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Abstract 

In the present work, a comparative study of analytical methods for the simultaneous and quantitative determina‑
tion of trivalent and hexavalent chromium is presented. For the analysis by ion chromatography‑inductively coupled 
plasma‑mass spectrometry, two different columns were tested, as well as different mobile phases and different pH of 
the samples. The optimized analytical method permitted the separation of Cr(III) and Cr(VI) using 75 mmol/L  NH4NO3 
pH 3 as chromatographic eluent. The method was validated and applied to real samples, allowing the determination 
of both species simultaneously, even when there is a huge difference of concentration between Cr(III) and Cr(VI). Limit 
of detection and limit of quantification for Cr(III) were found to be 0.016 and 0.054 µg/L (0.3 and 1.1 µg/kg), respec‑
tively, and for Cr(VI) 0.13 and 0.43 µg/L (7 and 22 µg/kg), respectively. Possible species interconversions were moni‑
tored through the use of chromium isotopic standards, which confirmed that the optimized methodology preserves 
chromium speciation during extraction and analysis. Fourier‑transform ion cyclotron resonance‑mass spectrometry 
permitted the structure elucidation of the complex formed during ethylenediaminetetraacetic acid extraction.
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Graphical Abstract

1 Introduction
Tanning is the process of transforming raw hide into 
leather. Among the different tanning methods, chrome 
tanning is the most common technique and accounts 
for around 90% of global leather production [1]. Chrome 
tanning uses trivalent chromium salts as tanning agents 
[2]. The multiple advantages of this process (fast tanning 
reaction, it confers high hydrothermal stability, it allows 
the retention of colorants, etc. [3, 4]) make chrome tan-
ning the most widespread technique.

Trivalent chromium (Cr(III)) is not considered as 
toxic but it can be unintentionally oxidized into hexava-
lent chromium (Cr(VI)), a known mutagenic and carci-
nogenic [5], as a consequence of different factors [6, 7]. 
Additionally, in direct contact with the skin, chrome-
tanned leather products may elicit allergic contact der-
matitis [8, 9]. The European Union regulates hexavalent 
chromium’s content to 3 mg/kg in leather goods coming 
into direct contact with skin [10], while the leather stand-
ard by Oeko-Tex® limits total chromium content to 2 mg/
kg for leather products intended for babies [11].

Concerning hexavalent chromium determination, the 
International Organization for Standardization (ISO) 
17075 standard describes a procedure for the selective 
extraction of Cr(VI) in tanned leather using a phos-
phate buffer:  K2HPO4·3H2O at pH 8.0. The analysis of 
the extract is performed via colorimetric [12] or chro-
matographic analysis [13]. Both methods rely on the 

complexation of Cr(VI) with 1,5-diphenylcarbazide 
(DPC) for UV–Vis detection and offer a limit of quantifi-
cation (LOQ) of 3 mg/kg for Cr(VI). Some other authors 
have reported the determination of Cr(VI) in leather 
samples based on its extraction with a phosphate buffer 
[14, 15], NaOH [16] or through a sequential extractions 
scheme [1]. However, the determination still relies on 
the complexation of Cr(VI) with DPC, and whilst this 
technique has proven to be effective, an inconvenient 
may surge due to the interference of colorants that may 
absorb at the same wavelength (540 nm) as the complex 
formed between Cr(VI) and DPC. On the other side, tri-
valent chromium has been generally measured by sub-
tracting Cr(VI) from the total Cr content [5]. However, 
recent studies have revealed that from an allergic and 
exposure perspective, Cr(III) is also relevant [9], this is 
why it is important to quantify both chromium species 
separately [17].

Several articles have been published regarding chro-
mium speciation in other matrices such as foodstuffs 
[18–20], cosmetic products [21], environmental [22–24], 
and pharmaceutical samples [25, 26] by means of hyphen-
ation techniques such as ion chromatography-inductively 
coupled plasma-mass spectrometry (IC-ICP-MS), liq-
uid chromatography-inductively coupled plasma-mass 
spectrometry, ion chromatography—tandem mass spec-
trometry, etc., but to our knowledge, the simultaneous 
extraction Cr(VI) and Cr(III), while maintaining the 
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speciation, has not been studied for leather products. 
The aim of this work was to develop an analytical method 
to quantitatively and simultaneously determine Cr(VI) 
and Cr(III) as a chromium-EDTA complex in leather 
samples in the same run, limiting the interconversions 
during extraction and analysis, which were followed via 
chromium isotopic standards. While the other reported 
methods for leather samples are focused on Cr(VI), in 
this study the simultaneous dosage of both chromium 
species is developed. A second challenge was to deal with 
a high amount of Cr(III), compared to Cr(VI), in real 
leather samples. In order to achieve all of these objec-
tives, different conditions were tested for the analysis 
through IC-ICP-MS, which allows to have information 
on the isotope and also in which ionic form the isotope 
is present. Some other advantages of this hyphenation 
are its high sensitivity, high selectivity and low detection 
limits. For example, while the ISO 17075 protocol offers 
a LOQ of 3 mg/kg for Cr(VI) through ion chromatogra-
phy-UV–visible detection, IC-ICP-MS offers a LOQ of 
0.6–0.8  µg/kg for Cr(VI) [18] in dairy and cereal prod-
ucts, and 38 µg/kg for Cr(III) [19] in dairy products.

2  Experimental
2.1  Instrumentation
An ETHOS One microwave digestion system (Milestone, 
Sorisole, Italy) equipped with a temperature sensor was 
used to perform the extractions and complexations. TFM 
reactors were employed with a maximum pressure of 
100 bar. The pH of the solutions was determined with a 
PHM240 pH/Ion Meter (MeterLab, Radiometer Analyti-
cal, Villeurbanne, France). The extracts were centrifuged 
with a 5702 Centrifuge (Eppendorf, Montesson, France).

A Dionex ICS-6000 HPIC System (Thermo Fisher 
Scientific, Courtaboeuf, France) permitted species 
separation. For the optimized conditions, the ion chro-
matography pump delivered the mobile phase and the 
sample at 0.25  mL/min. A Dionex ADRS 600 Anion 
Dynamically Regenerated Suppressor (2  mm) (Thermo 
Fisher Scientific) permitted to avoid salt deposition and 
was set before the entrance into the Inductively Coupled 
Plasma—Mass Spectrometer (ICP-MS). The suppressor 
was operated in external regeneration mode achieved 
by the supply of ultrapure water at a constant flow of 
0.6  mL/min through the use of a Dionex AXP auxiliary 
pump (Thermo Fisher Scientific). Columns were placed 
in the following order: a Dionex IonPac NG1 guard col-
umn (2 × 50 mm, particle size: 10 µm), a Dionex IonPac 
AG7 guard column (2 × 50 mm, particle size: 10 µm) and 
a Dionex IonPac AS7 analytical column (2 × 250 mm, par-
ticle size: 10 µm). A PEEK tubing (0.25 mm i.d., 150 cm 
long) permitted to couple the analytical column to the 
nebulizer of the ICP-MS. Finally, the detection of Cr 

species was performed on an iCAP RQ ICP-MS instru-
ment (Thermo Fisher Scientific, Courtaboeuf, France) 
fitted with a collision cell. Two different measurement 
modes were tested: standard mode (STD) and kinetic 
energy discrimination mode (KED). In the KED mode, 
a non-reactive gas (helium) was injected in the collision 
cell to selectively remove unwanted polyatomic interfer-
ences. The Qtegra software (Thermo Fisher Scientific) 
permitted to process the data obtained. The optimized 
conditions for the plasma and nebulizer for ICP-MS are 
described in Table  1. Figure  1a shows a diagram of the 
setup used for the optimized conditions. For each setup 
(optimized conditions and tests), mobile phases were 
previously degassed using an Elmasonic S ultrasonic bath 
(Elma, Singen, Germany).

A second setup was tested when trying to optimize 
the separation conditions (Fig.  1b). For these experi-
ments, a Dionex IonPac NG1 guard column (2 × 50 mm, 
particle size: 10  µm), a Dionex IonPac CG5A guard 
column (2 × 50  mm, particle size: 9  µm) and a Dionex 
IonPac CS5A ion-exchange column (2 × 250  mm, par-
ticle size: 9  µm) were installed. In the same way as the 
first setup, the ion chromatography pump delivered the 
mobile phase (A:  HNO3 1.1  M, B: ultrapure water) and 
the sample 0.275  mL/min, but in this case, in gradient 
mode (0–32% A: 60  s; 32% A: 102  s; 100% A: 360  s; 0% 
A: 1200  s). This solution traveled through the columns 
where species were separated and eluted at different 
retention times. After passing through the conductiv-
ity detector, a Y-connector was installed. This permit-
ted the arrival of the sample and the mobile phase at 
0.275 mL/min from one side, and the arrival of ultrapure 
water at 0.8 mL/min by means of an AXP auxiliary pump 
(Thermo Fisher Scientific) from the other side. The final 
solution (at the exit of the Y-connector) was diluted nitric 

Table 1 Optimized operating conditions for ICP‑MS

iCAP RQ ICP-MS

Radio frequency power (W) 1550

Plasma gas flow rate (L/min) 14

Auxiliary argon flow rate (L/min) 0.8

Nebulizer gas flow rate (L/min) 1.0

Purge gas (nitrogen) flow rate (L/min) ‑

Peristatic pump rate (rpm) 15

Sample uptake delay (s) 30

Replicates 3

Rinse time (s) 30

Sampler Online coupling 
with IC system

Chamber Cyclonic

Nebulizer type Concentric
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acid. This solution finally arrived to the ICP-MS where 
detection was completed.

Preliminary tests were conducted using a NG1 guard 
column and an AS7 ion-exchange column with nitric 
acid as mobile phase (no suppressor, no AXP pump nei-
ther). FTICR MS analyses were achieved using a SolariX 
XR instrument (Bruker Daltonics, Bremen, Germany) 
equipped with a 12  T superconducting magnet and a 
dynamically harmonized ICR cell (ParaCell®). An ESI 
source was used in positive and negative ion modes. 
The operating parameters for direct infusion analyses 

on ESI(+) and ESI(−) are reported in Table  2. The ana-
logue image current was digitized with 4 million data 
points resulting in the recording of a 1.118 s time domain 
signal for ESI analyses. The time domain signals were 
transformed into the corresponding frequency domain 
by Fourier transform (after full-sine apodization and 
one zero fill). These settings resulted in a mass resolving 
power of 500,000 at m/z 200. Mass spectra were acquired 
using Bruker Compass FtmsControl 2.3, and processed 
with Bruker Compass DataAnalysis 5.1 (Bruker Dalton-
ics GmbH, Bremen, Germany). Molecular formulas were 
assigned to the peaks with a signal-to-noise ratio greater 
than 6, with even and odd electron configuration.

2.2  Materials
Ultrapure water (resistivity 18.2  MW  cm), obtained 
from a Milli-Q system (Millipore, Bedford, MA, USA), 
was used for preparation of all solutions unless stated 
otherwise. Nitric acid 67–69% (Ultrapure Normatom, 
VWR Chemicals, Leuven, Belgium) and  NH4NO3 
(Normapur guaranteed reagent, Prolabo, Paris, France) 
were used for the preparation of mobile phases. Chro-
mium standards were prepared with chromium(III) 
nitrate nonahydrate (99%, Thermo Scientific, Geel, 
Belgium) and potassium dichromate (R.P. Norma-
pur, Prolabo, Paris, France). For the extractions and 
complexations,  K2HPO4∙3H2O (AnalaR Normapur, 
VWR Chemicals, Leuven, Belgium), phosphoric acid 
(85  wt.% in  H2O, Sigma-Aldrich, Germany), EDTA 

Fig. 1 Chromatographic setups. a For the optimized separation conditions (AS7 column,  NH4NO3 as eluent in isocratic mode). b For the CS5A 
column using  HNO3 as eluent in gradient mode

Table 2 FTICR parameters for the analysis of the chromium‑
EDTA complex

ESI(+) ESI(−)

Source parameters Flow (µL  h−1) 80 120

Nebulizer gas pressure 
(bar)

2.0 2.0

Drying flow (L  min−1) 4.0 4.0

Drying temperature (°C) 200 180

Capillary voltage (kV) 4.2 4.1

Ion transfer parameters Quadrupole m/z 100 100

Time of flight (ms) 1.0 1.0

Acquisition parameters m/z range 98–1200 98–1200

Scan number 16 100

Accumulation time (s) 0.05 0.05

Transient length (s) 1.118 1.118
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(Analytical reagent, VWR Chemicals, Leuven, Bel-
gium) and  NH4OH (20–22%  NH3) (Optima grade, 
Fisher Scientific, UK) were employed. Filtration was 
performed with 0.45  µm nylon syringe filters (Fisher 
Scientific). Leather samples came from the luxury 
industry and were all chrome-tanned and colored. 
Different types of leather were used for the extrac-
tions, such as: chrome-tanned, colored, polished and 
satin leather. 53Cr(III) (97.01%) and 50Cr(VI) (97.36%) 
chromium isotopic standards (100  ppm, Certified 
Reference Material, ISC Science, Oviedo, Spain) were 
diluted and used to monitor possible chromium inter-
conversions. Chromium(III) nitrate nonahydrate was 
used for preparing the chromium-EDTA complex ana-
lyzed by Fourier-transform ion cyclotron resonance-
mass spectrometry (FTICR-MS). Optima LC–MS 
grade water and acetonitrile (purchased from Fisher 
Chemical) were employed for the dilution of samples 
analyzed by FTICR-MS.

2.3  Methodology
EDTA extractions/complexations were carried out fol-
lowing the procedures reported in a previous study 
[17]: 200  mg of leather were extracted with 4  mL of 
EDTA 50 mmol/L (adjusted to pH 10 with  NH4OH) at 
100  °C in a microwave digestion system. On the other 
hand, phosphate buffer extractions were performed 
with  K2HPO4·3H2O at pH 8.0 for 3  h under magnetic 
stirring, and the extracts were subsequently filtrated 
through nylon 0.45 µm filter, as described in ISO 17075 
protocol [12]. In order to follow possible interconver-
sions, chromium isotopic standards were used instead 
of the leather samples and followed the whole ISO 
17075 and EDTA extraction protocols.

Regarding chromium speciation by IC-ICP-MS, 
preliminary studies were performed using nitric acid 
as mobile phase with the setup previously described 
in Sect.  2.1. For the chromatographic setup used for 
the CS5A column (Fig.  1b),  HNO3 1.1  M was used as 
mobile phase in gradient mode. Optimized conditions 
were found when using the AS7 ion-exchange column. 
For the optimized setup (Fig. 1a), 75 mmol/L  NH4NO3 
adjusted to pH 3 with nitric acid 1 M was used as chro-
matographic eluent.

As for FTICR-MS analyses, samples were diluted as 
follows: 2X dilution in acetonitrile for chromium-EDTA 
complexes [initial concentration of 10  ppm of Cr(III)] 
and 2X dilution in acetonitrile/H2O (50/50, v/v) for 
non-diluted leather extracts. Subsequently, solutions 
were injected and analyzed in the conditions previously 
indicated. Mass spectra were internally calibrated using 
confident ions signal over the whole mass range.

3  Results and discussion
3.1  Speciation by IC-ICP-MS
3.1.1  Preliminary tests
Preliminary speciation studies were performed with 
nitric acid as mobile phase as described on the applica-
tion note by Thermo Scientific [27] for the speciation 
analysis of Cr(III) and Cr(VI) in drinking waters. How-
ever, the protocol required 0.4  mol/L (approximately 
2.5% v/v) nitric acid, and the ICP-MS should not be used 
at acidic concentrations beyond 2% (v/v). Therefore, 
 HNO3 1.9% (v/v) was used instead to prevent corrosion 
of the cones. Additionally, an AS7 ion-exchange column 
replaced the AG7 guard column proposed by the proto-
col. Some of the advantages of using nitric acid as mobile 
phase are the fact that it allows the separation of Cr(III) 
and Cr(VI) while preserving speciation, and the easy 
implementation of the methodology since no suppres-
sor (and thus no AXP pump) is required in view of the 
fact that nitric acid is compatible with the ICP-MS sys-
tem. The use of other mobile phases such as ammonium 
nitrate requires de implementation of a different setup in 
order to allow salt deposition (suppression of the mobile 
phase, an additional pump to supply water for suppressor 
regeneration).

One of the first parameters to optimize when starting 
to work with the IC-ICP-MS hyphenation was the dwell 
time of the mass spectrometer, which is the period of 
time that the instrument accumulates the signal or the 
time spent for acquiring data. Dwell times tested were: 
0.02, 0.05, 0.07, 0.2, 0.5, and 1 s. From all of these values, 
0.05  s provided the best results in terms of chromato-
graphic signal-to-noise ratio. Consequently, this was the 
value used for all the IC-ICP-MS analyses hereafter.

Once the dwell time was optimized, several conditions 
were tested with the aim of studying the retention of hex-
avalent and trivalent chromium species, such as concen-
tration of the mobile phase, flow rate, temperature of the 
column compartment, and the addition of organic sol-
vent to the mobile phase. Regarding this last parameter, 
it was noticed that the addition of 5% acetonitrile (ACN) 
at a flow rate of 0.6 mL/min decreased the retention time 
of Cr(III) from 940 to 860  s and the retention time of 
Cr(VI) from 130 to 125  s as compared to the condition 
without organic solvent  (HNO3 1.9% (v/v), 0.6 mL/min). 
According to Rabin and Stillian [28], acetonitrile causes 
a swelling of the latex containing the ion-exchange sites 
which provokes a less effective cross-linking of the latex 
and decreases the number of sites per unit area, hence 
decreasing the time that ions spend bound to the column.

Moreover, on a previous study [17] EDTA proved to 
be the most performant method to extract Cr(VI) and 
Cr(III) as Cr(III)-EDTA− from leather samples, hence the 
retention of Cr(III)-EDTA− was studied as well.
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Table 3 shows the retention times of the different peaks 
observed after injecting Cr(III)-EDTA− samples at differ-
ent pH using a NG1 guard column followed by an AG7 
guard column for species separation.  HNO3 1.9% (v/v) 
was used as mobile phase at a flow rate of 0.3 mL/min. 
The objective of this test was to study the stability of the 
complex at basic and acidic medium.

For the first injection, the sample had a pH of 11 which 
was achieved by adjusting the pH of the sample with a 
NaOH solution. The second sample was injected at a pH 
of 6, accomplished by merely diluting the sample in water. 
A Cr(III)-EDTA− peak was observed but also Cr(VI) 
peak, which proved that some Cr(III) were transformed 
into Cr(VI). Finally, the third sample was injected at pH 
2 which was achieved by acidifying the sample with nitric 
acid (final solution acidic concentration:  HNO3 0.1% v/v). 
It could be concluded from this part that acidifying the 
samples maintained the stability of Cr(III)-EDTA− and 
no decomplexation was observed (only one peak was 
observed at 55 s). However, the complex was not retained 
enough to consider this method as valuable.

After preliminary studies, different columns and 
mobile phases were explored. A nitric acid solution as 
well as an ammonium nitrate solution were tested as 
mobile phases. For each mobile phase, two different col-
umns (and thus chromatographic setups) were tested: an 
AS7 anion-exchange column and a CS5A ion-exchange 
column. A summary of the different conditions that were 
tested can be seen in Supplementary Information (Addi-
tional file 1: Figure S1).

3.1.2  AS7 column and nitric acid as mobile phase
After testing several conditions during preliminary tests 
and considering that Cr(III)-EDTA− elutes very close to 
the dead time, the retained conditions for this configu-
ration were: NG1 guard column + AS7 column, mobile 
phase: HNO3 1.9% (v/v), and flow rate: 0.4 mL/min. Sam-
ples were injected with an  HNO3 concentration of 0.1% 
(v/v) in order to preserve the stability of the complex.

This permitted to separate Cr(III) and Cr(VI). Cr(VI) 
eluted at 190  s, while Cr(III) eluted at 1300  s. Never-
theless, Cr(III)-EDTA− eluted at 75  s, still very close to 
the dead time which was 70  s. This can be appreciated 
in the chromatograms shown in Fig.  2. In fact, the AS7 

ion-exchange column is a latex-based pellicular col-
umn. Its central polymeric packing is sulfonated (cation 
exchanger) while the latex carries quaternary ammo-
nium groups (anion exchanger). Therefore, this column 
contains both anionic and cationic ion-exchange capac-
ity [29]. The latex is electrostatically agglomerated to 
the central backbone. The particularity of this structure 
induces a possible penetration of metallic cations (whose 
hydration sphere is reduced) towards the sulfonates of 
the central bead, and thus, their retention. In classical 
analysis (eluent of lower ionic strength and basic pH) 
there would be a more important retention of anionic 
species (Cr(VI) species) and the metal cation (Cr(III)) 
would remain stuck to the core of the stationary phase. 
The use of acid allows the elution of Cr(III) since the 
ionic strength of the nitrate at acidic pH has the purpose 
of minimizing the retention of anions. Being Cr(III)-
EDTA− a big molecular structure compared to the size 
of the pores of the stationary phase, it has little entrance 
into the pores and flows freely. This explains why the 
complex elutes at first (retention time = 75  s) and very 
close to the dead time, followed by Cr(VI) which elutes 
115 s later (retention time = 190 s). Cr(III) elutes at last, 
when nitric acid succeeds in removing the cation from 
the core of the central bead.

3.1.3  CS5A column and nitric acid as mobile phase
The use of a CS5A column using nitric acid as eluent 
was tested based on the work by Hernandez et  al., who 
reported a methodology for the determination of Cr(III) 
and Cr(VI) in dairy products through high performance 
liquid chromatography—inductively coupled plasma—
mass spectrometry (HPLC-ICP-MS). They proposed 
two different gradient programs for the determination of 
Cr(III) [19] and Cr(VI) [18], separately, as well as two dif-
ferent extraction methods. Nonetheless, in order to adapt 
the gradient program to the current chromatographic 
conditions, the HPLC gradient method transfer calcu-
lator from University of Geneva was used [30, 31]. The 
method calculated was later optimized in order to be able 
to use one sole gradient program to elute both chromium 
species, Cr(III) and Cr(VI), together with Cr(III)-EDTA−. 
The final gradient is described in Table 4. The setup used 
for these tests is depicted in Fig. 1b.

Table 3 Retention times of the different peaks observed after injecting Cr(III)‑EDTA− at different pH

Dead time (s) Retention time 
Cr(III) (s)

Retention time 
Cr(VI) (s)

Retention time 
Cr(III)-EDTA− (s)

Flow rate 
(mL/min)

Mobile phase (% v/v) Sample pH Columns

50 330 90 55 0.3 HNO3 1.9% 11 NG1 + AG7

50 90 55 0.3 HNO3 1.9% 6 NG1 + AG7

50 55 0.3 HNO3 1.9% 2 NG1 + AG7
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The EDTA extraction/complexation was performed 
in the following way: 10  ppm of 53Cr(III) (concentra-
tion of the stock solution: 100  ppm of 53Cr(III)) were 
complexed with 4 mL EDTA 0.5 mM at pH 10. Stand-
ard solutions (53Cr(III) and 50Cr(VI)) together with the 
chromium-EDTA complex were diluted in  HNO3 0.1% 

(v/v) and injected. It can be observed from Fig. 3a that 
the separation of the three species (Cr(III)-EDTA−, 
Cr(III) and Cr(VI)) was achieved. Dead time was 120 s, 
Cr(III)-EDTA− eluted at first and had a retention time 
of 178 s, it was followed by Cr(VI) with a retention time 
of 243 s, and Cr(III) eluted at last with a retention time 

Fig. 2 IC‑ICP‑MS chromatograms obtained through the AS7 column using nitric acid as eluent. a Cr(VI) and Cr(III), 50 ppb,  HNO3 0.1% (v/v). b 
50 ppb of Cr(III) in presence of EDTA (after going through the EDTA extraction/complexation conditions),  HNO3 0.1% (v/v). NG1 guard column + AS7 
column, mobile phase:  HNO3 1.9% (v/v), flow rate: 0.4 mL/min, STD mode, dead time: 70 s

Table 4 Chromatographic conditions of the study by Hernandez et al. [19] versus conditions of the current study

Hernandez et al. Current study

Cr(VI) Cr(III) Cr(VI) and Cr(III)

Columns IonPac CG5A (4 × 50 mm, particle size: 9 µm) + IonPac CS5A 
(4 × 250 mm, particle size: 9 µm)

IonPac NG1 (2 × 50 mm, particle size: 10 µm) + IonPac CG5A 
(2 × 50 mm, particle size: 9 µm) + IonPac CS5A (2 × 250 mm, 
particle size: 9 µm)

Column temperature 20 °C 30 °C

Mobile phase flow rate 1.1 mL/min 0.275 mL/min

Mobile phase A Nitric acid 2 mol/L Nitric acid 1.1 mol/L

Mobile phase B Ultrapure water Ultrapure water

Gradient program 17.5% A: 100 s
55% A: 360 s

0–17.5% A: 120 s
17.5% A: 102 s
55% A: 360 s

0–32% A: 60 s
32% A: 102 s
100% A: 360 s
0% A: 1200 s
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of 542 s. Contrary to the elution on the AS7 column, on 
column CS5A, Cr(III)-EDTA− was more retained and 
appeared 45 s after dead time.

The order of retention times was the same as the order 
obtained when using the AS7 ion-exchange column with 
nitric acid as mobile phase. In fact, the CS5A column has 
two ion-exchange groups: sulfonic acid (cation-exchange 
group) and quaternary ammonium (anion-exchange 

group) [32]. This can explain the order of retention times. 
Due to the size of the chromium-EDTA complex, it is 
not strongly retained in the column and it elutes at mild 
conditions (32% mobile phase A). Cr(VI) anionic species 
elute when the mobile phase conditions are more acidic 
(100% mobile phase A) and, therefore, capable of break-
ing the interactions between the analyte anions and the 
quaternary ammonium groups of the stationary phase. 

Fig. 3 IC‑ICP‑MS chromatograms obtained through the CS5A column using nitric acid as eluent. a 50 ppb of 53Cr(III), 50 ppb of 50Cr(VI), and 50 ppb 
of 53Cr(III) in presence of EDTA (after going through the EDTA extraction/complexation conditions),  HNO3 0.1% (v/v). b EDTA extraction of a leather 
sample 5000X dilution in water, spiked with 50 ppb 50Cr(VI). c 53Cr(III) in presence of EDTA (after going through the EDTA complexation conditions). 
NG1 guard column + CG5A guard column + CS5A column, mobile phase: A:  HNO3 1.1 mol/L, B: ultrapure water, flow rate: 0.275 mL/min, KED mode, 
dead time: 120 s
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The Cr(III) cation elutes at the end, 299  s after Cr(VI), 
as a consequence of the strong interactions with the sul-
fonic acid groups.

Afterwards, an EDTA extraction of a leather sample 
was performed. The extract was diluted in water (5000X 
dilution) and injected. Next, the sample was spiked with 
50  ppb of 50Cr(VI) and injected once again. Figure  3 b) 
corresponds to the spiked sample and it can be noticed 
that there is a peak at 178 s (the red line denotes the nat-
urally occurring isotope) which corresponds to the chro-
mium-EDTA complex, and a peak at 243 s (the blue line 
denotes the 50Cr isotope) that corresponds to the spiked 
50Cr(VI). The inset from Fig. 3b shows the sample before 
the 50Cr(VI) spike. It can be concluded from this part 
that Cr(VI) is indeed present in the EDTA extract but 
the Cr(III)-EDTA− peak covers the Cr(VI) peak, hence 
the determination is not possible for samples where there 
is a large difference in concentrations between Cr(III) 
(Cr(III)-EDTA− once complexed) and Cr(VI).

In an effort to verify that the Cr(III) complexation with 
EDTA was complete, 53Cr(III)-EDTA− was diluted and 
injected separately. As shown in Fig.  3c, when 53Cr(III) 
is injected in the presence of EDTA after following the 
extraction protocol, it is possible to observe the main 
peak of the trivalent chromium complex at 178  s. This 
permitted to confirm that the Cr(III) complexation with 
EDTA is complete since no additional peak is observed 
other than the peak corresponding to Cr(III)-EDTA−.

3.1.4  CS5A column and ammonium nitrate as mobile phase
Separation through the CS5A column was also tested 
with an ammonium nitrate solution as mobile phase. 
The chromatographic setup from Fig. 1a was used but a 
CS5A column replaced the AS7 analytical column, and 
a CG5A guard column replaced the AG7 guard column. 
The mobile phase consisted of 75  mmol/L  NH4NO3 
adjusted to pH 3 at a flow rate of 0.25 mL/min, and the 
dead time was 175  s. A sample containing 53Cr(III), 
50Cr(VI) and 53Cr(III)-EDTA− was injected with an acidic 
concentration of  HNO3 0.1% (v/v). From Fig. 4a, it can be 
observed that 53Cr(III)-EDTA− elutes just after the dead 
time with a retention time of 195 s, followed by 50Cr(VI) 
which elutes at 360  s. No interconversions were appre-
ciated under these conditions but there was no peak 
for Cr(III) before 3600 s. Even if the CS5A has two ion-
exchange groups (sulfonic acid, cation-exchange group, 
and quaternary ammonium, anion-exchange group) [32], 
the mobile phase was not strong enough to break the 
interactions between Cr(III) and the stationary phase. 
Consequently, Cr(III) remained stuck to the stationary 
phase and no peak was observed for this cation. After-
wards, a leather sample was extracted through the EDTA 

extraction method. The concentrated extract was poste-
riorly injected and a peak was observed at 195  s which 
corresponds to Cr(III)-EDTA−. Additionally, a small peak 
was observed at 360 s which corresponds to Cr(VI). Nev-
ertheless, coelution of both peaks impede the quantifi-
cation of both species, as it can be appreciated from the 
inset on Fig. 4b.

3.1.5  AS7 column and ammonium nitrate as mobile phase 
(optimal conditions)

In the literature, there are limited studies related to chro-
mium speciation in leathers.

Concerning other matrices, Gürleyük and Walls-
chläger [33] derivatized trivalent chromium with EDTA 
and achieved its separation from hexavalent chromium 
in certified reference materials (CRMs) (synthetic and 
estuarine water) by IC-ICP-MS using a self-regenerating 
suppressor to avoid salt deposition, an anion-exchange 
AS7 column (4 × 250 mm, particle size: 10 µm), an AG7 
guard column (4 × 50  mm, particle size: 10  µm), and 
50  mM  NH4NO3 at pH 8 as chromatographic eluent. 
They obtained an Limit of detection (LOD) of 12 ng/L for 
Cr(VI) and 5 ng/L for Cr(III).

Encouraged by the reported results, the chromato-
graphic setup from Fig.  1a was used (NG1 and AG7 
guard columns, and an AS7 analytical column). Addi-
tionally, further research was done and pH of the mobile 
phase was adjusted to 3 to prevent reduction of Cr(VI) 
as well as the precipitation of Cr(III). According to the 
diagram of species distribution (Additional file  1: Fig-
ure S2), there is only a small pH window (shaded area) 
where Cr(VI) and Cr(III) species are present in ionic 
form. Above pH 4, Cr(III) forms insoluble hydroxo-aqua 
complexes; pH values below 2 may result in the forma-
tion of  H2CrO4, which is a strong oxidizing agent [34]. 
The concentration of the mobile phase was also modified 
(75 mM  NH4NO3 at pH 3, adjusted with  HNO3 1 M) and 
interconversions were followed with the aid of chromium 
isotopic standards.

The first results obtained under these conditions and 
working with chromium isotopic standards where pub-
lished on a previous study [17]. The main observations 
where the following:

• When a 50Cr(VI) standard solution was injected only 
one peak was seen at 920 s, which corresponds to the 
elution of Cr(VI).

• When a 53Cr(III) standard solution was injected in 
the presence of EDTA after having gone through the 
EDTA extraction conditions, the peak of the trivalent 
chromium complex appeared at 230 s. No other peak 
was observed.
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• When a 50Cr(VI) standard solution was injected 
in the presence of EDTA, it did not complex with 
EDTA, it remained as 50Cr(VI) but a small part was 
transformed into 50Cr(III), which complexed with 
EDTA (50Cr(III)-EDTA−), and this represented only 
1.5% of the main peak (the 50Cr(VI) peak). This is 
not a major problem because trivalent chromium 
is present in leather in much larger quantities than 
hexavalent chromium, so a minimal conversion of 
Cr(VI) to Cr(III) represents a negligible amount of 
the total amount of Cr(III).

• No peak was observed when injecting a 53Cr(III) 
standard solution, probably because it was too 
strongly linked to the sulfonic group of the core of 
the column.

Later on, different samples were injected in order to 
evaluate the retention times of chromium peaks observed 
at different pH and redox potentials (dead time = 170 s). 
Table 5 summarizes the obtained results. It is important 
to highlight the following remarks:

1. At a sample pH of 3.00, complexation does not take 
place. However, complexation of the standards was 
achieved at pH 9.57. This can be explained by the fact 
that at low pH (acidic conditions), the protonated 
form of EDTA is prevalent and  H+ competes with the 
metal ion,  Cr3+, for EDTA. At basic conditions, the 
deprotonated form of EDTA is prevalent and compl-
exation between  Cr3+ and EDTA occurs rapidly.

Fig. 4 IC‑ICP‑MS chromatograms obtained through the CS5A column using ammonium nitrate as eluent. a 100 ppb of 53Cr(III), 100 ppb of 50Cr(VI) 
and 100 ppb of 53Cr(III) in presence of EDTA (after going through the EDTA extraction/complexation conditions),  HNO3 0.1% (v/v). b EDTA extraction 
of a leather sample, no dilution. NG1 guard column + CG5A guard column + CS5A column, mobile phase: 75 mmol/L  NH4NO3 pH 3, flow rate: 
0.25 mL/min, STD mode, dead time: 175 s
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2. After 50Cr(VI) and 53Cr(III) went through the EDTA 
extraction conditions at pH 4.14, 50Cr(VI) is trans-
formed into 50Cr(III) which complexed with EDTA. 
This is possible because heating accelerates the kinet-
ics of chromium’s complexation with EDTA. In fact, 
once complexed, Cr(III)-EDTA− is stable in a wide 
range of pH but complexation must be performed 
at pH 10 in order to preserve the oxidation state of 
Cr(VI), because heating at acidic pH promotes its 
reduction to Cr(III).

3. When the undiluted leather extract was spiked with 
50Cr(VI) and then injected, the 50Cr(VI) peak appeared 
at 420 s. However, when the diluted leather extract was 
spiked with 50Cr(VI) and subsequently injected, the 
50Cr(VI) peak appeared at 970  s. Thus, when Cr(VI) 
is present in an undiluted EDTA leather extract, it is 
probably bonded to something that can be found in 
the leather matrix. On the other hand, when Cr(VI) is 
present in a diluted sample, the conditions are closer 
to when Cr(VI) is alone in an aqueous solution, there-
fore the retention time remains the same. Another 
hypothesis is that Cr(VI) is present in different ionic 
forms when the sample is diluted or not diluted, hence, 
Cr(VI) elutes at two different retention times.

4. It is important to mention that an EDTA solution 
was also injected after the injection of real samples 
and standards, and no peaks were observed. This 
permitted to confirm that there was as total elution 
of the compounds.

After all the experiments performed, it was possible to 
confirm that complexation should take place at high pH 
(around 10) and then Cr(III)-EDTA− is stable under a 
large range of pH with no shifting of the peak depending 
on the dilution factor. Therefore, the EDTA extraction 
with further analysis by IC-ICP-MS was feasible for triva-
lent chromium determination.

By the other hand, the Cr(VI) peak may shift depend-
ing on the dilution factor of the leather extract (EDTA 
extraction). Consequently, the extraction of Cr(VI) from 
leather samples through the ISO 17075 [13] protocol 
with subsequent analysis through IC-ICP-MS was tested. 
Chromium isotopic standards as well as a leather sample 
followed the whole ISO 17075 protocol with the aim of 
testing for possible interconversions.

As it can be seen from Fig. 5a, when injecting 53Cr(III) 
after following the whole ISO 17075 protocol, it does 
not transform into 53Cr(VI). Moreover, when inject-
ing 50Cr(VI), which had followed the whole ISO 17075 
protocol, a single peak appeared at 925  s (Fig.  5b). 
When injecting an ISO leather extract, a small peak 
was observed at 925 s, which corresponds to the reten-
tion time of Cr(VI) (Fig.  5c). Therefore, the ISO stand-
ard method can be used to extract Cr(VI) from leather 
samples and the extract can be then analyzed through 
IC-ICP-MS under the optimized analysis conditions and 
no interconversions occur.

Table 5 Retention times of Cr species observed at different sample conditions (pH and redox potential)

Injected sample Retention time of Sample Remarks

Cr(VI), (s) Cr(III)-
EDTA−, 
(s)

pH Redox 
potential, 
(mV)

50Cr(VI) + 53Cr(III), 100 ppb,  HNO3 0.1% (v/v) 960 nd nd No Cr(III) peak was observed, as expected
50Cr(VI) + 53Cr(III), 100 ppb, EDTA 0.5 mM 960 3.00 nd No heat; complexation did not take place
53Cr(III) + EDTA, 100 ppb, EDTA 0.5 mM 260 3.99 175 Sample was diluted in EDTA 0.5 mM after going through 

the EDTA extraction/complexation conditions
50Cr(VI) + 53Cr(III), 100 ppb, EDTA 0.5 mM 250 4.14 nd Sample was diluted in water after going through the 

EDTA extraction/complexation conditions at pH 4.14. 
No Cr(VI) peak was observed, 50Cr(VI) was reduced into 
50Cr(III)

50Cr(VI) + EDTA, EDTA 0.5 mM 970 7.53 − 37 Sample was diluted in EDTA 0.5 mM after going through 
the EDTA extraction/complexation conditions. At this pH, 
50Cr(VI) is preserved

Diluted (× 100) leather extract spiked with 50Cr(VI) 970 250 9.39 − 151 50Cr(VI) peak appeared at 970 s

Undiluted leather extract spiked with 50Cr(VI) 420 250 9.86 − 178 50Cr(VI) peak appeared at 420 s
50Cr(VI) + 53Cr(III), 100 ppb, EDTA 0.5 mM 960 250 9.57 − 160 No heat was required for complexation of standards in 

basic conditions
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3.2  FTICR MS
As mentioned before, the ESI source was used in posi-
tive and negative ion modes, but the negative ionization 
mode provided the highest intensity for Cr(III)-EDTA−, 
as compared to the positive ion mode. Therefore, only the 
spectra for the negative ion mode are presented.

The negative ion mode ESI FTICR mass spectrum 
of 10  ppm of Cr(III) in presence of EDTA 0.5  mmol/L 
(after going through the EDTA extraction/complexation 

conditions) (2X dilution in ACN) is presented in Addi-
tional file 1: Figure S3 a). This spectrum shows the depro-
tonated EDTA ion, [EDTA −  H]−, at m/z 291.08339, 
as well as the deprotonated metal-EDTA complex ion, 
[EDTA − 4H + Cr(III)]−, at m/z 340.00042, and the 
peak that corresponds to the loss of formic acid from 
the EDTA molecule, [EDTA–H–HCOOH]−, at m/z 
245.07807.

Fig. 5 Chromatograms obtained after ISO 17075 extraction. a 50 ppb of 53Cr(III) after going through the ISO 17075 extraction. b 50 ppb of 50Cr(VI) 
after going through the ISO 17075 extraction. c Undiluted leather extract (through ISO 17075). NG1 guard column + AG7 guard column + AS7 
column, mobile phase: 75 mmol/L  NH4NO3 pH 3, flow rate: 0.25 mL/min, KED mode, dead time: 170 s
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Likewise, the negative ion mode ESI FTICR mass spec-
trum of an EDTA leather extract (2X dilution in ACN/
H2O, 50/50 v/v%) which is presented in Additional file 1: 
Figure S3b shows the deprotonated EDTA ion, [EDTA 
−  H]−, present at m/z 291.08339, as well as the deproto-
nated metal-EDTA complex ion, [EDTA − 4H + Cr(III)]−, 
at m/z 340.00042, and the peak that corresponds to the 
loss of formic acid from the EDTA molecule, [EDTA–H–
HCOOH]−, at m/z 245.07782.

It is important to mention that no peaks were found 
that suggest the formation of clusters of more than one 
metal ion per EDTA molecule, or vice versa, the forma-
tion of clusters of more than one EDTA molecule per 
metal ion.

A spectrum of 10 ppm of Cr(III) in presence of EDTA 
0.5  mmol/L (after going through the EDTA extrac-
tion/complexation conditions) (2X dilution in ACN), as 
well as a spectrum of the isotope pattern simulation of 
Cr(III)-EDTA− can be found in Additional file 1: Figure 
S4. From this figure it can be observed that the simula-
tion pattern matches the spectrum obtained experimen-
tally. Due to the difference in natural abundances of 
chromium naturally occurring isotopes (50Cr: 4.345%, 
52Cr: 83.789%, 53Cr: 9.501%, 54Cr: 2.365%), the following 
peaks are observed (m/z are rounded to the nearest unit. 
For exact values, see Additional file 1: Figure S4):

• m/z 338: [EDTA–4H + 50Cr(III)]−
• m/z 340: [EDTA–4H + 52Cr(III)]−
• m/z 341: [EDTA–4H + 53Cr(III)]−
• m/z 342: [EDTA–4H + 54Cr(III)]−

Table 6 shows the ion formula prediction for the peaks 
observed at m/z 291 and 340, at negative ion mode, and 
the peaks observed at m/z 293 and 342, at positive ion 
mode. The low error value permitted to confirm the for-
mula of the chromium-EDTA complex:  C10H13CrN2O8 
(Cr(III)-EDTA−).

3.3  Validation
Once the extraction and analytical conditions were 
optimized, the method was validated for Cr(III) and 
Cr(VI). For a given sample, Cr(III) was extracted via the 
EDTA extraction as previously specified, and Cr(VI) 
was extracted via the ISO 17075 protocol. Both extracts 
were analyzed with the same setup under the same ana-
lytical conditions (Sect. 3.1.5). This ensured an accurate 
and simultaneous determination of both species, even 
at a large concentration difference between Cr(III) and 
Cr(VI), as is the case for the actual leather samples under 
study, and without interconversions.

As it has been proved by previous studies [17], EDTA is 
the most performant method for the quantitative extrac-
tion of Cr(III) as a chromium-EDTA complex (Cr(III)-
EDTA−). Furthermore, under the optimized analysis 
conditions (75 mmol/L  NH4NO3 at pH 3), Cr(III)-EDTA− 
is stable under a large range of sample pH with no shift-
ing of the peak depending on the dilution factor.

This method was validated in terms of linearity, LOD, 
LOQ and interday precision. Linearity was studied 
through the analysis of calibration solutions of Cr(III)-
EDTA− from 0 to 100 µg/L of Cr(III) (n = 6, 3 replicate 
injections per point). In order to do this, 400 µ L of a 
Cr(III) solution were added to 4  mL of an EDTA solu-
tion (0.5  mM at pH 10). Once the microwave assisted 
complexation was completed, the solution contain-
ing the complex was diluted in water and each standard 
was analyzed through IC-ICP-MS, focusing on the peak 
with a retention time of 250 s, which corresponds to the 
chromium-EDTA complex. Peak area was plotted against 
concentration, and  R2 was found to be 0.9990. LOD and 
LOQ were calculated as the concentration necessary 
to give a signal-to-noise (S/N) ratio equal to 3 and 10, 
respectively. LOD (S/N = 3) was found to be 0.016 µg/L 
or 0.3 µg/Kg for Cr(III), and LOQ (S/N = 10) was found 
to be 0.054 µg/L or 1.1 µg/Kg for Cr(III).

Table 6 Ion formula predicition

Sample ESI ion mode m/z Ion formula Err (ppm)

Chromium‑EDTA complex – 291.083389
340.000420

C10H15N2O8
C10H12CrN2O8

0.0
0.0

Leather sample – 291.083389
340.000420

C10H15N2O8
C10H12CrN2O8

0.0
0.0

Chromium‑EDTA complex + 293.097942
342.014973

C10H17N2O8
C10H14CrN2O8

0.0
0.0

Leather sample + 293.098117
342.015199

C10H17N2O8
C10H14CrN2O8

− 0.6
− 0.7
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Interday precision was determined by analyzing three 
different leather samples (Sample 1: natural E2, Sam-
ple 2: after polish, Sample 3: UV-aging) from which tri-
valent chromium was extracted on three different days. 
As it can be seen in Table 7, for each sample the interday 
precision provided a relative standard deviation (RSD) 
below 12% and a low standard deviation (SD). Low RSD 
values show that the method exhibits excellent interday 
precision.

As mentioned before, the ISO 17075 [13] standard 
method was used to extract Cr(VI) from leather samples 
and the extract was then analyzed through IC-ICP-MS 
under the optimized analysis conditions and no intercon-
versions were observed.

This method was validated in terms of linearity, LOD, 
LOQ and precision. Linearity was studied through the 
analysis of calibration solutions of Cr(VI) from 0 to 100 µ
g/L (n = 6, 3 replicate injections per point). Each stand-
ard was analyzed through IC-ICP-MS, focusing on the 
peak with a retention time of 960 s, which corresponds to 
Cr(VI). Peak area was plotted against concentration, and 
 R2 was found to be 0.9993.

LOD and LOQ were calculated as the concentration 
necessary to give a S/N ratio equal to 3 and 10, respec-
tively. LOD (S/N = 3) was found to be 0.13 µg/L or 7 µg/Kg  
for Cr(VI), and LOQ (S/N = 10) was found to be  
0.43 µg/L or 22 µg/Kg for Cr(VI).

Precision was determined by analyzing three different 
leather samples (Sample 1: UV-aging, Sample 2: mirage, 
Sample 3: after polish) from which hexavalent chromium 
was extracted three times the same day through the ISO 
17075 [13] protocol. As it can be seen in Table  8, RSD 
was below 5.3%. Low RSD values show that the method 
exhibits excellent precision.

4  Conclusions
This work focused on the analysis of trivalent and hexa-
valent chromium extracted from leather samples. The 
challenge was to extract and quantify both chromium 
species, with high concentration difference between 
Cr(III) and Cr(VI), without interconversions during the 
extraction and/or the analysis conditions. Separation and 
speciation were studied by IC-ICP-MS. Several condi-
tions were tested such as: two different columns, different 
mobile phases and different pH of the samples. Among 
all these tests, the optimized conditions for the analy-
sis of chromium species were: a NG1 guard column, an 
AG7 guard column, an AS7 ion-exchange column, and 
75  mmol/L  NH4NO3 pH 3 as chromatographic eluent 
at a flow rate of 0.25 mL/min. LOD and LOQ for Cr(III) 
were found to be 0.016 and 0.054 µg/L (0.3 and 1.1 µg/
Kg), respectively, and for Cr(VI) 0.13 and 0.43 µg/L (7 
and 22 µg/Kg), respectively. Even if the other tested con-
ditions were not suitable for leather samples, they served 
to prove that the EDTA extraction of Cr(III) was com-
plete, as long as the extraction is performed at basic con-
ditions. FTICR-MS allowed the structure elucidation of 
the chromium-EDTA complex formed during the EDTA 
extraction. Interconversions were monitored with the use 
of chromium isotopic standards. Regarding the extrac-
tion methods, EDTA proved to be the most performant 
method for the extraction of Cr(III), and ensured Cr(VI) 
extraction but a small amount (1.5%) of Cr(VI) could be 
converted into Cr(III). Consequently, ISO 17075 proto-
col was used for the extraction of Cr(VI). In such case, 
both extracts (the sample extracted through the EDTA 
extraction and the same sample extracted through the 
ISO 17075 protocol) could be analyzed with the same 
setup under the same analytical conditions without any 
interconversion.

Abbreviations
ACN   Acetonitrile
CRMs   Certified reference materials
DPC   1,5‑Diphenylcarbazide

Table 7 Interday precision for Cr(III) determination. 3 different 
samples were analyzed each day

Sample Day mg of Cr(III)/kg 
of dry leather

Sample 1: Natural E2 1 2445.01 Average 2659.06

2 3007.27 SD 304.190

3 2524.90 RSD% 11.4%

Sample 2: After polish 1 2922.23 Average 2717.18

2 2765.36 SD 232.901

3 2463.96 RSD% 8.6%

Sample 3: UV‑aging 1 3836.42 Average 3494.66

2 3456.85 SD 324.508

3 3190.71 RSD% 9.3%

Table 8 Cr(VI) determination from a leather sample

Sample mg of Cr(VI)/kg of 
dry leather

Sample 1: UV‑aging 6.97 Average 6.98

6.98 SD 0.00

6.98 RSD% 0.1%

Sample 2: Mirage 3.00 Average 3.01

3.00 SD 0.01

3.02 RSD% 0.3%

Sample 3: After polish 8.13 Average 7.67

7.52 SD 0.40

7.37 RSD% 5.3%
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DTPA   Diethylenetriaminepentaacetic acid
EDTA   Ethylenediaminetetraacetic acid
FTICR   Fourier‑transform ion cyclotron resonance mass 

spectrometry
HPLC‑ICP‑MS  High‑performance liquid chromatography‑inductively 

coupled plasma‑mass spectrometry
IC‑ICP‑MS   Ion chromatography‑inductively coupled plasma‑

mass spectrometry
ICP‑MS   Inductively coupled plasma‑mass spectrometry
ISO   International Organization for Standardization
KED   Kinetic energy discrimination mode
LOD   Limit of detection
LOQ   Limit of quantification
R2   Coefficient of determination
RSD   Relative standard deviation
S/N   Signa‑to‑noise
SD   Standard deviation
STD   Standard mode
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