciation studies can provide information about
the potential ecotoxicological impact of metals on an
environment.

A variety of methods have been used and proposed
for the speciation analysis of metallic species in aquatic
systems, such as electrochemical, chromatographic and,
chemical equilibrium models, among others [3]. However,
dynamic metal speciation analysis can be required

because natural waters are recognized as mutable and
equilibrium conditions are often not achieved [7].

The technique of diffusive gradients in thin films (DGT)
has been used for dynamic metal speciation analysis in
aquatic systems, taking into account kinetic features and
the interconversion of different species [7,8]. Since its
invention in the mid-1990s by Davison and Zhang, DGT
is an approach for in situ determinations of labile metal
species in natural waters [9]. DGT rely on diffusion of ele-
ments through a layer and accumulation on a binding
agent (ion-exchange resin). In general, the advantages of
DGT include in situ deployment, dynamic speciation capa-
bilities, concentration, detectivity, time-integrated signal
and minimization of sample contamination during sam-
pling and handling.

Traditional DGT devices comprise a filter membrane
(045 um), a polyacrylamide hydrogel as diffusion layer
and a Chelex-100 resin impregnated hydrogel as a bind-
ing agent. During the deployment of the DGT devices in
aquatic environments, the filter membrane isolates the
hydrogel surface from solid particles in the water. Labile
metals diffuse across the gel layer and are continuously
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accumulated, providing an in situ concentration of ele-
ments on the resin. The accumulated species are quanti-
fied in the laboratory and used to calculate the labile con-
centrations using Fick's law of diffusion [10,11].

DGT devices with other binding agents have been
developed to measure various analytes [12,13]. For exam-
ple, Fan et al. [13] used sodium polyacrylate as binding
phase in DGT devices for the measurement of Cu and
Cd in waters. In several cases, other materials have been
impregnated in the polyacrylamide hydrogel. Chang et al.
[14] used AG50W-X8 cation exchange resin for the deter-
mination of Cs and Sr. Zhang et al. [15] studied Fe-oxide for
sampling phosphates. Ammonium molybdophosphate
was used in DGT devices in order to measure radiocesium
[16]. In addition, Menegario et al. [17] described the use of
Saccharomyces cerevisiae immobilized in agarose gel as a
new binding agent for DGT.

Clay minerals such as montmorillonite are widely used
for various technological developments and numerous
studies have demonstrated the efficiency of these materi-
als in the sorption of metal species [18,19]. Thus, clay min-
erals may be appropriate in DGT sensors because these
sorbents have low cost, wide availability, little use in ana-
lytical applications as well as high ion exchange capacity.

An alternative binding phase of low cost based on
montmorillonite (MT) was investigated and applied as a
sorbent in DGT devices (MT-DGT) in this work. Evaluation
of the applicability of montmorillonite in DGT devices was
performed for Cu?t, Cr**, Cd*, Mn?, Ni*, Pb?, and Zn?*
under conditions similar to those found in freshwater. The
new MT-DGT devices were developed and evaluated by
recovery tests and application in synthetic river water.

2. Experimental

2.1. REAGENTS AND APPARATUS

All reagents were of analytical grade or better and all
solutions were prepared with ultra-pure water (Milli-Q,
18 MQ cm). The standard solutions of Cu?t, Cr**, Cd*,
Mn?+, Ni?*, Pb?, Zn?*, and Y* were prepared by dilution
of standard stock 1000 mg L' (AccuStandard) solutions.
DGT polyacrylamide hydrogel diffusion layer, Chelex-100
impregnated hydrogel as binding phase, and nylon DGT
holders were purchased from DGT Research Ltd [20].
Cellulose nitrate membranes, 0.45 um (Sartorius), were
used in the DGT devices. K-10 montmorillonite (MT) was
supplied by Aldrich.

The determination of all metals was carried out by
inductively coupled plasma optical emission spectros-
copy (ICP OES) with a Thermo Scientific iCAP 6500. The
instrumental conditions were: RF power 1150 W; argon
nebulization flow rate 0.2 L min’'; argon main flow 12 L
min'; argon auxiliary flow 0.5 L min'; axial mode for torch
configuration. Measurements of Cu?, Cr**, Cd**, Mn%,
Ni%*, Pb#*, and Zn%* were carried out at 324.754; 283.563;
241.439; 257.610; 231.604; 220.353; and 213.856 nm,

respectively. Analytical curves were prepared with 0.10
mg LY as internal standard and its signal was measured
during all the experiments at 324.228 nm. The analytical
curves were from 0.001 to 1.0 mg L' for Cu?, Cr**, Cd*,
and Mn?. For Ni** and Pb?*, the range was from 0.002 to
1.0 mg L' and for Zn?* it was from 0.005 to 1.0 mg L.

The limit of quantification (LOQ) determination fol-
lowed the recommendations of INMETRO [21]. According
to this reference the LOQ is considered as the lowest con-
centration of an element than can be determined with an
acceptable level of accuracy. In this work, LOQ for all ele-
ments was determined as the lowest concentration that
was able to present an analytical signal greater than the
one for the analytical control. The LOQ for Cu?, Cr**, Cd*,
and Mn?* was 1.0 ug L. The LOQ for Ni** and Pb?* was 2.0
ug L. Finally, the LOQ for Zn?* was 5.0 ug L.

2.2. MONTMORILLONITE AND MEMBRANE TREATMENT

Montmorillonite was treated with 1.0 mol L' HNO,
at room temperature to remove inorganic impurities.
After the acid treatment, the MT was washed with Milli-Q
water and then saturated with 1.0 mol L' NaNO, in order
to obtain Na* homoionic MT. Solids were sieved using a
330 mesh plastic sieve. 1.0 mol L' HNO, was passed under
vacuum through 0.45 um pore size cellulose nitrate mem-
branes to remove inorganic impurities. The membranes
were subsequently rinsed thoroughly with Milli-Q water.

2.3. EvALUATION OF THE APPLICABILITY OF MT As soRBENT IN DGT DEvICES

Sorption and desorption tests were conducted to
assess the applicability of montmorillonite as sorbent in
DGT devices. Cu?t, Cr3, Cd?*, Mn?*, Ni#, Pb*, and Zn**
were used under similar conditions to those found in fresh
waters.

The sorption studies were performed using a batch
method and without stirring in which 2.0 g L' of MT were
equilibrated with standard solutions of metals, providing
total concentrations of elements between 10.0 and 20.0
hg L'in 20 £ 5 °C [22]. The pH and ionic strength of the
suspensions were adjusted at 7.0 + 0.5 and 0.01 mol L
NaNO,, respectively. After 24 h, the suspensions were cen-
trifuged and the concentrations of metals remaining in
solution were determined by ICP OES.

Immediately after the sorption tests, the solid phase
obtained from the centrifugation was equilibrated with
1.0 mol L' HNO, for 24 h. The suspensions were centri-
fuged and the liquid phase was analyzed by ICP OES.

2.4, PREPARATION AND PERFORMANCE EVALUATION OF MT-DGT pEvices

A disc (2.5 cm diameter and 0.05 cm thickness) was
prepared with 0.2 g of montmorillonite, previously dried
at 80°C, using a membrane filter as support in order to
assemble DGT sensors. The disc was placed over the
base of the conventional holder and it was protected
by another layer of membrane filter. Carefully, a poly-
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acrylamide hydrogel diffusion layer of 0.08 cm thickness
and a cellulose nitrate membrane were arranged on the
top of the sorbent layer, respectively. Next, the cap was
placed to seal the components of the device. DGT units
were stored in clean plastic bags containing drops of 0.01
mol L' NaNO, solution and these bags were stored in the
refrigerator (4 °C).

MT-DGT devices were deployed in well-stirred aque-
ous solutions containing 1.0 mmol L' and 10.0 mmol L' of
NaNO,, 15.0 and 20.0 ug L of each of Cu**, Cr**, Cd**, Mn™",
Ni?*, Pb?*, and Zn** at pH 7.0 to evaluate the performance
of MT-DGT devices. Triplicate DGT sensors were exposed
to the test solution for 12 h and 24 h at room temperature
(20 + 5 °C). After exposure, 1.0 mol L' HNO, was used to
desorb the accumulated species for 24 h. The suspensions
were centrifuged and the liquid phase was separated and
analyzed by ICP OES. The masses of metals (M) in MT were
obtained using equation 1 [10].

JM = CL‘ Vac'f{.f /fe (1)

where C,is the concentration of eluted metals, V. s
the volume of HNO, added for desorption and £ is the elu-
tion factor. The concentration of labile species measured
by DGT (C,..) was calculated using equation 2 [10].

DGT)

Cpor =M .ﬂ\.ng At (2)

where Ag is the thickness of the diffusive phase, D is
the diffusion coefficient of the species in the hydrogel, t
is the deployment time and A is the exposure area (3.14
cm?). The values of Ag and D used in this study were those
recommended by DGT Research Ltd [20].

2.5. DETERMINATION OF LABILE SPECIES IN THE MODEL SYSTEM EMPLOYING

convenTioNAL DGT ano MT-DGT pevices.

Both types of devices were deployed in 10 L well-
stirred synthetic freshwater at pH 7.0 with known compo-
sition of metallic species, cations, inorganic and organic
ligands. Enrichment with metals to simulate a river sample
was performed after 24 h of sample preparation. The com-
position of the synthetic sample is shown in Table | [22].

Triplicate DGT and MT-DGT units were exposed to the
model solution for 24 h and 72 h after sample preparation
atroom temperature. After exposure, the metals were des-
orbed with 1.0 mol L HNO, for 24 h. The suspensions from
the desorption experiments were centrifuged and the lig-
uid phase was analyzed by ICP OES. For any DGT device,
the mass accumulated is related only to the labile species,
so it is the sum of the contributions from free metal, both
labile inorganic metal complexes and labile small organic
metal complexes. The concentration of labile species
measured by DGT (C,_) was calculated using equations
1 and 2, assuming that the diffusion coefficient (D) of a
simple labile metal (free and labile inorganic species) also
applies to the labile organic species [2].

TasLE |. COMPOSITION OF THE SYNTHETIC FRESHWATER.

ConcenTRaTIoN (M6 L)

ELEMENT

InmiaL AFTER 24 H
Cu? 0.010 0.015
Cr3* 0.012 0.020
Cd* 0.010 0.020
Mn2* 0.005 0.015
Niz* 0.010 0.015
Pb2* 0.015 0.035
Zn* 0.020 0.040
Ca* 26.0 26.0
Na* 6.2 6.2
K* 11.0 11.0
Mg?* 74 7.4
co> 56.0 56.0
NO, 2.1 2.1
SO 13.0 13.0
cr 8.7 8.7
EDTA 0.25 0.25
Humic Acid (HA)* 2.0 2.0
Fulvic Acid (FA)* 0.15 0.15

* HA: Aldrich, FA: IHSS standard

3. REsuLTS AND DISCUSSION

3.1. AppuicasiLiTY oF MT As soRBENT PHASE IN DGT pEvicEs

The knowledge of sorption and desorption character-
istics of metals on/from montmorillonite was important
to determine the capacity and applicability of this sorbent
in DGT sensors. Indeed, the term “sorption” encompasses
adsorption, retention, absorption, surface precipitation
and fixation processes. Figure 1 shows the average per-
centage of sorption and desorption of Cu?", Cr**, Cd*,
Mn?*, Ni**, Pb?*, and Zn?* on/from MT.

120

100

80 _I_
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Ficure 1. SorPTION (GRAY) AND DESORPTION (WHITE) OF METALS ON/FROM MT. BARS REPRESENT THE
STANDARD DEVIATION. SORPTION WAS EVALUATED WITH MULTI-ELEMENT SOLUTIONS CONTAINING 10.0 AND
20.0 m6 L or Cu?*, Cr3*, Co?*, MN?*, Ni>*, P82*, anp Zn?*, pH 7.0 anp 0.01 mot L™ 1oNic
STRENGTH. 1.0 moL L HNO3 WAS USED AS EXTRACTOR IN THE DESORPTION TEST.

www.brjac.com.br



Dos Anjos et al.

Figure 1 indicates that the sorption of metal species on
montmorillonite was effective, ranging from 78 + 5% (Cr)
to 97 + 2% (Cu), suggesting an almost complete retention
of most species on MT. Thus, montmorillonite has a high
efficiency to remove metallic species from the solution
under conditions normally found in natural waters, espe-
cially regarding the presence of a wide range of elements
and concentrations near pg L'. Numerous studies have
demonstrated the efficiency of clay minerals for the sorp-
tion of metallic species. However, such studies describe
the sorption results for single or few species usually at mg
L' concentration [19,23].

Figure 1 also presents the desorption percentage of pre-
viously sorbed elements from MT that was performed with
an acidic solution as extractant. The desorption percentage
ranged from 90 + 1% (Cr) to 100 + 2% (Zn), indicating that
a single extraction with 0.1 mol L' was sufficient for the
recovery of all metallic species with high efficiency. Zhang
and Davison [10] showed that the elution efficiency was
80% for Chelex 100. As a result, the elution factor (f) was
considered to be 0.8 for this binding phase in conventional
DGT devices. Despite the great number of studies related to
the metal retention process onto clay minerals, it is recog-
nized that studies involving the desorption behavior from
these sorbents are quite limited [24].

From Figure 1 it is possible to observe that montmoril-
lonite exhibited satisfactory sorption and desorption
properties for the seven elements studied. Moreover MT
can be regenerated and reused as sorbent. Thus, mont-
morillonite can be strongly supported as an alternative
sorbent phase in DGT devices.

3.2. PerFORMANCE EVALUATION oF MT-DGT pEvices
The MT-DGT performance was assessed with recovery
tests. MT-DGT measurements of labile metal concentra-

tion (CDGT) were performed with aqueous solutions con-
taining the aforementioned metallic species and NaNO,

at pH 7.0, as shown in Figure 2.
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FiGure 2. RECOVERY TESTS PERFORMED IN THE VALIDATION OF MT-DGT pEvices. GRav ars: 5.0 m L
oF EACH ELEMENT, PH 7.0, 1.0 mmoL L™ NaNO, anp 24 H oF conact Time. WHITE BaRs: 10.0 Mg
L or eact eLement, PH 7.0, 10.0 mmoL L NANO3 AND 12 H OF CONTACT TIME. THE BARS REPRESENT
THE STANDARD DEVIATION.

Figure 2 shows the results for tests carried out under
different experimental conditions for the evaluation of
MT-DGT devices. Recoveries ranged from 91 + 6% to 103
+ 6% for all species and can be considered adequate.
According to the literature recoveries greater than 90 +
10% are desirable when conventional DGT devices (Chelex
100 as binding phase) are used [20].

These results demonstrate that MT-DGT devices are
suitable for determination of labile metallic species in
aqueous media.

= 24

- 1(A)

2

C

k)

2 16

=

C

C 12

C

(@]

) 8-

s

(0]

= 4

w

3 od |
8 Gw G & M N Pb Zn

= 24

é‘ |(B)

- 20= =
C

kel

)

5 8

)

[

]

U]

[

(o]

Yo

8

(0]

=

o

o) 04

3 (u &G G M N Pb Zn

FiGURE 3. LABILE METAL CONCENTRATION IN A MODEL SYSTEM USING DGT (GRaY) AND MT-DGT (wHITE) DEVICES AFTER 24 H (A) AND 72 H (B). THE BARS REPRESENT THE STANDARD DEVIATION.
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3.3. DETERMINATION OF LABILITY OF TRACE ELEMENTS WITH CONVENTIONAL DGT

AND MT-DGT pevices.

Lability of Cu?*,Cr3*, Cd?", Mn?*,Ni?*, Pb?*,and Zn*"in syn-
thetic freshwater was comparatively evaluated using con-
ventional DGT and MT-DGT. Both devices were immersed
in the sample, and removed after 24 and 72 hours to assess
the association kinetics between metal ions and ligands in
the sample.

Figure 3 shows the average labile concentration for
metallic species in the synthetic freshwater obtained with
conventional DGT and MT-DGT devices. For 24 h device
deployment (Figure 3A), the concentrations of metals mea-
sured using DGT and MT-DGT ranged from 3+ 1to 19+ 1
pg L'and 3.9+ 0.2 to 19.1 £ 0.7 pug L', respectively. For 72
h device deployment, the concentrations of metals mea-
sured using DGT and MT-DGT ranged from 0.05 + 0.005 to
44+ 06 ug L"and 0.05 £ 0.005 to 4.0 + 0.1 pug L', respec-
tively. Furthermore, it can be observed in Figures 3A and
3B that the repeatability of measurements with both DGT
devices can be considered adequate. For 24 h, the relative
standard deviation (RSD) ranged from 2% (Cr) to 33% (Ni)
and 1% (Cu) to 9% (Mn) for DGT and MT-DGT, respectively.
For 72 h, the RSD values for DGT and MT-DG ranged from
1% (Pb) to 33% (Cu) and 1% (Pb) to 10% (Mn), respectively.
Statistical analyses (F Test) were used to detect differences
between the results obtained with conventional and modi-
fied DGT devices and, in all cases, no significant differences
(95% confidence level) were detected as far as the labile
concentrations are concerned.

A comparison of metal concentrations determined by
both DGT devices (Figure 3) with the values reported in
Table I suggests that conventional and MT-DGT devices only
measure labile species in the sample (MLabile), i.e., free ions
and reversible metallic complexes. The operational defini-
tion of lability in DGT is characterized by the thickness of the

diffusive gel layer. Free metal ions (M) and metal complexes
diffuse through the hydrogel and are concentrated in the
resin or montmorillonite, in our case. Metal complexes may
also contribute to the metal accumulated in DGT when they
are able to dissociate within the diffusive gel layer, and this
is the operationally defined labile fraction. DGT measures
both labile inorganic and organic species when the non-
restrictive hydrogel is used in the devices. Metal complexes
that are not able to dissociate within the gel layer are non-
labile [9,10]. Thus, the presence of organic ligands (EDTA,
humic and fulvic acids) in the sample undoubtedly influ-
ences the speciation of the elements. In addition, Figure 3
(A and B) shows that there was a decrease in the lability
of metal species with time. The speciation of the elements
determined by both DGT devices in the sample model at
different times can be evaluated in Figure 4.

Figures 4A and 4B show the distribution of metallic spe-
cies between complexed and labile fractions in the model
sample. It is observed that the labile fraction of elements
(MLabile) decreased with time, indicating that a more sig-
nificant association between metallic species and organic
ligands occurred at longer times of the experiments (72
h). For example, the labile fraction of cadmium decreased
from 73% to 21% of the total concentration after 24 h and
72 h, respectively.

For the elements shown in Figure 4A, the highest per-
centages of labile species were found after 24 h of con-
tact. Therefore, these metals were initially found weakly
complexed or not yet fully complexed by organic ligands.
On the other hand, after 72 h the main fraction was the
metal-ligand complex. For the elements in Figure 4B, the
labile fraction was lower during the experiment. For exam-
ple, the labile fraction of lead represented 28% and 0.1%
of total concentration after 24 h and 72 h, respectively. As
a consequence, these results suggest that there are differ-
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ences in the kinetics of association between the elements
and organic ligands in the sample. Cr, Ni and Pb showed
fast association kinetics with organic ligands, while Cu, Cd,
Mn and Zn showed slower kinetic associations.

Despite the time of the experiment, it was noted that
the more labile species in the model system were the ele-
ments Zn?*, Mn?* and Cd?', indicating that the organic
ligands showed a lower affinity for these elements. Cr**
and Pb*" showed stronger interactions with organic
ligands. These results are consistent with several other
studies [25,26]. Humic substances present in the aquatic
environment play a major role in the behavior of metal-
lic species due to complexation, which can minimize the
bioavailability and toxicity of these elements [1,4,5,26].

In general, it was observed that the lability of elements
in the model system depends on the affinity between
metals and ligands and, mainly, the kinetics of the com-
plexation process. Thus, kinetics is a relevant factor to be
considered in studies of speciation. However, evaluations
related to the kinetic nature can only be performed with
dynamic techniques of speciation, such as diffusive gradi-
ents in thin films.

4, CoNCLUSIONS

This work has demonstrated that montmorillonite can
be used as an alternative and low cost sorbent phase in
DGT devices. These sorbents exhibited excellent sorption
and desorption properties for seven elements. MT-DGT
can accumulate and measure labile metallic species with
a suitable recovery under similar conditions to those
found in freshwaters. Speciation of several elements in
synthetic freshwater was compared using DGT devices
with Chelex and montmorillonite and the results demon-
strate that data obtained with both devices are compa-
rable. Moreover, our results also have shown that kinetics
is a relevant factor to be considered in speciation studies.

Finally, it can be concluded that DGT devices with
montmorillonite as a new sorbent phase is an effective
and inexpensive alternative for speciation analysis of trace
elements in natural waters.
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CHROMIUM SPECIATION IN WATERS USING SILICA NANOPARTICLES
ORGANOFUNCTIONALIZED WITH APTES AND GRAPHITE FURNACE ATOMIC

ABSORPTION SPECTROMETRY
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ABSTRACT

A method for the Cr(VI) speciation in waters using silica nanoparticles organofunctionalized
with (3-aminopropyl)triethoxysilane (APTES) and graphite furnace atomic absorption spec-
trometry is proposed. The best conditions for analysis were using 150 mg of silica nanopar-
ticles organofunctionalized with 2.0% (v v') of APTES and pH~8. For the heating program the
pyrolysis and atomization temperatures were fixed at 1400 °C and 2400 °C, respectively, 10 ug
Mg were used as chemical modifier. The detection limits (n=10, 3c) were 0.06 ug L' for total
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Crand Cr(VI) determinations. The reliability of the proposed method was checked by addition
and recovery of Cr(VIl) and the results showed recoveries between 91 and 105%.

Kevyworps: chromium, speciation analysis, water, APTES, graphite furnace

1. INTRODUCTION

Chromium co-exists mainly in two oxidation states,
Cr(lll) that is essential for the metabolism of glucose, lip-
ids and proteins and Cr(VI), which is highly toxic due to its
allergic, carcinogenic, mutagenic and teratogenic effects
on humans. Thus, speciation analysis becomes a power-
ful tool for separation, identification and determination of
chromium species present in a sample to recognize the real
toxicity [1-3].

Both chromium species can enter into the environment
as a result of effluent discharge from steel industries, elec-
troplating, tanning industries, oxidative dyeing, chemical
industries, and cooling water towers. Drinking water supply
systems can be contaminated by corrosion inhibitors used
in water pipes and containers or by contamination of the
underground water from sanitary landfill leaching [4].

The level of Cr(VI) concentration has been monitored
by many countries, such as, Brazil, Germany, USA, EU, Japan,
among others. In the USA, the maximum concentration of
total Cr in drinking water is 2.5 pg L, considering that up
to 7% of this total may be Cr(VI) [1]. The regulation of water
quality standards in Brazil is done by the Conselho Nacional
do Meio Ambiente (CONAMA, resolution 397/2008). The
maximum permissible concentration of total Cr in fresh
water is 0.05 mg " and the discharged of Cr in waste water
is 0.1 mg L' for Cr(VI) and 1.0 mg L for Cr(lll).

Speciation analysis of Cr(Vl) has been performed by
using different analytical methods, such as co-precipitation,
ion exchange, liquid-liquid extraction, solid-liquid extrac-
tion, cloud point extraction and other techniques. Table
| summarizes a short revision, based on the last 10 years

(2000-2010) of the main methods used for Cr(lll) and Cr(VI)
speciation analysis in waters [5-59]. With solid-phase extrac-
tion, the use of silica modified with a sililant agent is more
common. Silica organofunctionalized with (3-aminopropyl)
triethoxysilane (APTES) has been successfully proposed for
separation and concentration of chromium species [40,
43 and 56]. APTES incorporates the primary amino group,
which can give stable complexes with transition metals
or can adsorb metals on the organofunctionalized silica.
Considering the performance of this reagent for organo-
functionalization and selective complexation of metal spe-
cies, this work proposes a method for the Cr(VI) speciation
in waters using silica nanoparticles organofunctionalized
with APTES followed graphite furnace atomic absorption
spectrometry.

2. Experimental

2.1. INSTRUMENTATION

All measurements were performed with a graphite fur-
nace atomic absorption spectrometer, model SIMAA-6000°,
equipped with a longitudinal Zeeman-effect background
correction system, Echelle optical arrangement, solid-state
detector and standard THGA® graphite tubes with pyrolyti-
cally coated integrated platform (Perkin Elmer Life and Ana-
lytical Sciences, Shelton, CT, USA). An AS-72 autosampler
(Perkin Elmer) was used for transferring reference solutions
from polypropylene cups to the graphite tube. The spec-
trometer was operated using a hollow cathode lamp for
chromium (A: 357.0 nm, lamp current: 25 mA, and band-
pass: 0.7 nm). Argon 99.98% (v v') (Air Liquide Brasil S/A,
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Taste I. Revision (2000-2010) or tHE main MeTHODS USED FOR CR(I11) aND CR(V) SPECIATION IN WATERS.

SEPARATED 0 0
MerHop WATER SAMPLE METHOD CHARACTERISTICS DerecTion Cr(ll) Cr(VI) Rer
SPECIE p :
(uel") | (ueL?)
(E Tap and river Cr(IIn Monomeric and polymeric Cr(lll) species ICP-MS 1-10 - 5
1,5-diphenylcarbazide and SDS
Tap and river Cr(VI) Triton X-114 as an extracting agent. It was obtained a GF AAS - 0.001 6
preconcentration factor of 92.
(loud point Ta[:i lake an((ij Cr(VI) Aliquat-336, Triton X-114, preconcentration factor of 10 ICP-DRC-MS 0.025 0.01 7
extraction undergroun
Tap and river Cr(IIn Bis-[2-Hydroxy-1-naphthaldehyde] thiourea in Triton X-100 | FAAS 0.18 - 8
River (Il PAN, Triton X-114 with preconcentration factor of 48 FARS 0.7 - 9
Tap and lake Cr(Iin PMBP with preconcentration factor of 42 GF AAS 0.021 - 10
Spectropho- Tab and top (i o-henzoin oxime and Triton X-100 UV-Vis 08 - 1
tometric River Cr(VI) | 1,5-diphenylcarbazide and flow electrolysis cell UV-Vis - 0.014 20
Tap, hot
mineral spring (Il EPHBAT with preconcentration factor of 50 F AAS 1 - 13
and sea
Copredipita- 3-phenyl-4-o-hydroxybenzyl-idenamino-4,5-dihydro-
tion Natural Cr(lN) 12 4-triazole-5-one FAAS 05 - 14
Tap (I Dysprosium hydroxide with preconcentration factor of 100 F AAS 0.65 0.78 15
N 1 T
Tap and ) Niz/2 Nltrosq 1-naphthol-4-sulfonic acid with FARS 133 ) 1
mineral preconcentration factor of 50
Tapand "
sewage Cr(VI) Nanostructured gold modified glassy carbon electrode Au,, /GCE - 0.01 17
Sea Cr(VI) 1,5-diphenylcarbazide Voltammetry - - 18
Eletrochemical )
River, lake and Cr(lln) - . o (CSV-DTPA and ) )
waste v Determination of Cr(I1l) active and non-active GF AAS 19
(anal Cr(VI) Graphite screen printed macroelectrodes graphite screen - 19 20
Tap and river Cr(Iin EDTA and DTPA ASV - 1.98 21
Waste gg}ll; Triton X-114 and cetylpyridinium bromide ICP OES 0.02 0.05 22
Tap and lake i :luat:\:metre—scale zirconium phosphate coated capillary GFAAS 0082 ) 3
. APDCwith Pt-195 as an internal standard. | was determined
Tap and river Cr(VI) €52 and G153 ICP-MS 0.11 - 24
Waste 0 Tetrabutylammomum bromide and (NH,),50, was used for Vs ) 60 2
Cr(VI) extraction
Liquid-liquid Waste (V1) Tribenzylamine UV-Vis - 80 26
Extration Waste (Il di 2-ethylhexyl phosphoric acid - - 27
Lake and tap Cr(VI) Ammonium pyrrolidinedithiocarbamate GF AAS - 0.07 28
Waste (Vi) TBAI and MIBK - 10 29
Waste (Vi) TBAB UV-Vis - - 30
Tap, river and Ethanol and carbon tetrachloride with preconcentration )
sea G factors up to 275 and 262 for Cr(V1) and total Cr, respectively FARS 0.07 3
Rivertap;sea | ) | Ethyl acetate GFAAS i w | n
and rain
Fluorescence Natural (V1) s:zatshione capped (dTe quantum dots as fluorescent Fluorescence - 8 3
www.brjac.com.br 195
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SEPARATED e o
MetHoD SAMPLE METHOD CHARACTERISTICS DetecTion (¢{(1])] Cr(VI) Rer:
SPECIE p :
(uel") | (meL?)
Natural (il Granular calcite as adsorbent GF AAS 15 0.8 34
Natural Cr(lln) DGT and DET in thin-films combined in a single probe GF AAS 0.0082 0.3 35
Cr(lln) Iminodiacetate extraction disk placed, ) )
Natural Cr(vl) 1,5-diphenylcarbonohydrazide MFAAS 36
Tap and river Cr(lln) Chelex-100 by slurry GF AAS - - 37
Drinking (V) Aliquat 336-AC X-ray fluorescence - - 38
Drinking Cr(V1) Ti0, using flow injection GF AAS 0.006 0.01 39
Deionized,
0Smosis,
mineral, Cr(V1) Hybrid mesoporous silica FI-SPE-GF AAS - 0.0012 40
effluent and
river
Underground Cr(lln) Alumina FAAS - - 4
Tap, lake, Poly N-(4-bromophenyl)-2-methacrylamide-co-2-
spring and Cr(lln) acrylamido-2-methyl-1-propanesulfonic acid-co- FAAS 1.58 - 42
waste divinylbenzene
i) magneticimmobilization of aminefunctionalized
Drinking Vi) magnetite (Fe304) microspheres, preconcentration factors | ICP-MS 0.0015 0.0021 43
of 96 for Cr(lll) and 47 for Cr(VI)
Drinking, tap (I Alumina and 4-aminoantipyrene F AAS - - 44
and waste
Solid-phase | Waste water (i) | ENVI-18DSK FAAS 0.02 - 45
extraction -
Spnng, el Cr(V1) XAD-7 resin impregnated with brilliant green UV-Vis - - 46
and river
Mineral and - )
A Cr(V1) Diaion HP-2MG resin GF AAS - - 47
Salinas
Lake and tap (i) Crosslinked ch.itosan-bound FeC nanoparticles with FAAS 00524 ) 18
preconcentration factor of 100
Ground (i Carbon Nanofiber-Packed Microcolumn ICP-MS 0.015 0.033 49
Tapand lake i) Nanometer tltgnlum dioxide micro-column with 1CP OES 032 ) 50
preconcentration factor of 50
River and tap Cr(In Silica gel chemically modified with niobium(V) oxide FAAS 0.34 - 51
Sea v Dlethyldlthloc'a.rbamate using micro-column packed with FAAS ) 0.02 5
(18 bonded silica gel
Solution Cr(VI) Modified activated carbons GF AAS - - 53
Sample i) Mlcrocolumn p_acked with tetrahydroxyflavanol-modified ICP OES ) ) 54
Ti02 nanoparticles
Tap and snow v 1—chIorownyI—3—methyI|m|dazoI|um chloride (PVC- GEAAS ) 0.003 55
Nmimdl)
Drink and
synthetic Cr(V1) Chromabond NH2 column FAAS - 1.7 56
river
River Cr(IN Saccharomyces cerevisiae immobilized on sepiolite FAAS 94 - 57
Tap, d”'?k'“g Cr(vl) I~ and rhodamine 6G in Tween-80 Spectrofluorometry - 0.37 58
Spectro and spring
fluorimetry Tap and ]
drinking Cr(V1) Quercetin Spectrofluorometry - 0.47 59
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Séo Paulo, Brazil) was used as protective and purge gas. The
analytical signals were based on the integrated peak area
(AA - BG).

2.2 REAGENTS AND MATERIAL

All glassware, polypropylene flasks (Falcon® tubes) and
autosampler cups were cleaned with detergent solution,
soaked in 10% (v v) HNO, for 24 h, rinsed with high-purity
deionized water, dried and stored in a closed polypropyl-
ene container. All solution and sample manipulations were
conducted in a class 100 laminar flow bench (Veco, Campi-
nas, Brazil).

The solutions were prepared with analytical-reagent
grade materials unless otherwise specified. High-purity
deionized water with a final resistivity of 18.2 MQ cm was
provided by a Milli-Q® water purification system (Millipore,
Bedford, MA, USA). 65% nitric acid (w w') and 37% hydro-
chloric acid (w w) (Merck, Darmstadt, Germany) were
used for silica cleaning. Hydrochloric acid and sodium
hydroxide (Merck, Darmstadt, Germany) were used for pH
adjustment. The analytical reference solutions were pre-
pared by successive dilution of 1000 mg L of Cr(lll) (CrCl,
prepared in 4.2% v v' HCl) and Cr(VI) (K.Cr,O, prepared in
H,0), both from Titrisol” standard solutions (Merck).

HDK" T40 nanoparticles of silica (Wacker, Germany) with
surface area around 400 m? g, and primary particle size
calculated from BET of ~7 nm were used. The 98% (v v')
(3-aminopropyl)triethoxysilane (APTES) (Sigma-Aldrich) was
used for silica organofunctionalization. This APTES solution
was dissolved in high-purity water before use.

2.3 SAMPLE COLLECTION AND TREATMENT

The river water samples were filtered in a vacuum fil-
tration system of borosilicate glass, model XX15 047 00
(Millipore, USA) using a 045 pum nylon membrane filter
(Millipore, USA) and stored in a freezer at -4 °C until analy-
sis. Samples from Saltdo and Sorocaba rivers, Capivara
stream, Saltao waterfall, mineral water from Sao José dos
Campos, and tap and drinking fountain water from Sao
Paulo were analyzed.

2.4. Optimization oF Cr(III) anp Cr(VI) separaTiON

In the first step, 50 g of silica was washed with 200 mL
of an acid mixture (0.2 mol L' HCl + 0.044 mol L' HNog),
under agitation (350 rpm) for 24 h. Afterward, the silica was
washed twice with high-purity deionized water and centri-
fuged at 3000 rpm for 30 min. The supernatant was sepa-
rated and silica was dried at 70 °C for 12 h.

Three portions (~ 1 g) of the washed silica were placed
in Falcon” tubes with 0.2, 2.0 and 10% (v v') APTES for orga-
nofunctionalization. The suspensions were agitated at 350
rom for 24 h. After this, the supernatant was separated and
silica was washed twice with high-purity deionized water,
dried at 70 °C for 12 h and kept in a dry container.

The amount of APTES supported over the silica surface

was determined by thermal gravimetric analysis (TG), dif-
ferential thermal analysis (DTG) and elemental analysis for
Cand N contents.

The silica organofunctionalized with 0.2, 2.0 and 10% (v
V') APTES were separated in small portions (20-160 mg) to
investigate the influence of mass on Cr(lll) complexation. To
each portion was added 2.5 mL of 20 pug L' Cr(lll). The sus-
pensions were manually shaken, centrifugated at 3000 rpom
for 1 min, and the supernatand was analyzed by GF AAS. For
the silica organofunctionalized with 2.0% (v v'') APTES, the
same experiment was carried out with 20 pug L' Cr(VI).

The influence of pH (2, 4, 6 and 8) on chromium spe-
cies adsorption was investigated using 150 mg of the silica
organofunctionalized with 2.0% (v v'') APTES in the pres-
ence of 20 ug L of Cr(lll) and 20 pg L of Cr(VI).

2.5, ANALYICAL METHOD

The GF AAS heating program optimization was achieved
using 20 pg L' of Cr(VI) in deionized water. 10 ul reference
solutions were used to obtain the pyrolysis and atomization
temperatures in the presence of 10 ug of Mg.

For total Cr and Cr(VI) determination, 10 pl of the ana-
lytical calibration solutions (0.5-20 ug L' Cr(VI) prepared in
deionized water) were co-injected into the graphite tube
with 10 pug of Mg as chemical modifier. The speciation anal-
ysis was carried out by Cr(lll) separation after complexation
on the organofunctionalized silica and Cr(VI) determination
in the supernatant by GF AAS.

For chromium speciation analysis in the samples, 150
mg of silica organofunctionalized with 2.0% v v' APTES
were added to 2.5 mL of water sample. The suspension (pH
= 8) was manually shaken, centrifuged at 3000 rpm for 1
min and the supernatant was analyzed for Cr(VI) determi-
nation by GF AAS.

3. RESULTS AND DISCUSSION

3.1. CuaracterizaTion oF APTES-siLica

The TG/DTG curves of pure silica nanoparticles (Fig. 1A)
showed a mass loss of about 20.1% at temperatures rang-
ing from 25 to 100 °C due to the loss of physically adsorbed
surface water. A slow and gradual mass loss (2.2%) between
200 and 900 °C can be attributed to the elimination of water
adsorbed with moderate force and also the dehydration of
silanol groups that are converted to siloxanes (600 to 900
°C). The TG/DTG curves of APTES-silica (Fig. 1B) showed the
same behavior in temperatures ranging from 25 to 100 °C.
However, the lower amount of water eliminated (4.2%),
suggests modification of the silica surface. The more pro-
nounced mass loss above 200 °C confirms the interaction
of the APTES group with the silica surface. The results indi-
cated that at least 2.5% (w w') of APTES is presented on the
silica surface.

Elemental analysis giving C=1.94% m/m and N=0.42%
m/m for the APTES-silica samples confirm the incorpora-
tion of the APTES group onto the nanosilica particles.

www.brjac.com.br

197



CHROMIUM SPECIATION IN WATERS USING SILICA NANOPARTICLES ORGANOFUNCTIONALIZED WITH

APTES AND GRAPHITE FURNACE ATOMIC ABSORPTION SPECTROMETRY

100 “iamnan
che—c-cccasmsscssm=csascsss=ssas=- 600
¥
_ i —
F i Detector: TGA-S1H "
% ! : H Sample Mame: Silica withoot modification E
L L - Sample Weight 2§ 110 mg e
E 480 E
5 =
7 =
. 4% 1.00
—_—
o ) A0 [ BOO

Silica mass (%)
2

Detecton. TGA-31H

53 Sample Mame- Silica modified with APTES

Sample Weight' 26 336 mg

o1 08aN

[] 00

and

]

£.20

DTG (mg/min)

Temperature °C)

Temperature (°C)

Fiure 1. TG/DTG curves 0BTAINED AT 10 °C/MIN AND DYNAMIC AIR ATMOSPHERE: A = SILICA WITHOUT MODIFICATION AND B = siLica mobiFien with 2% (v v') or APTES.

3.2. THE INFLUENCE oF APTES CONCENTRATION ON CR SPECIATION

The performance of silica prepared from the disper-
sion of 0.2%, 2.0% and 10% (v v') APTES and the effects of
different masses of APTES-silica on the complexation of 20
ug LT of Cr(lll) were investigated. In this study the pH was
fixed at 8, using NaOH solution. It was observed that silica
organofunctionalized with 0.2% and 2.0% (v v') APTES
presented the best results. In these conditions, the per-
centage of Cr(lll) complexation increases with the mass
of organofunctionalized silica (20 to 160 mg). However,
for silica prepared with the dispersion of 2.0% (v v'), the
percentage of complexation was above 80% for masses
higher than 120 mg. The silica organofunctionalized with
10% (v v') presented low capacity for Cr(lll) complexation
(~60%) for all masses. In this case, hydrolysis of silica dur-
ing the organofunctionalization step can be related to the
lower Cr(lll) complexation percentage.

The influence the mass of organofunctionalized silica
on Cr(VI) complexation was also investigated. Complex-
ation below to 8% was observed for masses below 100
mg. On the other hand, Cr(VI) complexation was unde-
tectable for masses higher than 100 mg. Considering the
best Cr(lll) complexation, a mass of 150 mg of silica orga-
nofunctionalized with 2.0% (v v') APTES was selected to
investigate the pH effect.

3.3. PH erreCT

The pH effect on Cr(lll) and Cr(VI) complexation by
organofuncionalized silica are shown in Fig. 2. It was
observed that the complexation of Cr(VI) decreased and
Cr(lll) increased with increasing of pH solution. These spe-
cies are dependent on pH and can exist in different forms
in agueous solutions: CrZOf, HCrO,, CrOf and HCr,0 -
for Cr(VI) and Cr*+, CrOH 7, Cr(OH);’, Cr(OH),* and Cr(OH),
for Cr(lll). At pH=2, the protonation of the -CH,NH, group
occurs to form ~CH,NH,*[60,61], allowing the electrostatic
attraction of Cr(VI) and repulsion of Cr(lll). In this condition
Cr(VI) complexation was around 60% (Fig. 2). The increase
in solution pH decreases the protonation of the amino
group and, consequently, the electrostatic attraction of
Cr(lll) and repulsion of Cr(VI) can occur. PH=8 was chosen

for the speciation analysis because in this condition the
absorption of Cr(lll) on the organofuctionalized silica was
~ 90% while Cr(VI) was undetectable by GF AAS.

100
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FiGure 2. InrLuence oF THE PH on CR(I1I) anp CR(VI) COMPLEXATION ON SILICA ORGANOFUNCIONALIZED
with 2% (vv") APTES.

3.4. FIGURES OF MERITS

The heating program is depicted in Table Il. The best
pyrolysis and atomization temperatures were 1400 °C
and 2400 °C, respectively, using 10 pg of Mg as chemical
modifier.

The characteristic parameters of the analytical cali-
bration curve were: slope = 0.0068 sL pg”', correlation
coefficient = 0.9985, and detection limits = 0.06 ug L'
for total Cr and Cr(VI). The LOD for total Cr determination
was calculated considering the variability of 10 consecu-
tive measurements of deionized water (blank), according
to3 sb‘k/b (smk = standard deviation of the blank and b =
calibration curve slope). To estimate the LOD of Cr(VI), 2.5
mL of deionized water was manually shaken with 150 mg
of silica organofunctionalized with 2.0% v v'' APTES, cen-
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trifuged at 3000 rpm for 1 min and the supernatant was
measured (n=10) by GF AAS.

Method reproducibility, calculated by the relative stan-
dard deviation (RSD) of the slope on different days was 3%
(n=3).

TasLe II. Heatine PRoGRAM FOR THE DETERMINATION OF Cr BY SIMAA®-6000

Step T Ramp Howo Ar Rep
(W] (s) (s) (ML/min)
Drying 1 10 10 25 250 No
Drying 2 130 5 15 250 No
Pyrolysis 1400 10 20 250 No
Atomization 2400 0 5 0 Yes
Cleaning 2600 1 3 250 No
3.5. ANALYSIS OF SAMPLES

Eight water samples (Saltao river from Itapira-SP, Soro-
caba river from Laranjal-SP, Capivara stream from Fer-
nandopolis-SP, Saltdo waterfall from Itapira-SP, mineral from
Sédo José dos Campos-SP and tap and drinking fountain
waters from our laboratory) were analyzed by the proposed
speciation method. The results are presented in Table IlI. All
samples presented total Cr below the maximum permis-
sible concentration adopted by CONAMA 397/08. After
addition (2 pg L") the recovery of Cr(Vl) ranged between
91-105% for all samples.

Taste 111, Concentrations oF ToTAL CR AND CR(VI) SPECIATION IN WATER SAMPLES.

WATER SAMPLE Torar Cr Cr(VI)  Recovervy*
(e L) (psL?) (%)
Saltdo river (Itapira city) 1144002  1.12+0.01 92
Sorocaba river (Ibiuna city) 0.71£0.02 <L0D 9%
Sorocaba river (Laranjal city) 0.68 +0.01 <LOD 101
(apivara stream 0.90£0.01  0.89£0.1 94
Saltao waterfall 0.94+0.02  <LOD 105
Mineral Water (Sao José dos Campos city) ~ 0.40 £ 0.05 <LOD 100
Tap Water (Sao Paulo city) 0.09+0.01 <L0D 91
Drinking Fountain Water (Séo Paulo city) ~ 0.09+£0.02  <LOD 104

* Addition of Cr(Vl)=2 pg L, LOD = 0.06 ug L

ConcLusion

Nanoparticles of silica organofunctionalized with 2.0%
v v APTES were efficient for speciation analysis of Cr(VI)
in waters. The organofunctionalization procedure is simple
and easy for implementation and does not need to use
organic solvents and heat. This method presented good
selectivity, precision and reproducibility for routine Cr(VI)
speciation analysis.
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ABSTRACT

The goal of this work was to perform the coupling between solid phase microextraction using
a SPME fiber device and graphite furnace atomic absorption spectrometry for extracting
organotin compounds volatilized during the drying step of the graphite furnace temperature
program. In this way, evaluations of volatilization temperatures, ranging from 60 to 120°C,
and fiber exposure times (190, 390, 590, 790 and 990 s) were carried out for optimizing the
separation of DBT and TBT from sediment matrices. In order to identify the species extracted
using the graphite furnace, GC-MS was used. Additionally, a separation/retention model was
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furnace

proposed regarding the DBT and TBT species on the SPME fiber inserted into the graphite

KeywoRrps: ORGANOTIN SPECIES, SPECIATION, GRAPHITE FURNACE, SPME, ExTRACTION

1. INTRODUCTION

The literature reports a variety of applications of graph-
ite furnace atomic absorption spectrometry, denoting GF
AAS as a consolidated and mature technique.[1] Besides
other advantages, the accurate control of both time and
temperature in the drying, pyrolysis and atomization stages
confers a kind of in situ thermal pre-treatment, so that it
can be applied not only to aqueous, but also to slurries and
solid samples, as well as to either refractory or volatile ana-
lytes.[2] In this way, accurate results are currently obtained,
even for samples with complex matrices.

As there are some species that present different degrees
of volatility (i.e. metallic, organometallic and metallo-
biomolecules), and graphite furnaces provide the desir-
able control of time and temperature, it is easy to conclude
that graphite furnaces could be better explored, since the
results are expected to be acquired after the last heating
step (atomization) only.

In chemical speciation involving inorganic and organo-
metallic species, the vapor pressure can play an important
role as an element of selectivity.[3] Then, significant differ-
ences between the vapor pressure of each species, allied to
the fine control of the temperature of the GF AAS technique,
can contribute to chemical speciation based on sequential
volatilization. As some organometallic species are thermally
labile,[4] the drying step of the GF AAS could be used for
separating these species, while the determination of the
remaining inorganic species could be determined in the
atomization step. Then, the furnace could be employed for

separating the labile from the refractory species while per-
forming the temperature program.

Solid phase microextraction is another consolidated
technique as well[5] and some applications can be found
for organometallic species in the literature.[6] The insertion
of a SPME fiber into the graphite furnace during the drying
stage seems to be an alternative in terms of analytical strat-
egy for chemical speciation.

In this way, the present work demonstrates the feasibil-
ity of coupling SPME and graphite furnace (GF), focusing on
organotin speciation analysis with in situ derivatization. The
sorption of dibutil (DBT) and tributiltin (TBT) volatilized dur-
ing the drying stage of the graphite furnace temperature
program is demonstrated as well as their further identifica-
tion by GC-MS.

2. EXPERIMENTAL

2.1. INSTRUMENTS AND APPARATUS

For DBT and TBT determinations, a gas chromatograph
equipped with a mass spectrometer (GC-MS, Shimadzu
QP5000, Kyoto, Japan) based on a quadrupole analyzer
and a photomultiplier detector was used. The equipment
was fitted with a HP-5MS (Supelco, Bellefonte, USA) capil-
lary column (30 m x 0.25 mm i.d,, 0.25-um film thickness), a
split/splitless injector operated in the splitless mode and a
SPME glass liner.

The coupling between the SPME fiber device and the
graphite furnace (Figure 1) was made using a Perkin-Elmer
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AAnalyst 600 Graphite Furnace Atomic Absorption Spec-
trometer (GF AAS, Perkin-Elmer, Shelton, USA) with an end-
capped transversely heated graphite tube atomizer (THGA)
with integrated coated pyrolytic graphite platforms, and an
AS-800 autosampler.

2.2. REAGENTS AND STANDARD SOLUTIONS

Analytical grade chemicals such as sodium acetate, gla-
cial acetic acid and methanol (Merck, Darmstadt, Germany)
were used. The distilled/deionized water (> 18 MQ cm) was
obtained from a Milli-Q Water Purification System (Millipore,
Bedford, USA); 96 % di-n-butyltin dichloride (DBTCI) and 96 %
tri-n-butyltin chloride (TBTCI) were supplied by Aldrich, and
their stock solutions were prepared by dissolving appropri-
ate amounts in methanol and used for not longer than three
months. The derivatization reagent (sodium tetraethylbo-
rate, NaBEt,, Alfa Aesar, Ward Hill, USA) was prepared daily
in deionized water, and used up to 6 h after preparation, and
the temperature was kept at 5 + 1 °C during its manipulation
and chromatographic runs. Safety and environmental con-
siderations regarding the handling of toxic compounds (tin
species and NaBEt,) were considered.

2.3. ExTrACTION OF THE DBT AND TBT FROM SEDIMENTS

The sediment samples were collected from the Ati-
baia river (Sdo Paulo, Brazil) and were kindly provided by
P. C. Favaro [7]. The sediment samples were dried at 60°C,
ground and sieved to obtain particle size < 63 um. Spiked
sediments samples were prepared according to Mufoz et
al[8] with modifications. A 3 mL-volume of 25 mg L' of
each species (DBTCl and TBTCI) dissolved in methanol were
added to 1.0 g of sediment samples, and the mixture was
stirred for 2 h. Then, the solvent was evaporated at room
temperature.

The extraction of the species from the sediments was
performed according to Nemanic et al.[9] Glacial acetic acid
(10 mL) was added to 1.0 g of sample, and the formed slurry
was then sonicated using a Branson 2510 model (Markham,
Canada) ultrasound bath (frequency, 40 kHz) during 30 min
at 50+ 4 °C.The supernatant was dried under nitrogen flow,
and the remaining pellet dissolved into 250 ul of 0.2 mol
LT CH,COONa / CH,COOH buffer (pH 5.0). The derivatization
reagent was dissolved in deionized water.

2.4. SPME-GF coupLING

The commercial fiber PDMS-65um / DVB (polydimeth-
ylsiloxane/divinylbenzene) obtained from Supelco (Belle-
fonte, USA) was used for evaluating the volatilized species
from the graphite furnace.

The SPME device was coupled to the fume extraction
of the GF (Figure 1). The fume extractor moves downward,
when the temperature program starts, and this mechanism
provides the insertion of the needle of the fiber into the
furnace, and the fiber is exposed manually to the released
vapors. For species capture, ca. 1/3 of the fiber length (1.0

cm total length) was inserted into the graphite furnace dur-
ing the temperature program. The distance between the
fiber and the graphite furnace platform was ca. 2 mm. The
initial temperature program used is shown in Table I, and
the atomization temperature was not considered since this
stage was not used.

4= Holder

5cm

t

Fume extraction
of the GF AAS

(A) (B}

FiGure 1. (A) FRONTAL VIEW OF THE HOLDER COUPLED TO FUME EXTRACTION. (B) LATERAL VIEW OF THE
COUPLING.

TaLE |. GRAPHITE FURNACE TEMPERATURE PROGRAM
AppLIED T0 SN sPeciEs ExTracTION BY SPME

ARGON FLOW-RATE

Step TemPERATURE (°C)  TimE (s) (mL min")
1 60 40 0
2 60-90 950 0
3 300 45 250
4 1000 30 250
5 2200 5 0
6 2450 4 250

Volumes of 49 ul of the sample plus 50 uL of 0.2 %
(m/v) NaBEt, were sequentially aspirated and delivered into
the atomizer. The ethylated species was then formed inside
the graphite furnace, and the temperature program was
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immediately applied. The fiber was exposed during the first
and second stages, for a total of 990 s (Table I). The argon
flow was stopped during fiber exposure.

After the extraction, the SPME fiber was introduced into
the GC-MS for separation and identification of the species.
The temperature of the chromatographic oven, 80 °C, was
held during 1 min, followed by a 5 °C min™' ramp to 200
°C (1 min hold), and a new 40 °C min™ ramp to 280 °C (1
min hold). The last heating step was used to guarantee the
cleaning of the chromatographic column. The GC injection
port and GC-MS interface were maintained at 270 and 290
°C, respectively. Helium (99.999 %, origen!) was used as the
carrier gas at a constant flow rate of T mL min™. Desorp-
tion time for SPME extraction was 15 min, and the time for
solvent delay was set to 4 min. The mass spectrometer was
operated in the total ion chromatogram mode (m/z 40-500)
with electron ionization at 70 eV. GC-MS data treatment
was carried out using an AMDIS-NIST software (Automated
Mass Spectral Deconvolution and Identification System v.
2.61 and Mass Spectral Search Program v. 1.6 d, Washing-
ton, DC, USA, 1999), and Class 5000 (1993) from Shimadzu
(Kyoto, Japan).

3. RESULTS AND DISCUSSION

3.1. ETHYLATION PARAMETERS

The NaBEt, concentration was evaluated in the range
of 0.1 = 2.0% (m/v), and no statically significant variation
was observed in the range studied. The same result was
observed for studies reported in the literature, in which
NaBEt, concentrations were used in the range of 0.002 —
0.1% (m/v), considering the dilution factors involved in
the extraction procedures. Then, in the present work, the
NaBEt, concentration was fixed at 0.2% (m/v). The pH range
studied was from 4.0 — 5.5. The better analytical signals for
the species were obtained at pH = 5.0, close to the results
from the literature.

3.2. SPME-GF COUPLING: EVALUATION OF VOLATILIZATION

TEMPERATURE AND FIBER EXPOSURE TIME

The SPME-GF coupling was applied to the in situ ethy-
lated DBT (dibutiltin) and TBT (tributiltin), after their extrac-
tion from sediment matrices, as described in 2.3. The drying
stage after graphite furnace temperature program and the
fiber exposure time were studied for attaining good sepa-
ration and retention. After the sorption of the species onto
the SPME fiber, they were separated by gas chromatogra-
phy and the peak areas were compared.

Figure 2A shows the variation of the extracted amounts,
expressed as peak area of the species obtained by GC-MS,
as a function of the furnace temperature. According to
this figure, only analytical signals for DBT and TBT were
detected. Higher peak areas were observed for tempera-
tures ranging from 90 to 100 °C, with 990 s of exposure
time of the fiber. For temperatures lower than 80 °C no
analytical signal was detected, and for temperatures higher

than 100 °C lower peak areas were obtained. This behav-
jor of the organotin compounds in relation to temperature
can be explained by taking into account the solvent of the
sample solution obtained after sample preparation (item
2.3). In the 90-100 °C temperature range, solvents (water
and acetic acid, solvents used for sample preparation) are
evaporated and eliminated from the furnace. Then, the
vapor of these solvents could help in carrying the organo-
tin species to the fiber both by convection and diffusion.
At lower temperatures this process is less intense, and at
higher ones the contact between the released vapors and
the fiber decreases. Thus, the optimum temperature range
was from 90 to 100°C.

24- - A
20
16 -

Furnace temperature (°C)

Peak area (u.a)x 10°

18- B
164 =
144
12
104
8]
6
4] T
pu

T T T T T T T 1
190 390 590 790 990 590*

Fiber exposure time (s)

FiGURE 2. EVALUATION OF THE GRAPHITE FURNACE TEMPERATURE PROGRAM.

Fiura A, usING 990 s OF FIBER EXPOSURE TIME, AND FiGURE B, usING 90 °C As THE TEMPERATURE, FOR
ETHYLATED ORGANOTIN EXTRACTIONS UsING THE SPME-GF couping. ((J) DBT, () TBT. In Ficure
B: ASTERISTIC MEANS THAT THE EXPERIMENT WAS EVALUATED IN THE ABSENCE OF THE SOLVENT WHILE OTHERS
WERE CARRIED OUT IN THE PRESENCE OF SOLVENT.

Figure 2B shows the results of the fiber exposure time
inside the furnace. Six experiments were performed, where
the fiber exposure time was varied from 190 t0 990 s (steps 1
and 5 in Figure 2B), and another experiment was carried out
exposing the fiber after solvent evaporation (step 6, Figure
2B) during 590 s. Solvent evaporation could be controlled
by a mirror positioned close to the furnace of the GF AAS. In
this experiment the fiber was exposed only after no liquid
portion of the solvent could be noted. According to Figure
2B, no analytical signal was observed for shorter exposure
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o

FIGURE 3. SCHEMATIC DIAGRAM OF THE EXTRACTION PROCESS. BLACK AND GREY CIRCLES REPRESENT THE
ANALYTE AND THE SOLVENT VAPOR MOLECULES, RESPECTIVELY.

times (from 190 to 590 s), and the largest peak area was
obtained for TBT at the longest exposure time studied (990
s). However, good TBT recoveries were also obtained when
the fiber was exposed only after the solvent evaporation
(step 6, Figure 2B). For DBT, good results were noted for 990
s and 590 s after solvent evaporation. This result supports
the influence of the solvent (liquid or vapor) on the absorp-
tion of species onto the fiber, since similar exposure times

(590 s) were applied in the presence and in the absence of
the solvent (see steps 3 and 6, Figure 2B, respectively).

For DBT, the efficiency of the separation was similar
in the absence or in the presence of the solvent. This fact
can indicate a later volatilization of DBT than of the solvent
itself, and the vapor pressure of the solvent was not a deci-
sive factor for DBT extraction. However, as noted for the TBT
behavior, a larger exposure time (990 s) can also contribute
to the release of this species, considering the hypothesis
that while the solvent (liquid or vapor) is eliminated, the
analyte molecules are transported together, and the ana-
lyte is absorbed onto the fiber.

3.3. SEPARATION/RETENTION MODEL

Taking into account the already commented hypoth-
esis, a separation model was proposed for DBT and TBT
retention onto the SPME fiber during their exposure in the
graphite furnace.

Two parameters can be pointed out as affecting the
signal of organotin species on the SPME-GF AAS coupling.
The peak areas are maximized with longer exposure to the
graphite furnace. Fiber exposure times shorter than 590 s (in
the presence of the solvent) were not enough to separate
ethylated DBT and TBT, as already mentioned. Additionally,
according to the literature,[10] extractions under dynamic
headspace conditions are useful only for analytes with high
partition coefficients - K (ratio between concentrations of
the analytes on vapor and liquid phase), or in the presence
of trapping systems; mass transfer is inadequate and the
accuracy is lost for low partition coefficients.

Another factor involved in the extraction is the purging of
the species when the partial vapor pressure of the solvent was
increased. The systematically larger measurable peak areas
observed for the ethylated TBT relative to ethylated DBT can
be explained due to the presence of the solvent vapor that
sweeps the analyte, escaping from the furnace in the 90-100
°Ctemperature range. Direct extraction is other process to be
pointed out: in the beginning of the exposure time, the fiber
remains in contact with the liquid sample at the furnace plat-
form. For ethylated DBT, which presents higher vapor pres-
sure (0.0170 torr at 25 °C) than TBT, the presence or absence
of the solvent does not contribute to the extraction, and
major factors governing the retention are the equilibration
time between the analyte molecules and the fiber surface, as
well as mass transfer, to which the temperature is the unique
contributing parameter. In the conventional SPME proce-
dure with headspace extraction, an efficient mass transfer is
attained by shaking the solution.[11]

Taking into account these observations, an extraction
model for the SPME-GF coupling was proposed, which can
be visualized in Figure 3. It shows an illustrative frame-to-
frame schematic diagram of the retention process. Figure
3A shows the graphite furnace after the introduction of the
sample aliquot (49 ul) plus the derivatizing agent (50 uL).
These volumes correspond to ca. 100 % of the furnace inter-
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nal volume. In Figure 3B, the fiber, which is in contact with
the solution, was manually introduced, and a direct extrac-
tion is carried out by this contact. A decrease in the volume
is attained in few seconds (Figure 3C), and the solvent vapor
keeps in contact with the external fiber fraction, close to the
entrance of the furnace. When the partial vapor pressure of
the solvent increases (Figure 3D and 3E) the species can be
transported. This process contributes positively to the extrac-
tion of species presenting low vapor pressures, such as TBT
(0.0022 torr at 25 °C). After the evaporation of the solvent, the
analytes, the matrix and some solvent vapor are supposed
to remain in the furnace (Figure 3F). It is supposed that DBT
species were extracted at this moment, since no difference
was noted in the analytical signal for this species in presence
or in the absence of the solvent (as liquid). Figure 3G shows
the decomposition of the matrix at 300 °C, and after the fiber
removal. In Figure 3H, the furnace is heated at 2450 °C, and
no residue is supposed to be found.

TIC [1] AR
3 E
[ | 1%
e
L i |
"'y ”
1 T .
A LN l.‘.t:_«bL
S A A A

FiGURE 4. ToTAL 10N CHROMATOGRAM OBTAINED AFTER THE EXTRACTION OF THE SPECIES BY SPME-GF
AAS. Peak 5: piButyLDIETHYLTIN-DBT; Peak 13: TRiBuTvLETHVLTIN-TBT.

Figure 4 shows the GC-MS chromatogram obtained
after the extraction of the species using the SPME-GF cou-
pling. TBT was identified with similarities of 87-93 % when
considering reference mass spectra, and DBT was identified
by its retention time due to its similarity with the TBT mass
spectrum.

4, CONCLUSION

The SPME-GF coupling offers an alternative to separate
semivolatile species which can be lost during the drying
step of the graphite furnace temperature. This coupling
was successfully applied for DBT and TBT, and opens new
possibilities in terms of chemical speciation of organome-
tallic species (exemplified by organotin species in this work)
using low temperature (90 °C) and an appropriate fiber
exposure time. Although monobutiltin (MBT) species were
also tested in this work, they were not extracted due to the
low equilibration time and/or its higher vapor pressure, as

compared to those of the other species studied. Screening
non-chromatographic GF AAS methods for partial specia-
tion analysis can be devised, furnishing the concentrations
of the volatile and non-volatile species, as well as the total
concentration by the use of an adequate modifier.

Some limitations are also pointed out, such as the low
mass transfer of the species between the platform and the
headspace, and the long equilibration time, ca. 18 minis the
maximum available time provided by the graphite furnace
program. We are presently improving these conditions.

Besides the chemical speciation analysis, the SPME-GF
coupling can be an important tool in studies focusing on
graphite furnace atomization routes, as well as the identi-
fication of organometallic/semimetallic species easily vola-
tilized and lost in the GF AAS steps. Finally, this coupling
can also contribute to improving the total determination of
elements that present volatile species, which could be lost
during drying and pyrolysis steps, when considering the GF
AAS technique.
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AgsTracT

Even after fifteen years of studies of metallothioneins (MTs) and metallothionein-like proteins
(MTLPs) as biomarkers of trace metal exposure, the methods for extraction, separation and
detection of these proteins are still without an appropriate standardization, which has gen-
erated questions about the effectiveness of these methods. This review describes available
methods of extraction, separation and detection for these proteins that have been applied
with marine invertebrates used in biomonitoring of trace metal contamination in the envi-
ronment. Extraction procedures using heat treatments seem more appropriate due to lower
loss of MTs and MTLPs during the pre-treatment step when compared with solvent precipita-
tion. As for MTs and MTLPs separation, electrophoretic and chromatographic methods have
proven to be convenient techniques as these allow determination and speciation of trace
metals associated with these proteins and also allow their identification by mass spectrom-
etry. Nevertheless, after a characterization of these proteins in a selected biological matrix,
indirect methods for MT and MTLP determination could be applied because these are rela-
tively simple and less expensive, ideal for routine analysis as is demanded for biomonitoring
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1. INTRODUCTION

Contamination results from the direct or indirect
introduction of substances or energy that has deleterious
effects on living resources and on human health. In recent
years, some authors have recognized the paradoxical role
of water as simultaneously a vital resource and a vehicle
for pollutant elimination. This paradox can be considered
part of the present environmental crisis that arises from
the conflict between nature and technology [1].

Currently, levels of contaminants in marine environ-
ments have increased as a consequence of anthropo-
genic activities. The decline of water and sediment qual-
ity can involve a decrease in natural resources, and it is of
environmental concern since a high variation in several
abiotic factors imposes severe restrictions on organisms
living in these areas. Contamination of ecosystems and
exposure to toxic metals are major concerns all over the
world. Metals and metalloids are significant pollutants of
the atmosphere, aquatic systems and terrestrial environ-
ments. Depending on the source, they can enter the envi-

ronment via a variety of inorganic species, which can be
bioconverted by the biota [2]. Some of these metals are
ubiquitously encountered in the environment due to their
release in substantial amounts as a consequence of geo-
logical activities and/or anthropogenic impacts [3]. Metal
toxicity occurs if the cellular concentration reaches a criti-
cal level when either essential or non-essential metals can
bind non-specifically with targeted molecules (e.g., sulf-
hydryl groups of proteins) or substitute for (other) essen-
tial metals in metalloenzymes and metalloproteins. An
important defense for organisms to respond or adapt to
metal toxicity is to store these metals after sequestration
and detoxification. Intracellular metals are often seques-
tered in two different ways, by cytosolic proteins and by
formation of “insoluble” deposits, although these mecha-
nisms may be interconnected [4].

Thus, there is an increasing need to develop methods
for the identification, estimation, comparative assessment
and management of the risks caused by chemical pollut-
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ant discharges to the environment and natural resources.
As recognized by international organizations and environ-
mental agencies, risk assessment cannot only be based on
the chemical analysis of environmental samples because
this approach does not provide any indication of the del-
eterious effects of contaminants on the biota. Therefore,
measuring the biological effects of pollutants to deter-
mine quality of the environment has become very impor-
tant [1,5].

In a classic paper by Magnum and Towle (1977), which
has been cited by Monserrat et al,, the term “enantiostasis”
was introduced for the first time; it was defined as a type
of regulation that occurs when the effect of a change in
one chemical and/or physical property experienced by an
animal is counteracted by an opposite change in another
variable(s), which preserves the stability of a particular
physiological system [1].

Recently, the use of biological markers or biomarkers
at the molecular or cellular level has been proposed as
sensitive "early warning” tools used to measure biological
effects and to assess environmental quality [5].

2. BIOMARKERS IN MARINE INVERTEBRATES: METALLOTHIONEINS AND

METALLOTHIONEIN-LIKE PROTEINS

there are two main pathways used to study trace
metal contamination in aquatic environments. The first
one refers to understanding the physical and chemical
processes that act on the bioavailability of metals. For
example, studies have been conducted on the interac-
tion of trace metals between the solid phase (sediment)
and the aqueous phase (interstitial water), where predic-
tive results about the bioavailability of trace metals in
the aquatic environment have been determined [6]. The
second pathway is attributed to studies of the interaction
between trace metals in abiotic compartments and biota.
In general, these studies have focused on the determina-
tion of element concentrations accumulated in tissues of
aquatic organisms [7,8] and their effects through ecotoxi-
cological assays. Trace metals may accumulate in aquatic
organisms through different mechanisms: directly from
water via the uptake of suspended particles or by the con-
sumption of lower trophic level organisms [9].

The choice of biological matrix for biomonitoring stud-
ies is fundamentally important because it can be possible
to draw inferences about the current state of contamina-
tion of an aquatic environment. Organisms classified as
“sentinels” are the most promising candidates that have
been used in biomonitoring studies because of features
such as their ability to accumulate high concentrations of
trace metals without killing the organism; these organisms
are sessile and have a wide geographical distribution [7].

Although this kind of study is a powerful tool to assess
the bioavailability of metals in aquatic organisms, the
responses provided by organisms of different levels of bio-
logical organization can be considered to reverse a mod-

erated or advanced state of contamination in an aquatic
environment. This occurs because the studies using
higher levels of biological organization, such as organ-
isms and populations, provide information on changes
that occur in aquatic environments only when a commu-
nity has been impacted [10]. However, there are lower lev-
els of biological organization that have been considered
promising for an early warning indicator of environmental
contamination [11].

In both environmental contamination and biomoni-
toring studies, lower levels of biological organizations
are being considered for immediate responses as bio-
markers. Several definitions have been given for the term
biomarker; this term is generally used in a broad sense to
include almost any measurement reflecting an interac-
tion between a biological system and a potential hazard,
which may be chemical, physical or biological [12].

A biomarker can be defined as the measurement of
body fluids, cells, or tissues that indicate the presence of
contaminants in biochemical or cellular terms. This defi-
nition has been broadened to include behavioral param-
eters now recognized to be extremely important in estab-
lishing ecological inferences with observed biochemical
and/or physiological responses [1]. The selected biomark-
ers should indicate that the organism has been exposed
to pollutants (exposure biomarkers) and/or the magni-
tude of the organisms’ response to the pollutant (effect
biomarkers or stress biomarkers) [5]. Measurements at the
biochemical or physiological level more quickly and spe-
cifically detect the presence of several toxic compounds,
which allow an earlier identification of change before del-
eterious effects reach higher organization levels [1]. Thus,
a biomarker can also be defined as a change in the bio-
logical response, which ranges from the molecular to cel-
lular and physiological responses to behavioral changes
and can be related to exposure or toxic effects of environ-
mental chemicals [13, 14].

One of the mostimportant features of molecular/cellu-
lar biomarkers is that they have the potential to anticipate
changes at higher levels of biological organization, ie.,
population, community or ecosystem. Thus, these “early
warning” biomarkers can be used in a predictive way that
allows the initiation of bioremediation strategies before
irreversible environmental damage occurs. Therefore, bio-
markers can also be defined as short-term indicators of
long-term biological effects [5,15,16].

Usually, biomarkers are classified as specific or non-
specific. The use of toxicant-specific biomarkers, such as
metallothioneins (MTs), has been widely employed to
indicate the presence of metals. In the animal kingdom
and especially in the marine environment, MTs are widely
regarded as biochemical environmental indicators of
metal contamination [17]. The determination of MTs and
other biomarkers has been successfully employed in field
studies aimed to characterize impacted areas, where com-
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plex mixtures of pollutants are usually found [1,15,16].

In addition, biological monitoring involves the evalu-
ation of the physiological status of “sentinel” organisms
(bioindicators) living in the monitored environment by
determining the values of selected biological parameters,
which are known to vary in response to the toxic effects of
pollutants. These biological parameters are often reported
as stress indices or biomarkers [1,15,16,17,18].

According to some researchers [10,12,14], biomark-
ers can be subdivided into three classes. Exposure bio-
markers, such as MTs, MTLPs, cytochrome P450 and some
antioxidant enzymes, cover the detection and measure-
ment of exogenous substances, their metabolites or the
products of an interaction between a xenobiotic agent
and some target molecule or cell that is measured in a
compartment within an organism [9,19,20,21,22]. Effect
biomarkers include measurable biochemical, physiologi-
cal or other alterations within tissues or body fluids of an
organism that can be recognized as associated with an
established or possible health impairment or disease (e.g.,
histopathological alterations, DNA-damage and bulky
DNA-adducts) [23,24,25]. Susceptibility biomarkers indi-
cate the inherent or acquired ability of an organism to
respond to the challenge of exposure to a specific xenobi-
otic substance, including genetic factors and changes in
receptors, which alter the susceptibility of an organism to
that exposure, including gene toxicity and susceptibility
to oxidative stress by oxyradical scavenging [22,26].

Research disciplines that play an important role in risk
assessment and the development of specific biomarkers
are toxicogenomics, genomics, proteomics, metallomics,
metabolomics and bioinformatics [27]. Moreover, these
disciplines have been responsible for an increase in inter-
action between analytical chemistry and applied ecology
fields, which make it possible to more specifically under-
stand the interaction between xenobiotics and aquatic
biota. Therefore, it is essential to validate biomarkers in
biological matrices before they are applied in field studies.
Once validated, biomarkers can provide direct measure-
ments of actual effects of chemicals on living organisms
in the field, thereby overcoming large areas of uncertainty
that are implicit in normal risk assessment [28, 29].

3. METALLOTHIONEINS AND METALLOTHIONEIN-LIKE PROTEINS

Metallothioneins (MTs) are non-enzymatic proteins
with a low molar mass, high cysteine content, no aromatic
amino acids and are heat stable. The high cysteine con-
tent that is present in MTs provides these proteins with a
high affinity for different divalent metals because of the
presence of reactive sulfhydryl (-SH) in their amino acid
structure [30]. Many fish and aquatic invertebrate species
possess proteins that are better referred to as metallothio-
nein-like proteins (MTLPs) when they have not been puri-
fied and are characterized at sufficiently high levels [31].
They play an important role in known biological functions,

such as Zn and Cu homeostasis and the detoxification of
non-essential metals like Cd, Hg and Pb [18]. Table I. pres-
ents the main characteristics and functions of MTs.

TaBLE |. SOME CHARACTERISTICS AND FUNCTIONS OF
METALLOTHIONEINS (ADAPTED FROM REF. 32).

CHARACTERISTICS Funcrions

Molar mass 6000-7000 Da, 61 amino acids

Transport of metals

20 Cysteines (30%), N-acetylmethionine, and

4 L . A Detoxification of metals
C-alanine amino acids, no aromatics, no histidine

Tertiary structure: metal clusters Protectlon.fr'om metal
toxicity
Metal content: Cd, Zn, Cu, Hg; 5—-10% (w/w)

UV Absorption: 250 nm (Cd), 225 nm (Zn), 275 nm
(Cu), 300 nm (Hg)

Free radical scavenger
Storage of metals

Induced synthesis by Cd and Zn b EE

metals
Heat stability Immune response
Cytoplasmic localization Genotoxicity

Presence of Isoforms Carcinogenicity

In many marine invertebrate species, such as annelids,
mollusks, and crustaceans, the induction of MTs or MTLPs syn-
thesis by non-essential metals (e.g., Ag, Cd, Cu, Hg) has been
demonstrated, which suggests the potential use of these
protein concentrations in organisms as specific biomarkers
of metal exposure [16]. The mechanism of MT-induction by
non-essential metals has been studied [33], and models have
been created to explain the specificity of these proteins that
are induced by metals like cadmium, copper and mercury.

Even though MTs or MTLPs have been studied in marine
invertebrates for almost two decades, many questions about
the validation of these proteins as specific biomarkers still
exist. Since their discovery by Margoshes and Vallee in 1957
[34], it has been difficult to validate these proteins because
of different features, functions, and expressions in several
biological matrices as well as different procedures of extrac-
tion and quantification that have been applied [16]. There
are a variety of factors in the study of proteins that can be
considered difficult to standardize for the methodology of
the proposed application. In the literature, an intercalibration
exercise conducted in field-work using marine invertebrates
as biological matrices is rarely found [18]. However, some
extraction and determination procedures applied to MTs or
MTLPs are commonly used in marine invertebrates for their
application as specific biomarkers for trace metal contamina-
tion in aguatic environments.

4, METALLOTHIONEIN AND METALLOTHIONEIN-LIKE PROTEIN EXTRACTION

PROCEDURES

Protein extraction is one of the most critical steps needed
for the study of these biomolecules in organisms where dif-
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ferent procedures can be applied to obtain better recovery.
The type of extraction in biological matrices will primarily
depend on the complexity of the matrices and specific char-
acteristics of the target proteins.

Different marine invertebrates have been used for in
vivo assays including mollusks, crustaceans and sponges
[35,36,37]. Most of the proteomic studies on marine inverte-
brates have focused on tissues where metals tend to bioac-
cumulate. Although the extraction of proteins from animal
tissues is easier than from plant tissues, sample preparation
procedures are quite similar in both cases, and they involve
centrifugation (to remove cell debris), subcellular fraction-
ation, sonication, mechanical homogenization and protein
precipitation using solvents [3]. However, due to the com-
plexity of the biological matrices, it is essential for the protein
extraction procedure to effectively remove compounds that
are not of interest and to obtain a purified analyte for the
subsequent separation method.

MTs or MTLPs have specific characteristics that allow the
use of procedures during the extraction steps that favor the
pre-separation of these proteins. The two features that have
been used as target factors to obtain proteins from marine
invertebrates are their low molar masses and thermostabili-
ties. Figure 1 shows the main analytical steps that must be
fulfilled during extraction of MTs.

Homegenization of biclegical matrix
in 1:3 buffer. Extration (wiv) with
reducing and antifrolcol'_.-lic agents

Centrifugation of haomogenale at
10,000-20.000 x g for 60-90 min
]

Solvent Pracipitation step:
Add to cystolic fraction 1:1 of
cold (-20°C) absaolute ethanal

and 80 plL of chloroform
|

Heat Treatment stap:
Heat the cytosolic fraction at
70 ar 85 *°C for 10-15 min

¥
Centrifugation of treated cytosolic
fraction at 20,000-30,000 x g for 20
min

Add to suparnatant 3:1 of absclute
athanel (-20°C) for 1 h. MTs or MTLPs
racavery by precipitation

FiGURE 1. ScHEMATIC REPRESENTATION OF MTS 0R MTLPS EXTRACTION PROCEDURES COMPARING THE HEAT
TREATMENT AND THE SOLVENT PRECIPITATION STEPS (ADAPTED FRoM REF. 40 anD 41).

Solvent precipitation (ethanol/chloroform) and heat
treatment are the methods that have been used in most
published studies where these proteins are used as spe-
cific biomarkers for trace metals in aquatic environments
[16]. The extraction procedure using solvent precipita-
tion is a well-known method that has been used for pro-
tein extraction in biological matrices from animal origin;
the solvents that are primarily used consist of trichlo-
roacetic acid, acetone, methanol and ethanol [39]. The
solubility of proteins in aqueous buffers depends on the
distribution of hydrophilic and hydrophobic amino acid

residues. Proteins that have highly hydrophobic amino
acid contents on the surface have low solubility in aque-
ous solvents, while charged and polar surface residues
interact with ionic groups in the solvent and increase
solubility [39]. Ethanol causes protein precipitation pri-
marily because it significantly lowers the dielectric con-
stant of the aqueous solution; thus, ionic compounds are
more soluble in solvents with high dielectric constants
[40]. Through its polar group, ethanol interacts with the
polar group of the protein in competition with water. In
addition, the hydrophobic groups may disrupt the intra-
molecular hydrophobic interaction. Finally, a large vol-
ume of ethanol reduces the effective concentration of
water, leaving only a small amount for protein hydration.
Upon dehydration by ethanol, protein molecules attract
each other to a sufficient degree by van der Waals forces
and, thus, they become insoluble in the ethanol-water
mixtures [40]. The solvent precipitation method, which
utilizes ethanol/chloroform, is commonly used to extract
MTs or MTLPs in marine invertebrates and was described
by Viarengo at al. (1997) [41] based on the study pub-
lished by Kimura at al. (1979) [40]. Using ethanol instead
of other organic solvents such as methanol becomes
relevant for studies that require a laboratory routine,
such as biomonitoring studies; this is because exposure
to organic solvents can cause general health problems.
Chloroform allows the elimination of low molar mass sol-
uble thiols, which can react with specific reagents and
interfere with the quantification of metallothionein and
with the partial purification and concentration of MTs,
which are often present at very low levels in the tissues
of uncontaminated matrices [41].

The thermal stability of the MTs and MTLPs allows
pre-purification with a heat treatment during extrac-
tion. Heating increases the kinetic energy and disrupts
hydrogen bonds and non-polar hydrophobic interac-
tions, which causes denaturation of the protein. This
denaturation is responsible for the decrease in solubil-
ity and communal aggregation of proteins that have
no relevance in the determination of the MTs or MTLPs.
The thermal step in the extraction protocol of MTs or
MTLPs consists of heating the sample at a specific tem-
perature for a pre-set time. A study published by Erk et
al. (2002) [42] used a heat treatment (at 70 and 85°C) as
a pre-purification step for the determination of MTLPs
in the digestive glands of mussels. This study has been
widely cited as a reference in studies involving MT or
MTLPs. A comparison between these two procedures
has been performed by some authors [42,43,44], where
heat treatment was considered more appropriate than
solvent precipitation as a pre-purification step. Accord-
ing to Erk et al. (2002) [42], both heat (at 70 and 85 °C)
and solvent treatments efficiently remove high molar
mass proteins. However, the MT20 isoform is significantly
reduced by heat treatment and drastically reduced by
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solvent precipitation. Because MT20 is considered the
“"target’, the MT isoform is used to determine the effects
of metal exposure, and authors recommend the use of
a heat treatment. In accordance with Geret et al. (1998)
[44], this difference in the recovery of MTs between the
two methods can be attributed to the coprecipitation
of MTs with hydrophobic compounds during the first
addition of solvent. Alternatively, the MTs could have
partitioned into the supernatant of the second wash
with ethanol, together with the highly hydrophilic com-
pounds. Although the results obtained by these authors
have been achieved by differential pulse polarography
(DPP), other techniques for MTLPs determination have
shown that there is a better recovery using heat treat-
ment compared to the solvent precipitation procedure.
Figure 2 shows some results obtained for the extraction
of MTs using the solvent precipitation and heat treat-
ment methods from marine sponge species [45].

1.0+

0.8+

0.6+

MTLP (pg)

0.0-

Heat Treatment

Solvent Precipitation

FiGure 2. MTLPs osTaiNeD BY SDS-PAGE, COMPARING BETWEEN SOLVENT PRECIPITATION AND HEAT
TREATMENT FROM MARINE SPONGE HALICLONA SP. PREVIOUSLY EXPOSED TO CADMIUM. ERROR BARS =
STANDARD DEVIATION [45].

Thompson and Sutherland (1992) [43] showed that
these two extraction procedures might have different
applications where heat denaturation is the preferred
treatment for the quantitative recovery of metal-binding
proteins, while the solvent precipitation method is use-
ful for the purification of MTs or MTLPs due to its ability
to remove proteins from biological extracts. Our research
group has obtained the best results by using the heat
treatment extraction for MTs, as can be seen in Figure 3
for marine sponge Haliclona sp. previously exposed to
cadmium [45]. The highest removal capacity of protein
extract was observed by Erk et al. [42] and Geret et al.
[44] using differential pulse polarography.

A B C

FiGure 3. SDS-PAGE pRoTEIN PROFILE STAINED BY COMASSIE BLUE SHOWING MOLAR MASS MARKERS (A),
THE SOLVENT PRECIPITATION PROFILE (B), AND HEAT TREATMENT PROFILE (C). THE BIOLOGICAL MATRIX USED
WAS MARINE SPONGE HALICLONA SP. PREVIOUSLY EXPOSED T0 CADMIUM [45].

The differences between these two extraction procedures
(solvent and heat treatment) need to be better studied using
separation techniques that allow the simultaneous detec-
tion of various proteins from the same extract, for example,
by using powerful separation techniques such as gel electro-
phoresis. Gel electrophoresis in the two-dimensional mode
enables identification of proteins using isoelectric point in
the first dimension and molar mass for the second dimen-
sion, so that the relative intensities of the spots of the pro-
teins in a biological extract can be observed. Furthermore,
the target proteins can be quantified, identified and further
analyzed by mass spectrometry. This type of characterization
allows a better comparison between the heat treatment and
solvent precipitation procedures in a biological matrix to be
used in environmental studies.

5. MTs/MTLPs AND ASSOCIATED METALS: SEPARATION, DETECTION AND

QUANTIFICATION APPLIED TO ENVIRONMENTAL STUDIES

Considerable attention has been focused on the involve-
ment of these proteins in various biochemical pathways and
their use as markers of stress or disease. To fulfill the require-
ments of multidisciplinary studies, a wide range of bicanalyt-
ical techniques are needed. Isolation, separation, detection
and/or quantification of MTs and MTLPs are not easy tasks
because they have low molar masses and unique primary
structures. However, these are the commonly used methods
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for detecting proteins that lack specificity and sensitivity. The
most frequently used methods for the detection of MTs are
indirect and based on quantifying the metal ions that are
found in their structures or the high content of sulfhydryl
groups [46].

Classical technigues used for the determination of MTs/
MTLPs include metal-saturation and immunological assays,
i.e, the radioimmunoassay (RIA) and enzyme-linked immu-
nosorbent assay (ELISA), respectively, and polarography
[32,47]. However, these techniques show a lack of selectivity
to different MT isoforms and may suffer from interferences as
well as be unable to provide information on metal composi-
tions [48]. Selectivity of isoform separation can be achieved
using high performance separation techniques, and various
modes of high performance liquid chromatography (HPLC)
or electrophoresis have become standard. The relatively
poor detectivity of quantification based on UV detection or
dye staining does not generally allow the non-induced con-
centrations of MTs to be determined. More importantly, the
lack of reliable pure calibration standards does not allow for
unambiguous identification of MT-isoforms in HPLC and CZE,
so that further studies are needed for the accuracy of molar
mass assessment by SEC [32,47].

In recent years, a universally accepted approach to spe-
ciation analysis has been offered using hyphenated (eg.
coupled and hybrid) techniques, which are undergoing rapid
and continuous developments. They are based on a combi-
nation of separation techniques, such as gas chromatogra-
phy (GC), high performance liquid chromatography (HPLC),
or capillary zone electrophoresis (CZE), with a sensitive and
species-selective detector (e.g, atomic absorption spec-
trometry (AAS), inductively coupled plasma optical emission
spectrometry (ICP OES) or mass spectrometry (ICP-MS, ESI-
MS and MALDI-MS)). This analytical approach is becoming a
fundamental tool for the functional characterization of trace
elements in biological systems. As calibration standards are
unavailable for most trace element species in living organ-
isms, the recent explosion of soft ionization techniques, such
as MALDI-MS and ESI-MS, is necessary to complete the char-
acterization of the species detected by HPLC-ICP-MS and
opens new exciting possibilities for the detailed character-
ization of MTs [32,49,50].

Table Il shows selected papers found in the literature
dealing with extraction, separation and detection proce-
dures mainly applied for MTs and MPLTs in environmental
issues.

TaLE |1. SOME EXAMPLES OF EXTRACTION, SEPARATION AND DETECTION OF MTs AND/OR MTLPs AND ASSOCIATED METALS APPLIED TO ENVIRONMENTAL STUDIES.

Organism Extraction MTs or MTLPs Separation MTs or MTLPs Detection Reference
Tissues after Zn induction Heatin No separation (total Modified silver radioisotope saturation [51]
(Daphnia magna) 9 MTs) assay (""""Ag-glycine)
Fish hepatopancreas (Mullus BN
barbatus and Merluccius . SDS-PAGE Chemiluminescence [52]
: HCl, MgCl., PMSF)
merluccius) 2
Oyster gills and digestive . No separation (total . )
glands (Crassostrea angulata) Heating MTS) Differential pulse polarography (53]
Green mussels (Perna viridis) : No separation (total : .
after Ag, Cd and Cu induction Heating MTs) Silver saturation assay [54]
Nematodes (Caenorhabditis ) ) Electrospray ionization mass (55]
elegans) spectrometry
: Solvent treatment :
Sea bream tissues (Sparus - No separation (total Spectrophotometry [56]
aurata) MTs)
chloroform)
Gills of mussels (Mytilus . No separation (total . .
galloprovincialis) Heating MTs) Differential pulse voltammetry [57]
Clam tissues (Megapitaria . RP high performance
squalida) after Cd induction FIEEing liquid chromatography 8l
Digestive glands and gills of ! No separation (total ) )
molluscs (Anodonta cygnea) Heating MITS) Differential pulse polarography [59]
I Solvent treatment
Nematodgs (Caenorhqbq/t/s (ethanol/ - Mass spectrometry (TOF and ion trap) [60]
elegans) (in vitro and in vivo)
chloroform)
Chub fish livers (Leuciscus ' No separation (total .
cephalus L) Heating MT) Electrochemistry [61]
Vent mussel gills and digestive . No separation (total . :
glands (Bathymodiolus azoricus) Heating MTS) Differential pulse polarography [62]
Digestive glands (Perna viridis) Heating No sepa{\rAaTtgn (total Differential pulse polarography [63]
Polychaetes (Perinereis ) No separation (total )
P —-— Buffer (tris) MITS) Ag saturation method [64]
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Organism Extraction MTs or MTLPs Separation MTs or MTLPs Detection Reference
Marine bivalves digestive No separation (total
glands and gills (Mytilus edulis Heating P MTS) Differential pulse polarography [65]
and Mya arenaria)
Red mullets (Mullus barbatus) Heating e sepa{\r/‘aTt:))n (o Differential pulse polarography [66]
Digestive glands and Solvent treatment No separation (total
gills mussels (Mytilus (ethanol/ P Spectrophotometry [67,68]
e MTs)
galloprovincialis) chloroform)
Solvent treatment :
Blue ;rab hepatopancrgas and -y No separation (total Spectrophotometry [69]
gills (Callinectes sapidus) MTs)
chloroform)
Gills, digestive glands and Size-exclusion
tissues of clam (Ruditapes Heating Differential pulse polarography [70]
d chromatography
ecussates)
Gills and digestive glands of . No separation (total : .
clams (Ruditapes decussates) Heating MTS) Differential pulse polarography [71]
Shore crabs hepatopancreas ' No separation (total  Differential pulse polarography / Anodic
) . Heating R [72,73]
and gills (Carcinus maenas) MTs) stripping voltammetry
Rabbit liver MT, MT-1 and MT-2 ) Capillary
and horse kidneys electrophoresis Slpeeitiepie ey [74]
MT-1, MT-2 and MT ) Liquid Electrospray ionization mass 75, 76]
from rabbit liver standard chromatography spectrometry / UV spectrophotometry '
Mussel tissues (Mytilus . No separation (total . .
galloprovincialis) Heating MTs) Differential pulse polarography [77]
MT-1 and MT-2 rabbit liver No separation (total Catho.dlc stripping vo\tammetry /
- Inductively coupled plasma optical [78]
standard MTs) S
emission spectrometry (sulfur content)
. o . Size-exclusion : .
Sponges (Spongia officinalis) Heating chromatography Differential pulse polarography [79]
Rabbit liver (MT-1 and MT-2), ) Capillary zone ) [80]
horse kidney and MT standards electrophoresis
RP High
Earthworms (Eisenia andrei) Heating performance liquid UV spectrophotometry [81]
chromatography
Rabbit liver MT-1 and MT-2 RP High UV spectrophotometry / Electrospray
Heating performance liquid AN [82,83]
standards ionization mass spectrometry
chromatography
- Solvent treatment Gel permeation
NEmEIeStEs (e manneoels (ethanol/ and ion-exchange UV detection (84]
elegans)
chloroform) chromatography
Solvent treatment Gel filtration and
Springtails (Orchesella cincta) reversed-phase UV detection [85]
(acetone)
chromatography
. Solvent treatment :
Red mullet livers (Mullus - No separation (total Spectrophotometry (6]
barbatus) MTs)
chloroform)
Rabbit liver MT-2 standard RP High Electrospray ionization (quadrupole)
(previously separated from - performance liquid pmayss s ectromStr P [87]
MT-1 by SEC) chromatography P Y
Mussel tissues (Mytilus Pressurized liquid el exchang¢ h|‘gh UV detection / Inductively coupled
o . performance liquid . o [88]
galloprovincialis) extraction plasma optical emission spectrometry
chromatography
Rabbit liver MT-2 isoform . S
standard (and its sub-isoforms) RP ngh‘ ‘ Electrospray ionization (tandem) mass
T - performance liquid spectrometry / Inductively coupled [89]
/ pig kidneys exposed to CdS
) chromatography plasma mass spectrometry
nanoparticles
Surface enhanced laser desorption
Crab hepatopancreas tissues  Buffer (phosphate) = ionization / Time of flight mass [90]

spectrometry
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Organism Extraction MTs or MTLPs Separation MTs or MTLPs Detection Reference
L . RP High
R;zgga!'r\ée/r g;:\\';gﬁ:;ﬂ Heating performance liquid UV detection / SDS-PAGE [91]
chromatography
Digestive glands (Mytilus Solvent S;Zrig:céizlﬁannzgd UV detection / Atomic absorption [92]
galloprovincialis) precipitation chromatography spectrometry
i ) Electrospray ionization mass
Rabbit l';/gn’\él;é isoform - RP-HPLC spectrometry / Inductively coupled [93]
plasma mass spectrometry
: , o Solvent SE and RP UV detection / Graphite furnace atomic
Uisies (s getironindohs) precipitation chromatography absorption spectrometry 4]
Electrospray ionization mass
- ) Capillary spectrometry / Matrix assisted laser
Rabbit liver MT standard electrophoresis desorption ionization / Time of flight [55]
mass spectrometry
Capillary
) - . electrophoresis / Inductively coupled plasma mass
FUfiee E;k}t;lrtrlrllver MT-1 = High performance spectrometry / Electrospray ionization [96]
liquid mass spectrometry
chromatography
Mussels hepatopancreas - SE chromatography High resolution Inductively coupled [97]
plasma mass spectrometry
Isotope dilution / Inductively
Fish tissues - SE chromatography coupled plasma (time of flight) mass [98]
spectrometry
o ' Capillary Inductively coupled plasma (quadrupole)
Fish livers Heating electrophoresis mass spectrometry [59)
RP High Inductively coupled plasma (time of
Fish livers (Cyprinus carpio) = performance liquid  flight) mass spectrometry / Electrospray [100]
chromatography ionization mass spectrometry

5.1. ELECTROCHEMICAL METHODS

The determination of MTs/MTLPs by electrochemical
methods is based on the electroactivity of -SH groups,
which tend to be oxidized or to catalyze the evolution
of hydrogen from a supporting electrolyte. To prevent
interferences and lower limits of detection, an adsorp-
tive transfer stripping technique (AdTS) is often coupled
with electrochemical methods. The main improvement
made by the AdTS is based on removing the electrode
from solution after accumulating a target molecule on its
surface, rinsing the electrode and transferring it to a pure
supporting electrolyte, where no interferences are pres-
ent [48]. To detect MTs, linear sweep, cyclic, differential
pulse and square-wave voltammetries have been used,
even differential pulse voltammetry with the “Brdicka
reaction”. In this one, sulfhydryl-containing peptides (pro-
teins) in the presence of an ammonia-buffered cobalt (IIl)
solution give rise to several electrochemical processes
(including catalytic hydrogen evolution - Cat) with char-
acteristic electrochemical signals that can be observed at
mercury electrodes. This is the most commonly used elec-
trochemical method for detection of MTs in various types
of samples [46,101,102]. Olafson and Sim [103] have docu-
mented that the polarographic response by the modified

Brdicka procedure is independent of the metal concen-
tration or the metal type bound to the MTs and that low
molar mass compounds containing thiol groups like glu-
tathione, mercaptoethanol and cysteine have a negligible
polarographic response compared to the same amount
of MTs. A modified Brdi¢ka procedure is convenient for
determining the amount of MT after its isolation from vari-
ous tissues of environmentally exposed and unexposed
organisms [101,103].

5.2, SATURATION ASSAYS

Metal saturation assays are based on the competitive
displacement and the subsequent determination of the
initially MT-bound metal (usually Cd and Zn) by a metal
with higher affinity to MTs (usually Hg and Ag), which
depends on the stoichiometry of each metal and have
lack of selectivity with regard to the individual MT-iso-
forms [47]. This affinity decreases in order: Hg (Il) > Ag (I) ~
Cu () > Cd (I > Zn (I). When using silver, higher chloride
levels cause precipitation. Saturation assays are the first
methods used for the quantification with enough LODs;
however, there are several limitations in using this method
primarily when the copper content is high [46].
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5.3. IMMUNOCHEMICAL METHODS

This group of methods for the detection of MTs
includes the use of antibodies. It comprises techniques
based on the immunological detection of MTs in whole
tissues and particularly enzyme-linked immunosorbent
assay (ELISA) with enzymatically labeled antibodies, radio-
immunoassay (RIA) using isotopically labeled antibodies
and western blotting [32,46]. The main obstacles in using
ELISA and other immunological methods are the need to
avoid the degradation of the target molecule, cross reac-
tivity of polyclonal antibodies, possible interference from
higher metal contents, inability to quantify individual MT-
isoforms and to provide information about the original
metal composition. These methods are more suitable for
qualitative detection of MTs than their quantification [46].

5.4. SEPARATION METHODS

The separation techniques are usually the key com-
ponents in the speciation of metalloproteins, although
sensitive element-specific detectors provide the neces-
sary information about the different forms of a particular
element in a sample when coupled with the separation
devices [49]. Among the separation techniques used for
MTs analysis, several modes of electrophoresis and chro-
matography can be used [46].

Separation techniques can be divided into those
applied for the isolation and purification of MTs from bio-
logical matrices (described before) and those involving
the subsequent separation of different MT-isoforms within
the purified sample. Capillary electrophoresis (CE) and
chromatographic methods, such as ion exclusion chroma-
tography (IEQ), fast protein liquid chromatography (FPLC),
or high performance liquid chromatography (HPLC), are
employed in combination with different detection sys-
tems (UV, fluorometric) and/or other techniques either
off-line or on-line (hyphenated systems) for the determi-
nation of MTs/MTLPs [46].

5.4.1. ELECTROPHORETIC SEPARATION METHODS

5.4.1.1 GEL ELECTROPHORESIS

Since the paper published by Laemmli (104), SDS-
PAGE has been much used for protein separation. For
blue native (BN) gels, protein complexes are solubilized
directly from the organelle and mixed with a dye (e.g,,
Coomassie dyes) that binds to the isolated complexes
before PAGE separation. BN-PAGE allows proteins to be
efficiently resolved under native conditions and per-
mits the direct quantitative assessment of differential
changes in a given proteome [3]. Native or denaturat-
ing protocols can be utilized for MT detection. Due to
the low molar mass of MTs and their facile reoxidation
during an electrophoretic run, it is necessary to use gels
with acrylamide concentrations between 15 and 17.5%
or gradient gel electrophoresis [46].

Among the separation methods, SDS-PAGE [104] using

derivatized samples with a fluorescent marker (monobro-
mobimane - mBBr) has been considered very efficient
for MTs/MTLPs determinations in marine invertebrates
[38,105], according to O'Kefee (1994) [106]. Its advantages
include its rapidity and the high affinity of mBBr for sulphy-
dryl groups, which are abundant in MTs, and it is cheaper,
compared to HPLC or CZE. As an example, Fan et al. [107]
showed a gel electrophoresis method using tricine-based
gel for sensitive determination of MTs, based on mBBr,
able to analyze proteins between 3.5 and 26 kDa in only
one hour and with more sensitivity when compared with
Coomassie blue G-250 staining.

Classical two-dimensional gel electrophoresis (2-DE)
is the most frequently used technique in metal-toxicity
related proteomic studies. It is a powerful separation tech-
nigue, which allows the simultaneous resolution of thou-
sands of proteins. The high-resolution capability of 2-DE
arises because the first and second dimensions are based
on two independent protein characteristics. In the first
dimension, the proteins are separated according to their
charges, i.e., using isoelectric focusing (IEF), while in the
second dimension, the proteins are separated orthogo-
nally by SDS-PAGE (sodium dodecyl sulfate polyacrylam-
ide gel electrophoresis) based on their molar masses [3].

Following gel electrophoresis, the next steps are pro-
tein staining and image analysis to quantify each protein
and to allow a qualitative comparison of samples by den-
sitometry. Different staining reagents have been used,
such as Coomassie brilliant blue (CBB) and silver-staining
visualization. After scanning, selected spots can undergo
an in-gel tryptic digestion and the proteins can be identi-
fied by MS analysis of the resulting peptides [3,46]. 2-DE
in combination with MS plays an important role in pro-
teomics and in metal toxicity-related studies. However,
this classical approach has several limitations, and not
every protein is amenable to separation. Low-abundant
proteins, small and very large proteins, alkaline, hydro-
phobic and especially membrane proteins are underrep-
resented in 2-DE. One of the main problems associated
with 2-DE is reproducibility due to inherent gel-to-gel
variability. To circumvent this problem, difference gel
electrophoresis (DIGE) was developed. In DIGE, different
samples are labeled with different fluorescent dyes, thus
allowing a comparison of two or three protein samples
on a single gel. Images of the 2D gels are acquired using
as many as three different excitation/emission filters, and
the ratio of the differently colored fluorescent signals is
used to find protein differences among the samples. The
acquisition of fluorescent images of a DIGE gel allows the
relative quantitation and a selection of gel spots contain-
ing differentially expressed proteins [3,108,109,110]. DIGE
has been employed to assess proteome changes in a wide
variety of samples, including animal tissues and fluids, and
also for sub-cellular compartments. However, to date no
paper was found concerning DIGE and MTs.
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5.4.1.2. CapiLLaRY ELECTROPHORESIS (CE)

CE is a hot topic in proteomics primarily for its excel-
lent resolution, rapidity, low sample volume demands
and ability to differently separate charged and neutral
molecules during a run [46]. CE has been applied as
an alternative to chromatographic techniques for the
quantification of individual MT-isoforms [111]. The basic
parameters that affect the resolution of CZE include
surface characteristics (e.g., untreated or coated capil-
laries), and mobile phase composition (i.e., the buffer,
its pH, concentration, and the presence of zwitterionic
reagents, inorganic salts, metal ions, ion-pairing agents
and organic solvents). The choice of capillary and run-
ning conditions depends on the complexity of the MT
mixture to be resolved. CZE in uncoated silica capil-
laries provides a rapid analysis of non-heterogeneous
MT-isomers in neutral or alkaline buffers. Most hetero-
geneous isomers and those in complex matrices can be
separated using high ionic strength buffers (e.g., 0.5 mol
L"). Uncoated capillaries offer a high-speed analysis and
durability, but their resolution needs more work [47].

An alternative technique for the qualitative evaluation
of purified MT samples involves the addition of an ionic sur-
factant to the electrolyte. This technique is known as micel-
lar electrokinetic capillary chromatography (MECC). The
principle of analyte separation in MECC involves their par-
titioning between the hydrophilic medium of the aqueous
electrolyte and the hydrophobic interior of the negatively
charged SDS micelles. Hence, the separation is made on
the basis of differences in hydrophobicity as well as charge
[112]. Neutral capillaries are very well suited for protein sep-
arations and are very useful for the qualitative evaluation
of MT isoforms. By changing the polarity appropriately, the
separation of multiple MT isoforms can be obtained at low
and neutral pH values, and a wide range of different elec-
trolyte buffers is compatible with this type of capillary. Both
phosphate and mixed zwitterionic buffers have been used
to obtain good separations of MTs from a range of different
species [113].

When using UV detection with coated or uncoated
capillaries, careful thought should be given to the buffer
used in the electrolyte. Characteristically, MTs have no UV
absorbance at 280 nm due to the absence of aromatic
amino acids, but some organic buffers, e.g., tricine, will
strongly absorb below 230 nm, which will limit the use of
lower wavelengths for greater detection sensitivity. While
this may not be important for qualitative work, it is a dis-
tinct disadvantage for quantification. Sodium phosphate
and borate do not significantly absorb UV light and are
very suitable for quantification studies [113].

The basic drawback of electrophoretic techniques is
poor detectivity resulting from the very small (a few nano-
liters) samples that can be injected onto a capillary. This
problem can be overcome by on-line pre-concentration
prior to the capillary inlet [47]. The great advantage of CE

in detection and quantification of MTs is its ability to dis-
tinguish MT-isoforms in crude samples.

Several papers can be found in the literature dealing
with CE and MT separation. Virtanen et al. [74] separated
MT-isoforms using CZE with an uncoated capillary and
investigated several parameters that control the separa-
tion. Best conditions were obtained by using tris-borate
buffer and 11 kV power. For horse kidney and rabbit liver
MTs they found two and three isoforms. The authors con-
clude that this method is very useful but, unfortunately,
they did not characterize the peaks found and so that
there is less confidence in these findings. Virtanen and
Bordin [80] also developed a simple CZE method for MT-
isoforms using tris-tricine buffer. After optimizing experi-
mental parameters, they were able to separate rabbit
MT-isoforms better than the traditional method that uses
tris-borate buffer. Andon et al. [95] have separated several
MT-isoforms from rabbit liver, showing three sub-isoforms
within MT-1 and MT-2, which were confirmed using MS
(on-line). This paper shows the great ability of CE in sepa-
ration of species coming from different organisms.

Chassaigne et al. [96] also showed MT-sub-isoform
detection using CZE coupled to ICP-MS (using a customized
interface) with excellent resolution. This method allows dif-
ferent metal complexes of the same isoform be separated
by CZE. Alvarez-Llamas et al. [99] proposed a large volume
stacking methodology to by pass low CE detectivity. The
detection limits were increased by 9 to 13 times, allow-
ing metal speciation in MT-isoforms present in eel liver of
exposed and non-exposed eel group organisms.

5.4.2. CHROMATOGRAPHIC METHODS

5.4.2.1. Size-ExcLusIoN / GEL PERMEATION CHROMATOGRAPHY

Size-exclusion chromatography (SEC) is based on the
molecular sieve effect and enables species to be sepa-
rated according to their size and, to a lesser extent, their
shape. The average time a substance spends in the pores
is determined by its size, which for a given shape, can usu-
ally be related directly to its molar mass. The resolution
of SEC is insufficient for the discrimination of small het-
erogeneities in amino acids; thus, this technique serves
in the separation of the MT fraction from samples but
cannot distinguish among the different isoforms [47]. A
separation by SEC should be independent of the analyte
charge, but in practice, the stationary phase surface dis-
plays charged properties; thus, a mixed mode separation
is observed. This makes the choice of packing material
critical. The two categories of packing used include silica
and organic polymers. At nanogram metal levels, signifi-
cant silanophilic effects can occur, including metal losses
in the presence of low ionic strength eluents on silica-
based SEC supports. The average pore size of the packing
used varies from 100 to 1000 A [47]. The optimum elu-
ent should ensure minimum competition between buf-
fer and cytosolic ligands and between these ligands and

www.brjac.com.br



METALLOTHIONEINS AND METALLOTHIONEIN-LIKE PROTEINS AS BIOMARKERS OF ENVIRONMENTAL
CONTAMINATION: TECHNIQUES FOR EXTRACTION, SEPARATION AND QUANTIFICATION - A REVIEW

the gel. The separation by SEC with water as mobile phase
prevents structural changes, denaturation of proteins and
destruction of protein-metal complexes. In practice, vari-
ous aqueous mobile phases of fairly high ionic strength
have been used to avoid interactions with the packing
material. In general, dilute buffers may cause the adsorp-
tion of low molar mass proteins by the column packing.
When silica-based packing cannot be avoided, the addi-
tion of a non-complexing salt (e.g.,, NaCl) to the mobile
phase was shown to suppress the residual silanol activity
of the column packing. Under these conditions no sig-
nificant exchange of Cd occurred but occasional (for Hg)
or appreciable losses (for Zn) can be observed for other
metals [47]. The wide variety of buffers reported in the lit-
erature makes it relatively easy to choose a suitable one
for the detection technique. Up to 30 mol L tris-HCl was
found to be tolerated in ICP-MS, whereas 20 mol L' for-
mate or acetate buffer in 10 % methanol was found to be
acceptable for ESI-MS.

The analysis time is a function of the column size and
the eluent flow-rate. Even though columns up to 120 cm
lengths were used, the standard 30 mm x 7.6 mm column
isagood choice. Ataflow rate of 1 mL min™, the separation
requires approximately 20 min to go to completion. The
choice of small-bore columns with size-exclusion pack-
ing on the market is still limited; such columns enable the
rapid characterization of various metal-containing molar
mass fractions in unknown cytosols by direct injection
nebulization ICP-MS or ESI-MS.

As examples of papers concerning MT separations by
SEC, some can be highlighted. The work developed by
Berthetetal.[79]in which MTs were separated from sponge
(Spongia officinalis) tissue using Sepharose and Sephadex
columns found proteins with 6.7 and 15 kDa. The metals
associated with these MT fractions were determined and
the authors found a relationship between metals (Cd, Zn
and Hg) and MTLPs contents. You et al. [84] also used SEC
for pre-purification of MTs from worms (Caenorhabditis
elegans) exposed to Cd to express the two MT-isoforms
(CeMT-I and CeMT-Il). These isoforms were further sepa-
rated by ion-exchange chromatography. In the same way,
Hensbergen et al. [85] studying MTs in insects (Orchesella
cincta), used a Superose column and further separation by
RPC. Cd was also determined by GF AAS and the authors
showed a good relationship between MT and Cd concen-
trations. Other papers dealing with SEC can be found in
Table Il. As can be seen in the above mentioned literature,
SEC is normally used for pre-separation (purification) of
MT fractions due to its poorer resolution. It is mandatory
to employ a better separation technique, such as RPC or
IEC, for further MT-isoform separations.

5.4.2.2. Reverse-PHASE cHROMATOGRAPHY (RPC)
The separation of MT-isoforms is most frequently per-
formed using reverse-phase chromatography between a

non-polar stationary phase (usually a covalently bound
C8 or C18 linear hydrocarbon) and a relatively polar
mobile phase. Reverse-phase HPLC seems to be superior
to SEC and ion-exchange because the packing material
for RPC is primarily free of ligands for metals. Because
the hydrophobicity of a polypeptide primarily dictates
its retention in RPC, the gradual elution of individual
MT-isoforms of a mixture is achieved by decreasing the
polarity of the mobile phase by the addition of methanol
or acetonitrile [47].

Wide-bore (4-5 mm) 15-25 cm long columns are the
most frequently used. Narrow-bore and microbore col-
umns are expected to gain significance because of their
higher sensitivity and resolution. The presence of a buf-
fer is necessary. Tris—=HCl is the most widely used in the
separation of metallated isoforms. Apo-MT-isoforms have
been separated using trifluoroacetic acid (TFA) or acetic
acid media. The resolution of isoforms is affected by pH.
Thus far, UV detection has been used in most cases. This is
because the high content of organic modifier hinders the
compatibility between RP-HPLC and ICP-MS. A set of Pt-
cones and the addition of oxygen to the nebulizer gas are
highly recommended. Loss of detectivity is unavoidable.
However, RP separation conditions are close to ideal for
ESI-MS detection, which is gaining popularity [47].

Besides some papers discussed in the previous sec-
tion, other papers can be found in the specialized litera-
ture dealing with MTs and RPC. Shen et al. [87], working
with Zn-rich rabbit MT, separated a MT-2a isoform using
a Zorbax 300 SB C18 column. After separation it was ana-
lyzed by positive ionization mode (which maintains the
metal integrity) ESI-MS, showing a protein with 6568 Da
and a structure as Zn -MT-2a. Mounicou et al. [89] used
RPC (Vydac C 8 microcolumn) for the isolation of pig kid-
ney MT-isoforms and its subsequent characterization by
ICP-MS and ESI-MS (orbitrap system). This approach allows
simultaneous access to inorganic and organic information
that is of concern for biological cytosol studies. Infante et
al. [100] also used RPC for isolation of two MT-isoforms
from Cd-exposed carp tissue. These authors also used
a coupled configuration with ICP-MS and ESI-MS, and
simultaneously determined the metals (Cd, Cu, Zn and Pb)
associated to each MT-isoform.

5.4.2.3. ANION EXCHANGE CHROMATOGRAPHY

MT-1 and MT-2 fractions, which have a negative charge
in aqueous solutions, can be separated using anion
exchange chromatography. Frequently, MTs, before being
applied to anion exchange, are first pre-separated using
SEC [47]. A weak-anion exchanger with diethylaminoethyl
functional groups is the only type of support used. Aque-
ous buffers are used with a linear concentration gradient.
The high potential separation of the MT-1 and MT-2 iso-
forms by anion exchange is not fully exploited with cou-
pled systems because the common end-concentration of
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0.25 mol L' buffer is not tolerated well by ICP-MS and sup-
presses electrospray ionization [47].

Among the published papers discussed in section
54.2.1, in which anion-exchange chromatography was
used to separate MT-isoforms, a very good work devel-
oped by Santiago-Rivas et al. [88] describes this field. In
this work MT-1 and MT-2 isoforms from mussel tissue
(Mytilus galloprovincialis) were separated using a Protein
Pak DEAE-SPW column. As an improvement in this work,
a pressurized liquid extraction for cytosolic MT extraction
was used and the concentrations of Cu-MT-1, Mn-MT-1,
Sr-MT-1 and Zn-MT-1 could be determined by ICP OES.

5.5. COUPLING SEPARATION AND DETECTION TECHNIQUES

Development and application of “hybrid” techniques
to obtain speciation information in environmental sam-
ples were soon extended to the speciation of trace ele-
ments in biological material of the most varied living
organisms. However, the complexity of chemical specia-
tion in biological samples is greater than in environmental
sources. For a given element, many unknown compounds
(e.g., peaks of unidentified species containing that ele-
ment) were detected that result from its metabolism in
the living organism under study [49,112].

Chemical species of a trace element are often unstable
and concentrations found in different matrices of interest
are often on the ng g’ range, whereas inorganic forms
can simultaneously be present at 1000-fold higher levels.
Thus, sensitive and selective analytical atomic spectro-
metric techniques have been used as detectors for spe-
ciation and are generally coupled to some gas or liquid
chromatographic step for the time-resolved introduction
of analytes into the atomic detector [49].

Two types of separation-detector couplings are usu-
ally considered in metalloprotein species-selective analy-
ses: (a) off-line detection of metal(oid)-proteins or other
charged macromolecules bound to some metal or metal-
loid, which are separated by gradient gel electrophoresis
or isoelectric focusing for flame atomic absorption spec-
trometric (FAAS) determination. Other discrete detection
techniques can also be preferred when very high detec-
tivity is needed, using an LC connected to electrothermal
AAS (ET AAS) or when LC or CE devices are connected
to ICP-MS (off-line), especially when a graphite furnace
is used for ET sample introduction at the plasma device
inlet; and (b) on-line couplings of separation column
techniques, such as LC or CE, with some very sensitive
elemental detector, especially ICP OES or ICP-MS, in which
the hyphenation is completed via a nebulizer [49].

The choice of a hyphenated system primarily depends
on the research objective. The separation component of
the coupling system is favored when the characteriza-
tion of the maximum number of iso- or sub-isoforms is of
interest, whereas the detector component becomes cru-
cial when high detectivity is required [49].

The presence of a metal bound to MT is a prerequisite
when using an “inorganic” atomic spectrometric detector,
such as atomic absorption, ICP atomic emission or ICP-MS
spectrometers. The linear range and multi-element capa-
bility of these detectors make them a rapid alternative to
metal-saturation assays. An electrospray mass spectrome-
ter is unmatched when characterizing MT isoforms in terms
of molar mass. A collision-induced dissociation (CID) cell
and another mass spectrometer in series are necessary to
provide structural information in terms of the amino acid
sequence. An important problem often encountered is the
interface between chromatography and spectrometry. LC
mobile phases typically consist of some combination of
organic solvents, salts from buffer solutions and/or ion-pair
reagents, and the separation conditions may not be com-
patible in terms of flow-rate and mobile phase composition
with those acceptable/required by the detector. This crite-
rion is often much more difficult to fulfill compared to the
UV detector, where the optical transparency of the mobile
phase above 200 nm is the only condition. High concentra-
tions of organic solvents in reversed-phase HPLC negatively
affect plasma but enhance the ESI process. Conversely, the
relatively concentrated buffers used in ion-exchange chro-
matography suppress the signal in electrospray and can
also clog nebulizers. The nanoliter sample volume and low
microliter per minute flow-rate makes the dead volume
and the detectivity critical in AAS and plasma techniques,
whereas they are not far from the optimum nebulization
techniques in ESI-MS. Because of these considerations, the
choice and optimization of the best hyphenated system for
a given task is difficult and requires some experience [47].

5.5.1. Atomic ABsorpTION SPECTROMETRY (AAS)

The metals that preferentially bind to MTs (e.g., Cd,
Zn, Cu) are among the elements that provide the most
intense response in AAS. Off-line analysis of MT-bound
metals after intense HPLC by fraction collection and GF
AAS analysis has been a common approach. Being less
sensitive than GF AAS, F AAS offers the possibility of an
on-line approach. This technique is compatible with both
flow-rates and mobile phase composition, which typically
includes organic solvents, commonly used in HPLC. Taking
the widespread availability of this technigue into account,
it is no wonder that HPLC-AAS was the first hyphenated
technique to be used in the determination of MT isoforms
[47]. The primary interest in HPLC-AAS lies in its simplicity,
wide availability and compatibility with the mobile phases
used in HPLC. AAS is not truly a multi-element technique;
nevertheless, up to four elements can be measured simul-
taneously with the latest instruments, which is sufficient
for practical applications. Despite the fact that detection
limits obtained with advanced interfaces almost match
those of ICP-MS, the primary field of application of HPLC-
AAS is the characterization of MT-isoforms after metal
saturation protocols [47].
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5.5.2. INDUCTIVELY COUPLED PLASMA OPTICAL EMISSION SPECTROMETRY

(ICP OES)

Compared with F AAS, ICP OES offers better detection
limits, at the 1 ng mL" level, but lower solvent compatibil-
ity. High organic solvent (> 10%) contents may not be eas-
ily tolerated. The unmatched advantage of ICP OES is the
possibility of monitoring sulfur together with metals. ICP
OES instruments with an axial view seem to offer lower
detection limits for transition metals. In addition, its multi-
element capability is a great advantage for the quantita-
tion of several metals simultaneously.

5.5.3. INDUCTIVELY COUPLED PLASMA MASS SPECTROMETRY (ICP-MS)

Currently, ICP-MS is the most powerful elemental
detector used to “screen” the presence of an element in
known or unknown large biomolecules. ICP-MS is a spe-
cific detector for metals (and metalloids) at very low lev-
els. It can conduct selective, real-time monitoring of a
given element associated with a compound eluted from a
chromatographic column or electrophoretic capillary. Its
synergic use with a previous high-resolution separation of
the protein (or its complexes) offers a revolutionary ana-
lytical tool [112,114,115]. In ICP-MS, the signal measured
is an elemental ion; the species-selectivity is a function
of the arrival time of the analyte to the ionization source.
Consequently, the identification requires prior knowledge
about the possible species and the availability of a stan-
dard to calibrate the column in terms of retention time.
For a large majority of compounds present in biological
materials, these conditions are not fulfilled, and a need
arises for a technique able to inherently generate a signal
that would be specific to an element and to a species or
its fragment [115].

Despite its potential, some care should be taken in case
of coupling with a separation technique. The eluent from
the LC instrument may be rich in organic constituents and
these can cause further problems when connected to an
ICP-MS. Organic solvents can adversely affect the stability
of the plasma, deposit soot on the faces of the sampler
and on the skimmer of a MS instrument, which would
result in increased noise and varying responses. Organic
solvents can also produce high-reflection power that can
resultin plasma extinction. The nebulizer can also become
blocked if the solvents contain high concentrations of salt.
The problem of organic solvents entering the plasma can
be overcome by reducing the quantity of solvent reach-
ing the plasma by employing micro LC separations or by
increasing the amount of O, plasma gases, although this
significantly reduces the lifetime of the skimmers and of
the sampler [116].

When coupling with CZE, the interface must provide
an electrical connection and a stable electrical current
for reproducible electrophoretic separations. The major
problem is the small sample volume (typically 10-100
nL), which requires a very sensitive detector to cope with

the low naturally occurring analyte levels, and the low
flow-rates (1 - 5 nL min™) limit the choice of nebulizer. In
addition, the interface should prevent the occurrence of
laminar flow inside the CE capillary caused by the nebu-
lizer; this is potentially a very serious problem because it
could disturb the high resolving power of the capillary
electrophoresis. In terms of the practical applications of
the characterization of MT isoforms, the high resolution of
CZE has long been off-set by the lack of suitable element/
species selective detectors. Recent instrumental develop-
ments regarding the coupled techniques of CZE-ICP-MS
and CZE-ESI-MS are likely to result in numerous contribu-
tions to this field [47,48].

5.5.4. ELECTROSPRAY-IONIZATION MASS SPECTROMETRY (ESI-MS)

For protein analysis by MS, two main ionization tech-
niques are used: electrospray ionization (ESI) and matrix-
assisted laser desorption-ionization (MALDI). These tech-
niques are characterized by a soft ionization that lowers
the probability of protein destruction.

ESI is based on electro-nebulization (i.e, a mecha-
nism that involves the evaporation of ions) of a sample
performed at atmospheric pressure. The technique was
shown to produce gas-phase ions of highly labile and
non-volatile compounds, such as peptides, proteins, oli-
gonucleotides and oligosaccharides, without any frag-
mentation. Metal complexes of Cd, Ag and Cu were trans-
ferred into the gaseous phase and detected by the mass
spectrometer [115,117]. Soft ionization using ESI can pre-
serve the formation of the metal-protein complexes; thus,
coupling ESI with MS can help in the identification of pro-
tein isoforms and the stoichiometry of metal complexes
[46,51]. Depending on how the generated ions are further
handled, different types of information on the identity of
the molecule of interest can be obtained. In the simplest
case (i.e., in the molecular ion or single MS mode), one
or more protons can be attached to the analyte molecule
leading to the formation of a single-charged or multi-
charged ion. This allows an accurate measurement of the
molar mass of the analyte species of interest. At a suffi-
ciently high ionization energy, elemental ions of metals or
metalloids present in the sample can be obtained. Finally,
the molecular ion, which can be isolated at the first mass
filter, can be fragmented by collisions with molecules of
a neutral gas in a process referred to as collision-induced
dissociation (CID). The resulting fragments identified by
molar masses in a second mass analyzer (tandem MS or
MS/MS mode) allow information on the structure of the
molecule to be obtained [115].

In ESI-MS/MS, the triple quadrupole mass spectrometer
is a very popular instrument, in which the second quadru-
pole is used as a collision cell. The analytes are fragmented
in the collision cell by a collision gas, and the fragments are
analyzed by the third quadrupole to obtain further structural
information. Triple quadrupole mass spectrometers have
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mass resolutions up to 3000, but even the analysis of MTs
with molecular masses of 6 - 7 kDa (and other large proteins)
is possible because the MTs acquire charges of +4 and +5 in
the ESIand this expands the mass range after the deconvolu-
tion of the mass spectra. If the third quadrupole is replaced by
a time-of-flight mass spectrometer (ESI-MS/Q/TOF), a mass
resolution of up to 10000 can be achieved. This provides the
mass accuracy required for definitive mass assignment and
structural elucidation [48].

Despite its enormous potential, this technique is just
starting to become popular for the characterization of MT-
isoforms and their metal complexes. It was used for the
determination of the major rabbit MT isoform II. ESI mass
spectra of purified rabbit MT-2 revealed the presence of two
isoforms in the sample that differed by 30 mass units, and
the characteristic spectra for the apoproteins and metal-sat-
urated proteins in acidic and alkaline pH gave information
about the number and the identity of metals bound to the
protein [47].

Because the metal binding capacity of MTs is strongly pH-
dependent, a step-wise or complete demetallation can be
achieved by lowering the pH to below 2. Both the disappear-
ance of the different isoforms of the MTs (with the formation of
the corresponding apo-MTs) and the higher degree of proto-
nation lead to a significant increase in sensitivity for the detec-
tion of the protein at low pH. If the sequence of the ligand,
such as the apo-MTs, is already known and exists in a protein
database, the determination of its molar mass is already suffi-
cient for its identification. In the case of a previously unknown
protein, a CID with a tandem MS instrument can be used for
the elucidation of its amino acid sequence [4].

5.5.5. MATRIX-ASSISTED LASER DESORPTION IONIZATION-TIME-OF-FLIGHT

(MALDI-TOF) anaLyzer

The MALDI time-of-flight analyzer (MALDI-TOF) is a
soft ionization technique suitable for protein analysis and
is more tolerant than ESI to higher sample mass and to salt
contents, buffers and other substances [46]. By means of
a MALDI-TOF mass spectrometer, 2-DE has been coupled
with Edman sequencing or peptide-mass fingerprinting
(PMF). Although this approach has been extensively used,
it is important to note that PMF measures the masses of
the peptides derived from the trypsinized parent-protein
spot. Thus, if several proteins happen to be in the same gel
area, the spectra could become very complicated, which
would make it difficult to identify the protein of interest.
To overcome this potential problem, a few authors have
chosen to use tandem MS (MS?) - MALDI-TOF/TOF or
LC-MS?, which allows the sequencing of the peptides and
providing more confident protein identification [3].

5.5.6. SURFACE-ENHANCED LASER DESORPTION IONIZATION TIME-OF-FLIGHT

(SELDI-TOF) anaLyzer

Surface-enhanced laser desorption/ionization time-
of-flight (SELDI-TOF) analysis has also been used to evalu-

ate protein changes induced by exposure to arsenic and
lead. A variation of MALDI-TOF, SELDI-TOF uses a modified
target to achieve biochemical affinity. Thus, the SELDI sur-
face acts as a separation step, which allows the analysis
of a subset of proteins and reduces sample complexity.
SELDI-TOF has been widely used to identify potential dis-
ease biomarkers and its potential makes it interesting for
identifying candidate biomarkers for toxicity, especially
when working with body fluids [3].

6. ConcLusion

There is an increasing need to develop techniques,
methods and procedures for the identification, estima-
tion, comparative assessment and management of the
risks caused by chemical pollutant discharges to the envi-
ronment and natural resources. The measurement of the
biological effects of pollutants upon the biota has become
of major importance for the assessment of the quality of
the environment. Thus, the use of biomarkers as a sensi-
tive "early warning” tool to measure biological effects in
environmental quality seems to be of concern.

Nowadays, MTs and MTLPs have being considered as
specific biomarkers for trace metal exposure in the marine
environment. However, the extraction, separation and
detection methods for these proteins lack appropriate
standardization, which has generated questions about
the effectiveness of these methods. Studies performed for
comparison between the extraction procedures pointed
out the use of the heat treatment method. This trend is
due to a relative loss of MTs and MTLPs reported when
compared with the solvent precipitation method. How-
ever, more studies about the comparison between these
two procedures need to be made, using other separa-
tion techniques that allow the identification of MTs and
MTLPs.

Electrophoretic and chromatographic methods have a
potential to be attractive methods to perform good sepa-
ration and to allow the characterization of MTs in a biolog-
ical matrix before it is applied for biomonitoring studies.
Coupling a separation with a detection technique is the
best way to perform the speciation analysis of MTs and
associated metals and metalloids. Thus, the hyphenation
HPLC-ICP-MS and ESI-MS or MALDI-MS are the best tools
to study the presence of MTs and trace metals in biologi-
cal bioindicators to assure effective environmental moni-
toring of marine environments.

Also, after the initial characterization of MTs and MTLPs
in a bioindicador organism, the use of indirect methods
to detection of these proteins, such as by derivatization
with  monobromobimane associated with separation
by SDS-PAGE, may be applied to identify such proteins.
This method seems to be sensitive for detection of molar
mass and cysteine-rich proteins and it is a relatively rapid
and cheaper method, ideal for routine studies such as
biomonitoring.
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" PoinT of View

ARE THERE AVAILABLE NOWADAYS SIGNIFICANT NUMBERS OF ANALYTICAL METHODS
FOR SPECIATION IN ENVIRONMENTAL STUDIES? WHO IS ABLE TO HANDLE SPECIATION
ANALYSIS, UNIVERSITY OR COMMERCIAL LABORATORIES OR BOTH? How mANY
LABORATORIES?

Although we can still consider speciation analysis to be a new approach, it has been carried
out intensively for at least the last ten years. Clearly we have passed the initial stage, when it
was necessary to show that the coupling between chromatography (more generally, separation
techniques) and atomic spectrometry could be made robust (and efficient) and several types of
interfaces were proposed. The second stage, when most of the publications about speciation
analysis were addressed to applications has also been reached. Nowadays, there are a number
of scientific meetings about speciation. In Brazil, we have a meeting (EspeQBrasil) that brings
researchers from all parts of the country to discuss recent applications and developments in
speciation. Even if we consider only environmental studies, new methods are necessary. The
coupling between inductively coupled plasma mass spectrometry (or hydride generation atomic
fluorescence) and chromatography (or capillary electrophoreses) is now commercially available,
and at least one method for the speciation analysis of arsenic using liquid chromatography is
included in an equipment operation manual. EVISA (the European Virtual Institute for Speciation
Analysis, a web source for all those looking for information about analysis of chemical species)
provides services for speciation analysis, acting as a broker between customers having
speciation-related demands and partner laboratories offering solutions. Considering these
prospects the answer to the first question is yes. Assuming that | know about the work that is
under development in the universities, my answer to part of the second question is: Universities
are able to handle speciation analysis for environmental studies. | do not personally know of
commercial laboratories in Brazil that have carried out speciation analysis, but | know of one or
two laboratories that have the equipment necessary for performing work involving speciation
analysis. Nevertheless, | should like to point out that this limitation is not unique to Brazil. Recent
information from EVISA indicates that there is a limited number of commercial laboratories that
can handle a significant number of different analytical speciation methods (about 10 commercial
labs worldwide). The explanation for this lies with the lack of demand for this type of analytical
service. Since most regulations specify total concentration, most laboratories cannot survive on
speciation analysis. Thus, nowadays the main question related to the extensive use of speciation
analysis as a routine procedure is its role in regulation.

Prof. Dr. Amauri Antonio Menegario
Researcher IV
UNESP/CEA - Universidade Estadual Paulista / Centro de Estudos Ambientais
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" PoinT of View

UNDERGRADUATE TEACHING IN ANALYTICAL CHEMISTRY: MUST IT BE CHANGED?

Brazilian Analytical Chemistry has been developing rapidly and intensely. This growth can be
easily checked, for example, through the scientific papers published by Brazilian researchers in
International Scientific Journals, as well as by the increase of attendees in the National Meeting
on Analytical Chemistry (ENQA). Also, the publication of BrJAC and its rapid acceptance by
the community is another factor that attests to a growing interest in the area of analytical
chemistry.

On the other hand, there are an increasing number of chemicals registered annually, coupled
to the discovery of new chemical compounds with different applicabilities in our daily lives. The
chemical industry in Brazil is also growing, although the importation of chemical products has
also increased, month after month, establishing records in the Brazilian trade balance.

In this context, analytical chemistry becomes increasingly important because it is responsible for
the characterization of this variety of materials, products and compounds. Although there are
excellent Universities in Brazil producing undergraduate chemists and chemical engineers, the
teaching of analytical chemistry disciplines seems to have lagged, compared to current reality.
Few of the chemistry departments or institutes responsible for teaching analytical chemistry
disciplines have adequate infrastructure for scientific equipment. Analytical chemistry is an
experimental science and, to fully learn it, the student needs to know well the new analytical
concepts as well as to manipulate the instruments in the laboratory and also to perform chemical
analyses of real samples. These lessons are extremely important because the basic chemical
concepts of analytical chemistry are embedded in these techniques and methods. Today,
spectrometric techniques such as Atomic Absorption Spectrometry (AAS, in its conventional
and in high resolution modes), Optical Emission Spectrometry with Plasma Sources (ICP OES),
Mass Spectrometry with Plasma Sources (ICP-MS) and chromatographic techniques such as Gas
Chromatography coupled to Mass Spectrometry (GC-MS) and Liquid Chromatography coupled
to Mass Spectrometry (LC-MS) are of relatively common use in modern laboratories that are
active in quality control of products and processes. In addition, a series of new techniques,
such as imaging techniques using X-rays, different modes for sample introduction in mass
spectrometry and miniaturized electrochemical devices, for examples, have been developed
and will soon be available in analytical laboratories. Thus, given the broad applicability and the
increasing development of so-called instrumental methods of analysis, the Universities need to
seek to equip their laboratories to allow students of undergraduate courses be directly involved
with these modern techniques. This will reduce the gap between the teaching of analytical
chemistry and the reality that the industrial sector presents today and will produce chemistry
professionals compatible with the requirements of modern chemistry, necessary for their active
participation in Brazilian technical and scientific development, which is a challenge that will
have to be faced soon.

Thus | think that the Brazilian Universities should also engage in a process of change and
modernization of the contents of the disciplines of analytical chemistry, as well as adapting
the curriculum of undergraduate chemistry and chemical engineering courses, offering more
knowledge about modern instrumental methods of analysis.

Ricardo Erthal Santelli
Full Professor of Analytical Chemistry at Rio de Janeiro Federal University

XV

BrJ Anal Chem



" Events 2011/2012

ANALITICA LATIN AMERICA

2° CONGRESSO LATIN AMERICA

11" ANALITICA LATIN AMERICA

Sao Paulo, SP — September 20" to 22¢, 2011
http://www.analiticaexpo.com.br/

16° ENQA — 16° ENCONTRO NACIONAL DE QUiMICA ANALITICA
Campos do Jorddo, SP — October 23 to 26", 2011
http://www.usp.br/enqa2011

PBA 2011 - 23" International Symposium on Pharmaceutical and Biomedical
Analysis

Jodo Pessoa, PB - October 9" to 12", 2011

www.pba2011.com/

(BQ- 51° Congresso Brasileiro de Quimica
Sdo Luis, MA — October 9™ to 13¢ 2011
http://www.abg.org.br/cbg/

SBMM 2011 - XXIll Congresso da Sociedade Brasileira de Microscopia e Microanalise
Armagdo dos Bizios, RJ — October 15" to 18", 2011
www.csbomm2011.com.br

6° ESCOLA DE ELETROQUIMICA 2011
Sdo Paulo, SP — December 4™ to 10™ 2011
http://sinquisp.org.br/acontece.php?id=183

BrMASS 2011 - IV Congresso Brasileiro de Espectrometria de Massas
Campinas, SP — December 10" to 13", 2011
http://www.brmass.com.br/congresso/programacao/programaca.asp/cd=35&lang=1

P0OC2012 - 14" International Union of Pure and Applied Chemistry Conference on
Polymers and Organic Chemistry

Doha, Qatar — January 6" to 9", 2012

www.poc2012.com

4 Escola de Quimica Verde do 1Q-USP
Sdo Paulo, SP— January/February, 2012
http://www3.usp.br/quimicaverde/home.asp

www.brjac.com.br
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" ReLEASE

Q Exacrive HiGH-PerrorMANCE BencHTOP QuADRUPOLE-ORBITRAP MASS SPECTROMETER

Single-run Quanfirmation enables identification, quantitation and confirmation of trace-level components in complex mixtures,

without compromise.

Thermo Fisher Scientific Inc., the world leader in serving science, introduced the Q-Exactive, the first commercially available

For additional information
please contact

(11) 2162 8091 or
revista@novanalitica.com.br

instrument to bring together quadrupole precursor selection and high-resolu-
tion accurate mass (HR/AM) Orbitrap mass analysis to deliver high confidence
quantitative and qualitative (quan/qual) workflows.

With innovative HR/AM Quanfirmation capability, the Q-Exactive mass spec-
trometer makes it possible to identify, quantify and confirm more trace-level
metabolites, contaminants, peptides and proteins in complex mixtures, in one
analytical run. Unlike other technologies, high confidence results are obtained
without sacrificing MS/MS sensitivity, mass resolution or quantitative reproduc-
ibility.

For laboratories performing protein identification, metabolism, forensic toxicol-
ogy and food safety analyses, Quanfirmation makes it possible to perform time-
saving, single-run quan/qual workflows routinely.

Fast scanning and spectral multiplexing ensure the system is fully compatible
with UHPLC separations. Fast positive-negative scan-to-scan polarity switching

enables detection of a wide range of compound types in a single analysis.

The Q Exactive extends the capabilities of the Thermo Scientific Exactive family
of Orbitrap systems with significant new design innovations:

- New ion source optics increase sensitivity up to five-fold.

- Integrated quadrupole mass filter enables precursor ion selection. True MS/MS fragmentation occurs in the higher en-
ergy collisional induced dissociation (HCD) cell prior to Orbitrap HR/AM detection.

Advanced signal processing increases system resolving power to 140,000 FWHM in full-scan mode and maximum scan

speed.

New C-Trap ion optics and HCD collision cell offer fast HCD MS/MS scanning and improve low-mass ion transmission,
thereby enhancing sensitivity and quantitative performance, particularly for experiments that use isobaric labeling.

+  Multiplexed detection increases overall system duty cycle for compatibility with UHPLC. Up to ten precursor ions can
be collected and stored prior to simultaneous detection in the Orbitrap.

XX

BrJ Anal Chem



" PuBLication RuLes

BrJAC, the Brazilian Journal of Analytical Chemistry, is
published quarterly in English by DKK Comunicagéo, in its printed
and electronic versions. It is intended for professionals and
institutions acting in the Chemistry area.

Papers for publication must be submitted exclusively to BrJAC,
in English. Previously published articles will not be accepted.

Categories — BrJAC publishes articles in the following
categories:

a) Unpublished papers: new information on analytical research.
Such articles should not exceed 25 (twenty five) pages.

b) Reviews: scientific articles on well established subjects, inclu-
ding a critical analysis of the bibliographical references, and
conclusions. Such articles should not exceed 40 (forty) pages.

¢) Technical and scientific information: case reports, presentation
of new techniques, methods and equipment.

d) Miscellaneous articles: Those that do not fit into any of the
above categories but are of acknowledged interest for Analyti-
cal Chemistry.

e) Letter to the Editor: comments, praises, criticism, suggestions
and consultations to Authors are welcome and will be publi-
shed at the discretion of the Editor-in-Chief.

f) Editorials

g) Book Comments

h) Presentation of novelties, always relevant to the area.

Manuscript preparation: Authors must present the manuscript in

the most clear and succinct manner possible. The Introduction

must include in a succinct manner important references,
concerning both the nature of the problem being investigated
and its background. The manuscript must include Introduction,

Experiment, Results/Discussion and Conclusion and should not

exceed 25 pages, including tables, figures and diagrams, and all

pages must be numbered: Authors should indicate, by text or
marginal notation in the type script where the figures and tables
are to be inserted. All papers must be typed with double spacing
using Microsoft Word only, preferably at 12 pt but no samller
than 10 pt. Then a single file must be generated in the Portable

Document Format (pdf) including the entire article, to be sent via

online through BrJAC's site www.BrJAC.com.br.

Organization of the electronic file: all parts of the manuscript

must be included in one single file organized as follows: cover
page, text, bibliographical references, figures (with subtitles),
tables and charts (with subtitles).
1t page: submission letter of the material including name,
address, phone number and e-mail address of the main author,
establishing the exclusiveness of publication in BrJAC, in case the
article is published.
2" page: (cover page) Article’s title, which must be short, clear and
succinct to facilitate its classification. A subtitle may be used, if
needed. This page must include the full name of the author(s), their
titles and institutions. Other collaborators'names may be included
atthe end, in Acknowledgments. In a separate paragraph, indicate
the place where the study was performed.

31 page: abstract with a maximum of 250 (two hundred and

fifty) words; it must include the work’s objective, essential data

of the methods employed, and the main results and conclusions.
Next, list the main terms or words to be used for bibliographic
classification (keywords).

4" page: begin the text on the fourth page with the title of the
article, without indicating the author(s) or the place where the
work was performed. Unpublished articles must include the
following chapters: Abstract, Introduction, Methodology, Results,
Discussion and Bibliographical References.

Bibliographical References: begin a new page. The article must
include only the consulted references, numbered according
to their appearance in the text. Other authors’ citations already
numbered must indicate exclusively the reference numeral:
avoid mentioning the name of the respective author. It is not
recommended to mention several authors with identical concept
(prefer the author who demonstrated it). It is recommended to
avoid citations older than 5 (five) years, except in relevant cases.
Include references that are accessible to readers. If the citation
refers to an article already accepted for publication, mention as‘in
process of publication” and, if possible, mention the journal and
year. Personal communications may be accepted exceptionally.

Please use the following model:

e Journals: name(s) of author(s), first name(s) initial(s) — Title of
paper. Name of journal (abbreviated as defined by the Chemical
Abstracts Service Source Index - see http//www.cas.org/sent.
html), year of publication; volume; number of first and last
pages.

1. Barma, T.Y; Song, BJ,; L.China Chem. Soc. 1997, 87, 418.

If it is difficult to access the Journal, we recommend that you
include its Chemical Abstract number, as follows:

2. Chistyvst, LK; Andrenev, |.D,; Karol, EW.; Cyrus, G.H.; Zabrousk.
Tacsh. Wilheim. Lyris.,; Huil. Garm. Visijak. 1987, 28, 816. (Bl
97:897455).

If the paper does not have a full reference, please mention doi

as follows:

3. Striver, J; Costa, T.C; Pial, QP; Temiza, V., Vargas,
VN, Metalochimica Acta  (2004),  doi:20.4598/v.
metalacta.2006.15.023.

We recommend the use of compound references, whenever

possible, instead of individual references, following the style

below:

4. Varela, H.; Torresi, RM,; J. Eletrochem. Soc. 2000, 147, 775;
Lemos, TL.G,; Andrade, CH.S.; Guimaraes, A.M.; Wolter-Filho,
W.; Braz-Filho, R; J. Braz. Chem. Soc. 1996, 7, 123; Angelo,
ACD, de Souza, A; Morgon, N.H,, Sambrano, JR.; Quim.
Nova 2001, 24, 473.

e Books: name(s) of author(s), first name(s) initial(s) - title of book
(initials in capital letters), volume and issue, city where edited,
Publisher, year of publication and number(s) of page(s) of
citation.

5. Regitz, M. em Multiple Bonds and Low Coordination in
Phosphorus Chemistry; Regitz, M.; Sherer, O.J,, eds.; George
Thieme Verlag: Stuttgart, 1990, Chap. 2.

Or, in case of "no authors”:

www.brjac.com.br
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6. Cotton, F. A; Wilkinson, G.; Advanced Inorganic Chemistry, 5
ed.; Wiley: New York, 1988.
e Patents: Please inform the Chemical Abstracts number in
parentheses:
7. Bash,T,;Dot,K;Petersen, G,;Orbfield, B, Cooper, D, Sabbag, L
Fce. Le Kokai Tokkyo Koho 54 95,489 1975. (CA 233:P179341v)
8. McDonald, LB.; US pat. 9,236,006 1987. (CA 233:P49542y)
e Software:
8. Sheldrick, G. M,; SHELXL-93; Program for Crystal Structure
Refinement, Gottingen University, Germany, 1993.
e Theses:
9. Velandia, J. R; Doctorate Thesis, Universidade Federal Rural
do Rio de Janeiro, Brazil, 1997.
o Material presented in Congresses:
10.Ferreira, A. B, Brito, S. L.; Resumos da 202 Reunido Anual da
Sociedade Brasileira de Quimica, Pocos de Caldas, Brazil,
1998.
e Internet pages:
11. http://www.sbq.org.br/jbcs, accessed June 2001.
e Unpublished material:
Material accepted for publication
12.Magalhées, U. H.; J. Braz. Chem. Soc,, in press.
Material submitted for publication, awaiting approval
13.Magalhdes, U. H. J Braz. Chem. Soc, submitted for
publication.
Unpublished material
14.Magalhé&es, U. H.; unpublished paper.
Material from personal communication
15.Magalhées, U. H., personal communication.

Notes:

1. Unpublished results may be mentioned only with express
authorization of the persons involved in their achievement;

2. Itis recommended that, whenever possible, authors follow the
IUPAC standards, particularly the International System of Units.
lllustrations: the illustrations must be numbered according

to the order of appearance in the text. For photographs, figures

or graphs, use Arabic numbers. Charts and tables use Roman
numbers. Subtitles must be properly numbered.In eachillustration,
identify the sequence number, name(s) of author(s) and the
correct position where the illustration (photograph and drawing)
should be inserted. lllustrations must have bases measuring 8.5
cm or 17.7 cm. The same result should not be expressed by more
than one illustration. Graphs are preferable. For figures, graphs,
diagrams, tables, etc identical to others previously published in
literature, the author must ask for permission for publication to
the company or scientific society holding the copyrights, and
send such permission to the Editor of BrJAC together with the
final version of the manuscript. If the figures are scanned, they
must be high resolution (800 dpi/trace bitmap) with .tif or jpg
extension, provided that they are in the dimensions specified by
the Editors. Color photographs or drawings (300 dpi/grayscale)
must be submitted with .tif/jpg extension and maximum total
width of 8.5 cm in order not to create problems when applied
to the Journal pattern. Other extensions possible include .cdr,

.eps, .cdx and .opj. In the particular case of schemes containing

chemical structures, they must have always the same dimension

in order to be uniformly reduced.
Submission of articles: Please send one single file of the full
manuscript in the .pdf format.

Manuscripts to be revised: Manuscripts sent to authors for
revision must return to the Editor within at most 45 (forty five) days.
After this deadline the manuscripts will be considered withdrawn
and the system will terminate the process. To be reopened, a new
submission must occur, starting a new process.

Revised manuscripts: Submission of a revised manuscript
must be done by the same author, following the instructions for
document submission: complete .pdf of the revised version and
the answers to Editors, detailing the changes made in the new
version and justifying the alterations that were suggested in the
opinions and were not accepted by the authors. Both files must be
sent through the online submission system. As they are received,
an e-mail will be sent with the reference number of the paper.
The author must be alert to the receipt of this e-mail with the
submission code, since non-receipt means that the submission
was not completed. The author will have 5 (five) days to complete
it; otherwise, the system will not allow the submission and a new
process must be started.

Final version: When requested to send the final version, the
author will receive specific instructions concerning programs
for file submission (text, figures, tables, etc). Pdf files will not be
requested anymore at this stage.

Measurement standards: Follow the provisions in the General
Table of Units of Measurement.

Abbreviations: Abbreviations are not recommended except
those recognized by the International Bureau of Weights
and Measures or those recorded and established in scientific
publications. In case the abbreviations are many and relevant,
use their definitions (Glossary) in a separate note. Abbreviations
of terms established by Chemistry must follow the international
standards traditionally in use, according to standard
abbreviations.

Commercial names: The use of commercial names is not
recommended.

Copyright: papers submitted for publication in BrJAC, either
from universities, industry or any other public or private institution
cannot have been either published or being submitted for
publication in another journal simultaneously. When the paper
belongs to more than one author, it is clear that the other authors
agree with the publication in BrJAC from the moment of its
submission.

When submitting their papers for publication in BrJAC, the
authors agree that the copyright will become property of the
Brazilian Journal of Analytical Chemistry — BrJAC —, if and when
accepted for publication. The copyright comprehends exclusive
rights of reproductions and distribution of the articles, including
reprints, photographic reproductions, microfilms or any other
reproductions similar in nature, including translations. As to the
contents of published articles, the sole responsibility is of the
authors, and BrJAC and its Editors, Editorial Board, employees and
collaborators are fully exempt from any responsibility concerning
data, opinions or unfounded statements.

Final Considerations: BrJAC reserves the right to make,
whenever necessary, small alterations to the manuscripts in order
to adapt them to the Journal rules or make them more clear
in style, obviously respecting the original contents. Whatever
the nature of the submitted manuscript, it must be original in
terms of methodology, information, interpretation or criticism.
The qualification of the paper will be attested by two or more
consultants indicated by the Editorial Office.
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O Grupo Vidy exporta seu know-how
de Projeto e Construcao de laboratorios
para Africa e Oriente Médio.

Centro Tecnoldgico Bromangol

Projeqao da area externa do Laboratorio Central Bromangol

Esta em fase de implantagac em Luanda - Angola, o Centro
Tecnolégico Bromangol. Esta cbra vem com a missao de
garantir seguranga alimentar nos produtos importados e
monitoramento da produgao nacional.

Terd o compromisso de executar andlises fisico-quimicas e
microbioldgicas referenciadas nos monitoramentos utilizados
no Brasil e Comunidade Européia, visando o atendimento
rigoroso de controle de qualidade e sanidade plblica, além de
prestar servigos analiticos, contando com experientes
analistas, utilizando alta tecnologia e ciéncia.

A estratégia deste projeto é formar pessoal gualificado,
disseminar o uso de alta tecnologia e contribuir com o©
crescimento cientifico do pais, abrindo novas oportunidades de
comeércio entre os paises, fomentado pelo controle de
gualidade assegurado dos produtos e aumentar a visibilidade
do pais frente aos mercados internacionais, tornando-se
competitivo comercialmente.

O Laboratério Central terd com 6.000mZ2, com capacidade
analitica acima de 30.000 andlises/més, divididas em testes
fisico-guimicos e microbiologicos em alimentos, farmacos e
bringuedos, além da possibilidade de expansao da capacidade
analitica para até 40.000 analises/més, em um unicao turno de
trabalho.

Os laboratdrios seguem desde sua construgao os padroes de
qualidade exigidos para a certificacao ISO/IEC17025, sendo
estruturados dentro de um sistema de qualidade totalmente
rastreavel, com os documentos e métodos prontos para a
acreditagao por 6rgao certificador, que pode ser o INMETRO no
Brasil.

Com a futura acreditagaoc do ISO/IEC17025, os laboratorios
conquistardo a credibilidade e serdo reconhecidos
mundialmente pela competéncia técnica de laboratérios paraa
realizagao de ensaios analiticos.

Grupo Vidy

Rod. Régis Bittencourt, 3.360 - 06793-000 - Taboao da Serra - SP
Tel.: 55 11 4787.3122 - vidy@vidy.com.br

www.vidy.com.br

www.vidy.com.br/catalogos.html
www.vidy.com.br/pdf/vidy50.pdf
www.vidy.com.br/pdf/apresent.pdf
www.vidy.com.br/pdf/perfil.pdf

Projeto Vale Oma

Fotos das areas externa e inferna do Laboraldrio Vale Oman

O projeto Oma compreende a construgéo de uma planta de
pelotizagao, que sera operada pela subsidiaria da empresa, Vale
Oman Pelletizing Company LLC (VOPC), com capacidade de
produgao de nove milhdes de toneladas métricas de pelotas para
reducdo direta, uma central de logistica industrial com terminal
maritimo e um centro de distribuigdo com a capacidade para a
movimentagao de até 40 milhdes de toneladas de minério de
ferro e pelotas por ano.

O Laboratério com mais de 1000mz2, responsavel pela analise
da matéria prima recebida e também da pelota acabada, esta
dividido em 5 areas:

- Administrativa;

- Laboratério Metalurgico;
- Laboratério Fisico;

- Laboratério Quimico;

- Piso Técnico.

A segunda etapa do fornecimento, foi a venda e instalacao de
todo o mobiliario técnico e equipamentos de Laboratorio. Foram
enviados para Oma técnicos brasileiros para supervisionar e
instalar os equipamentos, e contratado no mercado local
empresas terceiras para suporte desta disciplinas (marcenaria,
mecdanica, etc).

O know-how, aliado a experiéncia de mais de 50 anos
projetando e construindo laboratdrios, permitiu ao Grupo Vidy
estar a frente deste projeto, oferecendo solugoes inovadoras, na
modalidade Turn-Key, envolvendo até diversos equipamentos
como maobilidrios, capelas e equipamentos do laboratério.

Para obter mais informagoes sobre o Grupo Vidy, conhecer
este e outros projetos realizados, principais obras, fazer
downloads dos nossos catalogos técnicos com oS nossos
principais produtos, como bancadas, capelas e mobiliarios,
acesse Nosso site.

Caertificada desde 2007, a Vidy & a Unica empresa de Engenharia de
Laboratérios do Brasil com 150 9001:2008, envolvendo: "Projeto,
%s Construgdo Civil, Fabricagio, Instalagao de Laboratdrios e
P SGS Comercializagio de Equipamentos e Acessérios para Laboratérios.”
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Nenhum outro é capaz de
manter o seu laboratério em constante avanco como o revoluciondrio NexION® 300. Com trés modos de operacio (Padrio,
Colisio e Reagdo), ¢ o tnico instrumento da sua categoria capaz de se adaptar as suas amostras, necessidades analiticas ou
demandas de tratamento de dados. Experimente flexibilidade sem igual. Aprecie insuperdvel
estabilidade. Otimize seus limites de detecgdo e tempos de andlise. [CP-MS NexION 300. )

Escolha o caminho mais simples e de melhor custo-beneficio entre a amostra e o resultado, ,

PerkinEimer’

For the Better

Rua Cardso de Almeida, 1460
Perdizes | Sao Paulo / 5P | 05013-001

Tel: {11) 3868 6200 | Fax: (11) 3868 6210



