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Abstract
Freshwater crayfish are bioindicators of environmental pollution, often used for the assessment of heavy metal (HM)
presence in the tissues, a time-consuming and expensive task. In this study, we propose the use of the vibrational
spectroscopy to detect in a fast, non-destructive and sensitive way the presence of HM in the cephalothorax
exoskeleton of the freshwater crayfish. Incorporation of HM into the cephalothorax exoskeleton was investigated
under controlled laboratory conditions. In particular, the cephalothorax exoskeleton of five crayfish species (Astacus
leptodactylus, Procambarus clarkii, Austropotamobius pallipes, Faxonius limosus, and Pacifastacus leniusculus) was
analyzed by attenuated total reflection–Fourier transformed infrared (ATR–FTIR) spectroscopy in the presence or
absence of cadmium (Cd), chromium (Cr), lead (Pb), nickel (Ni), and zinc (Zn) up to 4 weeks at various concen-
trations (0.01, 0.1, 1, 10, ppm). The ATR–FTIR profile of the crayfish cephalothorax exoskeleton was compatible
with the presence of amorphous calcium carbonate, chitin, and proteins. The incubation with the HM revealed two
main modifications: the shift of the peak from 859 to 872 cm−1 and the appearance of a peak at 712 cm−1. Both are
ascribable to the HM interaction with calcium carbonate. The absorbance of both peaks increased along with the
time of incubation, and the HM concentration. We conclude that ATR–FTIR analysis can be a useful, quick, and
cost-sensitive tool to detect HM presence in the crayfish cephalothorax exoskeleton. However, it has to be regarded
as a non-specific analytical technique for assessing HM contamination, since it is unable to discriminate between
different HM.
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Introduction

Heavy metals (HM) are natural components of the earth’s
crust. They can be divided into essentials which are, as the
name suggests, necessary to support biological functions, and

non-essentials that are toxic even at low concentrations (Ali
et al. 2019). Non-essential metals bind to cellular components,
such as proteins and nucleic acids, damaging the performance
of vital functions (Igiri et al. 2018). They can damage the
nervous system, cause renal dysfunction, bone degeneration,
and liver and blood damage, and cause reproductive dysfunc-
tions in living organisms (Assi et al. 2016). However, even the
essential metals, although crucial for maintaining a proper
metabolism, in higher concentrations are toxic (Jaishankar
et al. 2014; Prashanth et al. 2015). HM such as cadmium
(Cd), chromium (Cr), lead (Pb), nickel (Ni), and zinc (Zn)
are among the most common pollutants found in industrial
effluents (Rajaganapathy et al. 2011). HM pollution caused
by human waste disposed in water courses is a devastating
phenomenon of global proportions. The impact on ecosystem
wildlife is severe. Maintaining suitable freshwater quality is
essential for both aquatic and terrestrial life, and monitoring of
metal concentration in freshwater based solely on toxicity
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studies of dissolved contaminants may not be indicative of the
real accumulation in the tissues of living organisms.
Macroinvertebrates, such as crayfish, are frequently suggested
as bioindicators for monitoring water conditions in polluted
areas (Alikhan et al. 1990; Zhou et al. 2008; Kuklina et al.
2013; Pallottini et al. 2015), since HM accumulates in their
tissues, especially through the food chain (Bruno et al. 2006;
Kouba et al. 2010).

One way to evaluate the contamination of the water
body is to calculate the quantity of selected elements
accumulated in the tissues of target organisms. Indeed,
tissue analysis could provide useful information both on
the level of pollution and the bioavailability of specific
metals (Suárez–Serrano et al. 2010; Goretti et al. 2016).
Furthermore, some crayfish are considered to be highly
resistant to environmental metal contamination (Del
Ramo et al. 1987; Kouba et al. 2010), which makes
them suitable bioindicators. The accumulation of metals
in their tissues is dose- and time-dependent, and there-
fore may be reflective of the levels of metals in the
environment (Alcorlo et al. 2006; Kuklina et al. 2014).
Earlier studies have indicated that the crayfish exoskel-
eton is a highly efficient natural material effective ab-
sorbent for the removal of Pb, Cd, Zn, and copper (Cu)
from aqueous solutions (Zheng et al. 2010). The exo-
skeleton of crayfish consists of an organic matrix com-
posed mainly of chitin and proteins forming a network
of fibrils closely associated with amorphous calcium
carbonate, the predominant mineral (Stein and Murphy
1976; Huner et al. 1990; Shechter et al. 2008). It con-
tains 40% amorphous calcium carbonate, 30% protein,
and 30% chitin (Giraud-Guille et al. 2004). The unique
physical and chemical properties of crayfish exoskeleton
are likely due to its highly ordered structure, leading to
certain characteristics that most inorganic crystals do not
possess (Wang et al. 2016). The mechanism of HM
uptake onto crayfish exoskeleton implies physical ad-
sorption, chemical precipitation, chemical chelation,
and ion exchange (Wang et al. 2016). The unique phys-
ical and chemical properties of crayfish exoskeleton in-
duced us to exploit its characteristics as a bioindicator
of the conditions of HM water pollution. Thus, in this
study, we analyzed the absorption capacities of the cray-
fish exoskeleton exposed to different concentrations of
Cd, Cr, Ni, Pb, and Zn, by attenuated total reflection–
Fourier transformed infrared (ATR–FTIR) spectroscopy.
Transmission spectroscopy is a common method for
identifying molecular structure, and chemical bonding
of organic and inorganic chemicals. Environmental ap-
plications of ATR–FTIR focused on HM identification
are mainly dedicated to the investigation of the chemi-
cal mechanisms underlying the binding between the HM
with both artificial and natural materials (Simonescu

2012). In this study, we focused on the possibility of-
fered by the ATR–FTIR to make component analysis of
the exoske le ton of c ray f i sh spec ies (As tacus
leptodactylus, Procambarus clarkii, Austropotamobius
pallipes, Faxonius limosus, Pacifastacus leniusculus).
Crayfish exoskeleton is a highly efficient natural absor-
bent of heavy metals, whose absorption capacity is
higher than some natural absorbents such as chitin and
chitosan and synthetic absorbents usually employed to
remove heavy metals from contaminated waste waters
(Zheng et al. 2010; Wang et al. 2016). Continuous ex-
posure of crayfish to a low concentration of heavy
metals, mainly through the food chain, may result in
bioaccumulation (Suárez–Serrano et al. 2010; Goretti
et al. 2016). Since the crayfish exoskeleton binding
HM shows a distinctive ATR–FTIR profile, the exoskel-
eton has the potential to become an excellent tool for
monitoring water pollution. Thus, we propose the feasi-
bility of ATR–FTIR analysis as an analytical method to
detect in a green way heavy metal environmental con-
tamination and to carry on the simultaneous analysis of
multiple components of the same sample in a single
instrumental measurement without environmental side
effects. Thus, the primary objective of this study was
to analyze by ATR–FTIR interactions of Cd, Cr, Pb,
Ni, and Zn dissolved in water, with the crayfish cepha-
lothorax exoskeleton, to establish a model that could be
employed for rapid and cost-effective assessment of the
HM presence in the aquatic environment.

Materials and methods

Animals

Only adult crayfish in intermolt were employed. Only
the cephalothorax exoskeleton was collected, thoroughly
washed, and dried in the air. Since accumulation of HM
in crayfish is not influenced by sex (Anderson and
Brower 1978), in this study, we used both sexes.
A. leptodactylus were obtained from the Shahid
Yaghoobi reservoir (35° 9′ 36″ N, 59°24′ 18″ E,
Khorasan Razavi Province, Iran); P. clarkii were pur-
chased from a commercial farm (Ittica Volturno, S.S.
158 Km 26+490¸ Venafro-Roccaraso Road, occhetta al
Volturno (IS)); A. pallipes were collected in the Stream
Pedoca (45° 43′ N, 9° 42′ E) and from the Prabione
breeding facility (45° 45′ N, 10° 44′ E); P. leniusculus
were collected in the Stream Valla (44° 31′ N, 8° 20′
E); F. limosus were collected from the River Ticino (45°
37′ N, 8° 39′ E). The crayfish were sacrificed immedi-
ately after capture. Considering the protected status of
A. pallipes species, both at the European and regional
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level (Habitats Directive 92/43/EEC, Italian regional law
L.R10/2008 Lombardy), we collected and analyzed
specimens recently dead for natural causes for this spe-
cies. Only in the case of A. leptodactylus, specimens
were kept in laboratory aquaria for several weeks.
During the storage period, specimens were fed with for-
mulated diets (composition and manufacturing according
to Volpe et al. 2008, 2012).

Adsorption capacities

To carry on the adsorption capacity studies, the cephalo-
thorax exoskeleton was used as a whole and in powder. It
was incubated with 0.01, 0.1, 1.0, and 10.0 ppm or mg l−1

of Cd, Cr, Pb, Ni, and Zn (Sigma-Aldrich, Saint Louis,
USA) in artificial freshwater (Morel and Hering 1993) at
pH 7.0 at 20 °C. Since no significant differences were
detected in the ATR–FTIR profile of the cephalothorax
exoskeleton of the crayfish species (see Table 2), the
cephalothorax exoskeleton of A. leptodactylus was
employed in the following experiments. A total of 0.2 g
of powdered cephalothorax exoskeleton was incubated
with 20 ml solution of each HM in a test tube, and the
tube was placed on a rocking plate for 2 h. The control
was represented by the powdered cephalothorax exoskel-
eton incubated with artificial freshwater without HM.
Thereafter, the suspension was centrifuged at 2500 rpm
for 10 min. The pellet was dried in an oven and analyzed
by ATR–FTIR. In order to mimic a possible environmen-
tal exposure to HM, the whole cephalothorax exoskeleton
was incubated in a beaker (in a ratio of 1:100, w/v) with
each HM solution at 0.01, 0.1, 1.0, and 10.0 ppm, for
4 weeks, at pH 7.0 at 20 °C. The control was represented
by the whole cephalothorax exoskeleton incubated with
artificial freshwater without HM. Cephalothorax exoskel-
eton samples were collected after 1, 2, 3, and 4 weeks,
thoroughly washed, and oven dried, then powdered and
analyzed by ATR–FTIR. The clearance time was evaluat-
ed for 4 weeks after the fourth week of incubation with
HM, by incubating the cephalothorax exoskeleton in clean
artificial freshwater (in a ratio of 1:100, w/v). The fresh-
water was changed every other day. Cephalothorax exo-
skeleton samples were treated as reported above after the
incubation with HM. The experiments were carried out in
triplicate.

ATR–FTIR spectra measurements

The cephalothorax exoskeleton was dried and ground into
powder in agate mortar. The powder was placed on the ger-
manium piece of the infrared spectrometer and analyzed ac-
cording to Volpe et al. (2019). The number of crayfish ceph-
alothorax exoskeleton analyzed was the following:

A. leptodactylus (20), P. clarkii (20), A. pallipes (10),
P. leniusculus (10), F. limosus (10). Each cephalothorax was
analyzed in triplicate. For each experimental group, three sam-
ples were analyzed and each sample was analyzed in triplicate.

Statistical analysis

Statistical analysis was performed by the Spectrum AssureID
software (trademark of PerkinElmer, Inc. part number 0993
4516 Release E; publication date July 2006; software version
4.x). The description of the analysis is reported in Volpe et al.
(2018), except that for cluster analysis, the spectral ranges
independently analyzed were the following: (I) 3500–2800,
(II) 1680–1350, (III) 1070–990, (IV) 900–650 cm−1. The in-
terclass distance value higher than 3 was indicative that the
samples are well separated and hence different (He et al.
2007). The correlation coefficient was calculated by excel
statistical functions.

Results

Interpretation of the ATR–FTIR spectra of crayfish
cephalothorax exoskeleton

Figure 1 shows the representative ATR–FTIR spectra of the
cephalothorax exoskeleton of crayfish A. leptodactylus,
P. clarkii, A. pallipes, F. limosus, and P. leniusculus in the
region of 4000–650 cm−1. The assignment of the major bands
is shown in Table 1. The assignment of the bands is based on
Andersen and Brecevic (1991), Iconomidou et al. (2001),
Addadi et al. (2003), Shechter et al. (2008), Movasaghi et al.
(2008), and Tao (2013). The statistical analysis carried out
with the SIMCA algorithm showed no significant differences
among the species. Intergroup distances are reported in
Table 2.

HM incubation effects on the ATR–FTIR spectrum
of crayfish cephalothorax exoskeleton (powder)

The ATR–FTIR spectrum of the crayfish cephalothorax exo-
skeleton incubated Cd, Cr, Pb, Ni, and Zn indicates some
modifications in the spectral profile. In particular, there was
a remarkable shift in the peak at 859 cm−1 and the appearance
of a peak at 712 cm−1 in the presence of the tested concentra-
tions of HM (0.01, 0.1, 1.0, 10.0 ppm) (Fig. 2). The second
derivative highlighted the shift of the peak from 859 to
872 cm−1, in the presence of the HM and the appearance of
the peak at 712 cm−1 (Fig. 2). The statistical analysis carried
out on the whole spectrum and in selected spectral ranges
revealed a significant difference between the cephalothorax
exoskeleton incubated with and without HM in the range
900–650 cm−1 (Table 3).
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HM incubation effects on the ATR–FTIR spectrum
of crayfish cephalothorax exoskeleton (whole)

To evaluate the capacity of the whole cephalothorax exo-
skeleton to bind heavy metals, it was incubated with in-
creasing concentrations (0.01, 0.1, 1.0, 10.0 ppm) of Cd,
Cr, Pb, Ni, and Zn up to 4 weeks. Based on the results
obtained incubating the cephalothorax exoskeleton pow-
der with Cd, Cr, Pb, Ni, and Zn, the shift of the peak from
859 to 872 cm−1 and the appearance of the peak at
712 cm−1 were used as markers. The peak shift from
859 to 872 cm−1 and the appearance of the peak at

712 cm−1 were registered at any of the Cd, Cr, Pb, Ni,
and Zn concentrations, at any time of incubation. Both the
shift from 859 to 872 cm−1 and the appearance of the
peak at 712 cm−1 are well visible after the second deriv-
ative processing (Fig. 3). Cephalothorax exoskeleton sam-
ples incubated with Cd, Cr, Pb, Ni, and Zn showed the
increase in the absorbance of the peaks at 872 cm−1 and
712 cm−1, as well as in the ranges 1560–1350 cm−1 and
1070–990 cm−1 (Fig. 4). The area of 872 cm−1 and
712 cm−1 peaks after incubation with increasing concen-
trations (0.01, 0.1, 1.0, 10.0 ppm) of Pb with the cepha-
lothorax exoskeleton is reported in Fig. 5. The correlation

Table 1 General band assignment of the ATR––FTIR spectra of crayfish carapace in the 4000–650 cm−1 spectral range according to the literature
(Andersen and Brecevic 1991; Iconomidou et al. 2001; Shechter et al. 2008; Addadi et al. 2003; Movasaghi et al. 2008; Tao 2013)

Spectral ranges (cm−1 ) Peak Wavenumber (cm−1)

A. leptodactylus P. clarkii A. pallipes F. limosus P. leniusculus General assignment

3500–2800 3279 3275 3268 3275 3270 O-H stretching symmetric

2959 2959 2957 2959 2958 C-H stretching

2920 2922 2920 2925 2925 C-H stretching

2851 2853 2851 2853 2853 C-H stretching

1680–1600 1638 1639 1634 1639 1635 Amide I

1560–1470 1518 1509 1507 1509 1526 Amide II

1440–1350 1387 1383 1404 1393 1403 Asymmetrical C-O stretching mode

1070–990 1028 1028 1034 1024 1023 Symmetrical C-O stretching

900–820 859 859 862 861 862 CO3 out-of-plane deformation

730–660 700 699 698 699 700 OCO bending, in-plane deformation mode

Figure 1 Representative ATR–FTIR spectra of the cephalothorax of crayfish Astacus leptodactylus, Procambarus clarkii, Austropotamobius pallipes,
Faxonius limosus, and Pacifastacus leniusculus in the region of 4000–650 cm−1
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coefficient r is reported in Fig. 5. After 4 weeks of clear-
ance, no back shift of the peak from 872 to 859 cm−1 or
disappearance of the 712 cm−1 peak occurred. The area of
the peaks and the correlation coefficient were calculated.
Although the absorbance decreased during the clearance
time (Fig. 6), there was no correlation between the peak
area and the clearance time for any concentration of HM
used (data not shown).

Discussion

The purpose of this study was to investigate the useful-
ness of ATR–FTIR as a fast way to detect environmen-
tal pollution of HM. To achieve this, the crayfish ceph-
alothorax exoskeleton was exposed to different concen-
trations of Cd, Cr, Pb, Ni, and Zn, and the ATR–FTIR
profile recorded to find reliable markers that could be
employed as a quick and cost-effective tool for environ-
mental contamination analysis. We analyzed the cepha-
lothorax exoskele ton of f ive crayf ish species ,
A. leptodactylus, P. clarkii, A. pallipes, F. limosus, and
P. leniusculus. The ATR–FTIR analysis of the cephalo-
thorax exoskeleton of crayfish carried out in this study
agrees with its organization, consisting of frameworks of
chitin associated with proteins and amorphous calcium
carbonate intimately associated to the protein fibrils
(Sugawara et al. 2006). Indeed, the ATR–FTIR profile
revealed functional groups typical of proteins, chitin,
and amorphous calcium carbonate (ACC). The ATR–
FTIR profile of the cephalothorax exoskeleton was char-
ac ter ized by a broad band between 1600 and
1200 cm−1, characteristic of ACC (Andersen and
Brecevic 1991), but also encompassing the absorbance
bands typical of amide I, amide II, and amide III
(Iconomidou et al. 2001). In some cephalothorax exo-
skeleton, the peaks of amides I and II are covered by
the broad peak of calcium carbonate, while in others

was visible. This is in agreement with Wang et al.
(2016), reporting the FTIR spectrum of crayfish exo-
skeleton after partial decalcification. The broad peak be-
tween 1600 and 1300 cm−1 visible when the exoskele-
ton is fully calcified changes shape revealing the amide
I and amide II peaks according to the decalcification
degree. Thus, according to our results, the variations
in the cephalothorax exoskeleton composition may be
due to different degrees of calcification during the
intermolt phase and related to the environment (water
hardness). The variations in the ATR–FTIR profile
among the crayfish species analyzed, albeit not signifi-
cant, are likely to be due to variations in the calcium
carbonate content, as a consequence of the continuous
transfer of the calcium carbonate from the surrounding
water to the exoskeleton (Shechter et al. 2008).
Proximate composition of the exoskeleton may vary
with size, age, and molt stage (Stein and Murphy
1976). Moreover, variations in crayfish exoskeleton
mineralization have been observed in different geo-
graphic areas, and a lower level of mineralization has
been observed in farmed animals with respect to the
wild ones (Jussila 1997; Jussila et al. 1995). In this
study, we have analyzed only adult specimens in
intermolt period, and although the ATR–FTIR profile
shows some differences among species, these are not
statistically significant.

In the ATR–FTIR spectrum of the cephalothorax exo-
skeleton incubated with HM, the in-plane bending of car-
bonate at 712 cm−1 appears. The peak at 712 cm−1 is typ-
ical of aragonite and calcite, the crystalline polymorphs of
calcium carbonate, but not of the ACC (Andersen and
Brecevic 1991). The incubation with HM caused the ap-
pearance of the 712 cm−1 peak. This could be attributed to

Table 3 The values of the distances between the control carapace
(omitted) and the carapaces incubated with cadmium (Cd), chromium
(Cr), nickel (Ni), lead (Pb), and zinc (Zn). Values are reported in the all
spectral range (4000–650 cm−1) and in selected spectral ranges

Spectral range (cm−1)
Cadmium Zinc Chromium Lead Nickel

4000–650 5.71 9.72 6.99 9.85 7.68
3500–2800 2.40 1.81 1.76 2.71 2.31
1680–1350 1.58 2.51 2.03 1.64 1.97
1070–990 2.19 1.51 2.65 2.06 1.49
900–650 60.01 67.22 65.94 65.32 68.49

Statistical analysis was performed by the Spectrum AssureID software
using the SIMCA algorithm (n = 12). Values higher than 3 are statistically
significant

Table 2 The values of the intergroup distances among carapace ATR–
FTIR spectra of different species of crayfish. Values higher than 3 are
statistically significant

Species P. clarkii A. pallipes F. limosus P. leniusculus

A. leptodactytlus 1.59 1.81 1.75 1.86

P. clarkii 1.89 2.24 1.86

A. pallipes 2.52 2.80

F. limosus 1.60
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Fig. 2 Representative ATR–FTIR spectrum of (a) Calcium carbonate, (b)
powdered crayfish cephalothorax (Astacus leptodactylus) incubated with
lead (0.01 ppm) (red line) and without lead (black line). The arrow indi-
cates the shifted peak. Incubation with cadmium, chromium, lead, nickel,

and zinc, at all tested concentrations (0.01, 0.1, 1.0, 10.0 ppm), gave
similar results. Second derivative (c) where the shift from 859 to
872 cm−1 is evidenced along with the appearance of the peak at 712 cm−1
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the positive HM ions that move the calcium ion, forming
coordination bonds with the carbonate ion. Many adducts
are classified as coordination compounds since their chem-
istry is easily described considering a central Mn + atom or
ion around which a large variety of molecules or ions
called ligands can be arranged. The charge of the resulting
complex is determined by the metal charge and the sum of
the binder charges. In fact, the forming complex is a chem-
ical compound in which an atom binds a number of other
chemical species higher than its oxidation number (Escuer
et al. 1997; Erras-Hanauer et al. 2003; Casas et al. 2006).
We hypothesize that the coordination bonds between HM
and the carbonate ion induce a sort of crystalline organiza-
tion visible in the spectrum at 712 cm−1. Consequently, the
out-of-plane bending shifts to 872 cm−1 can be attributable
to the different chemical environment that is created as a
consequence of the links established between HM and the
carbonate ion.

In the ATR–FTIR spectrum of the cephalothorax exoskel-
eton incubated with HM, the absorbance of the broad peak
comprised between 1200 and 1600 cm−1 and the peak in the
range 1050–950 cm−1 increase, although not linearly with the
HM concentration, likely the consequence of the HM binding
to the protein and chitin components (Luquet et al. 2013).

Recently, the ACC properties of binding the HM have
gained a great deal of attention. Freshwater bodies contami-
nated by HM and other toxic substances have become a
worldwide emergency calling for remediation strategies. The
use of ACC as a HM binder can be regarded as an

economically sound strategy to remove HM and other toxic
substances from the environment (Cai et al. 2010). Cluster
separation, found by a PCA analysis using the SIMCA algo-
rithm, was obtained in those wavelength ranges corresponding
to 900–650 cm−1 indicating a good separation between
groups. According to the SIMCAmodels, the larger interclass
distance among groups, the better separation. It is generally
accepted that the distance value higher than 3 is indicative that
the samples are well separated and hence different (He et al.
2007).

It is well known that calcium carbonate is the main
sorbent for a variety of metals in carbonate aquifers
(Zachara et al. 1991). In a study carried out by Aziz
et al. (2008), the binding of HM (Cd, Pb, Zn, Ni, Cu,
and Cr) to limestone was influenced by the media surface
but not by the pH, indicating that the HM removal is a
chemical phenomenon. Moreover, HM binding to calcium
carbonate has been shown to be influenced by the CaCO3

surface; thus, we analyzed the FTIR profile of crayfish
cephalothorax exoskeleton as a whole incubated with
HM up to 4 weeks. The FTIR profile of the cephalothorax
exoskeleton in the form of powder was similar to the
FTIR profile of the cephalothorax exoskeleton as a whole.
Changes in the FTIR profile have been visible since the
first week of incubation. The out-of-plane bending peak at
859 cm−1, typical of ACC, shifted to 872 cm−1 and both
the in-plane bending of carbonate peak at 712 cm−1 and
the out-of-plane bending peak at 872 cm−1 increased dur-
ing the incubation time, proportionally with the HM
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Fig. 3 Second derivative showing the shift from 859 to 872 cm−1 and the appearance of the peak at 712 cm−1, after incubation of Astacus leptodactylus
cephalothorax (black line) with cadmium (green line), chromium (orange line), lead (red line), nickel (blue line), and zinc (light blue line)
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Fig. 4 Astacus leptodactylus cephalothorax incubated with lead at 1 week
(a), 2 weeks (b), 3 weeks (c), and 4 weeks (d) showed the increase in the
absorbance of the peaks in the ranges 1560–1350 cm−1 and 1070–

990 cm−1. Red line, lead 0.01 ppm; blue line, lead 0.1 ppm; green line,
lead 1.0 ppm; orange line, lead 10.0 ppm; black line, cephalothorax
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concentration from 0.01 to 10.0 ppm. This study showed
that the HM binding to the cephalothorax exoskeleton was
both dose and time-dependent. In this study, the increase
in 872 and 712 cm−1 peaks absorbance was indeed linear
during the 4 weeks of incubation with the time and the
concentration of the HM.

After 4 weeks of clearance, the FTIR profile showed the
typical peak shift to 872 cm−1 and the peak at 712 cm−1. The
peaks in correspondence to proteins and chitin appeared less
broad after 4 weeks of clearance, although there was not a
correlation between the peak area and the clearance time for
any concentration of HM used. All together, the FTIR profile

points at the presence of HM binding to the cephalothorax
exoskeleton, indicating a quite stable binding.

Conclusions

In conclusions, the incubation of the cephalothorax exoskele-
ton with Cd, Cr, Pb, Ni, and Zn revealed qualitative ATR–
FTIR profile modifications: the shift of the peak from 859 to
872 cm−1 and the appearance of a peak at 712 cm−1. Both
modifications are ascribable to the HM interaction with the
calcium carbonate component of the cephalothorax
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Fig. 5 Correlation between the
area of the peak 872 cm−1 (a) and
712 cm−1 (b) and the lead
concentration during 4 weeks of
incubation with the whole
crayfish cephalothorax (Astacus
leptodactylus). Red line,
0.01 ppm; blue line, 0.1 ppm;
green line, 1.0 ppm; orange line,
10.0 ppm; black line, tendency
line. The concentrations 0.1 and
10.0 ppm gave similar results.
Incubation with cadmium,
chromium, nickel, and zinc, at all
tested concentrations (0.01, 0.01,
1.0, 10.0 ppm), gave similar
results
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exoskeleton. The absorbance of the peaks increased along
with the time of incubation and the HM concentration. We
conclude that ATR–FTIR analysis of crayfish cephalothorax
exoskeleton is a useful, quick, and cost sensitive tool to detect
HM presence in the environment. Only the transition metals,
which by their nature form coordination bonds with carbonate,
produce a shift in frequencies when subjected to ATR–FTIR
analysis; however, it has to be regarded as a non-specific an-
alytical technique for assessing HE contamination, since un-
able to discriminate between different HM.
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