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carcinogenic, even at very low concentration. Therefore, the appropriate analysis of chromium in envi-
ronmental, biological, food and other kind of samples need a reliable separation and subsequent
quantification of both Cr species. The present paper provides a critical review of chromium speciation
methods in which solid phase extraction was employed as sample pretreatment using graphene and
carbon nanotubes (and their diverse oxidized, functionalized and magnetic derivatives) as sorbents. The
different published methods for the speciation of Cr(Ill), Cr(VI) or both species are described and
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Solid phase extraction
Chromium speciation

classified on the basis of the separation strategy employed: (i) the selective retention of only one of the
two species by the sorbent, (ii) the retention of a Cr-chelate formed by using a ligand selective for only

one of the Cr-species, or (iii) the sorption of both Cr(Ill) and Cr(VI) species. In addition, the distinct
applied SPE modes (on-column, dispersive or magnetic) and their automation possibilities, the analytical
techniques utilized for measurement of the Cr-species after separation, as well as the analytical figures of
merit of the methods developed up to date are evaluated. Finally, the expected future trends of solid
phase extraction for Cr speciation based on carbon nanomaterials such as graphene, carbon nanotubes
and their derivatives as sorbents are commented.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Natural sources of chromium include weathering processes on
rocks that are rich in this element, emanations from volcanos, and
soil erosion. However, the highest proportion of this element in the
environment is generated from anthropogenic sources. Chromium
is a heavy metal that is widely used for several applications in the
metallurgy industry, in the chemical production of paints and
pigments, in synthetic fertilizers and crop protection products, and
in leather tanning activities, amongst others [1]. As a consequence
of these human activities different chromium species are dis-
charged into the environment. In general, Cr can exist in different
chemical oxidation states from O to VI, but in the environment the
only stable forms are Cr(Ill) and Cr(VI). Both species have dramat-
ically different properties. Cr(IIl) is an essential form of this element
that play important roles in the metabolism of glucose, lipids and
proteins in living organisms. In fact, the recommended human
intake for Cr(Ill) is 50—200 pg day~ " In contrast, Cr(VI) is a highly
toxic species and it produces adverse carcinogenic and mutagenic
effects in cells [2—4]. The general population may be in contact with
this species mainly through inhalation of Cr(VI) compounds in
polluted air and by ingestion of contaminated water. In fact, in
different countries diverse regulations have been adopted that limit
the content of total chromium (Crror) and Cr(VI) in water and in air.
In the case of Europe, EC Directive 98/83/EC [5] established
maximum amounts of Crrgr and Cr(VI) in drinking water of 50 and
20 pg L1, respectively. The US Environmental Protection Agency
limited the maximum contaminant level for Crror in water to
100 pg L. but the Office for Environmental Health Hazards
Assessment of California established, in July 2011, a public goal of
0.02 pg L~ for Cr(VI) as a protection level against the undesirable
toxic effects of this pollutant [6]. Furthermore, in working ambient
air NIOSH recommends that airborne exposure to all Cr(VI) com-
pounds be limited to a concentration of 0.2 pg Cr(VI) m~> for an 8-h
time-weighted average exposure during a working week of 40 h [7].

On the basis of the above considerations, it is clear that the
development of appropriate methods for the determination of
chromium species is an analytical challenge. The separation of
Cr(Ill) and Cr(VI) prior to analytical measurement in speciation
studies has been carried out using a range of sample pretreatment
procedures (ion exchange, precipitation, liquid-liquid extraction,
etc.) [8]. However, solid phase extraction (SPE) has proven to be one
of the most attractive alternatives for this goal with the double
objective of separating and concentrating the chromium species
and removing the sample matrix (as well as possible interferences).
The advantages of SPE include the high preconcentration factor,
good recovery, rapidity, use of small quantities of organic solvents,
variety of sorbents and the possibility of automation of the whole
pretreatment process [9,10]. Therefore, SPE has been employed for
Cr speciation studies using different types of sorbents (such as
diverse type of functionalized resins and ion-exchangers; chitosan,
alumina, silica and derivatives; inorganic solids; C8 and C18
bonded-silica, etc.). Interesting critical reviews and research papers
have been published describing pretreatment procedures
(including sorbent types employed), species, sample type, tech-
niques and figures of merit of the proposed methodologies for Cr
speciation in different solid and liquid matrices [11—14]. Nowadays,
carbon-based nanomaterials, mainly graphene and carbon nano-
tubes, have proven to be useful sorbents in SPE because of their
physical and chemical properties. From this point of view, these
two materials have been proposed and used as SPE sorbents for Cr
speciation in the last few years. Taking into account that graphene
and carbon nanotubes (and derivatives) can be promising sorbents
for such task, in this work, a survey on the concrete methodologies
using these carbon nanomaterials as SPE sorbents for the speciation
of chromium is presented. Different speciation strategies, diverse
functionalizations, different SPE modes employed, analytical char-
acteristics of the published methods and future trends in this field
are discussed in this review.
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