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Abstract

The chemical form (chemical speciation) of chromium (Cr) is important for human health. Hexavalent Cr (Cr'!), present as
oxyanions in water, is of great concern even at trace levels. Here, we briefly describe and discuss common and additional liquid
state (often standardized) and solid state Cr speciation methods for typical samples of health concerns. This review covers com-
mon standardized, extraction-based liquid state methods and various solid state Cr speciation methods. Liquid state methods
include chromatography, colorimetric methods, mass spectrometry, and electrochemical methods, with widely varying detec-
tion limit ranges to accommodate all sample needs. The most sensitive liquid state method can detect trace amounts of Cr"!
in the nanograms per litre range. Colorimetric methods can be used both for the liquid and solid state and are the simplest
methods without the need for a laboratory or equipment. Other solid state methods include vibrational spectroscopy, electro-
chemical methods, and various laboratory- or synchrotron-based methods: X-ray photoelectron spectroscopy, X-ray absorption
spectroscopy, and X-ray diffraction. No method is perfect on its own, and we therefore recommend best practices, the investiga-
tion of potential interfering agents, and validating the method with another method. However, the largest threat to accurate
Cr speciation-based hazard assessments is the dynamic change of Cr speciation in a potential exposure scenario or during
sample preparation for the analytical method. To avoid wrong conclusions, we recommend considering the Cr chemistry, the

sample chemistry, and the method-specific interferences and detection limits.
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1. Introduction

Chromium (Cr) is a technologically and nutritionally im-
portant element; however, depending on its chemical form
(speciation), it can range from toxic to useful.! It is hard to
find other elements that can be found both on most coun-
tries’ chemical hazards lists and in nutritional supplements.
Because the chemical speciation of Cr is so important to iden-
tify, analytical chemists and materials scientists have devel-
oped numerous methods to determine it in aqueous solu-
tions, various materials, consumer products, and environ-
mental sources such as nanoparticles from fly ash or welding
fume.?3

However, many relevant samples are difficult to analyze,
and the Cr speciation can change dynamically during storage,
transport, and sample preparation. This has resulted in many
chemical and legal debates on how to develop best practices
and how to interpret analytical results that might not nec-
essarily reflect the state of the sample under its relevant ex-
posure condition. Exposure is here defined in the way that
is common within regulatory toxicology: an organism, en-
vironment, or human body (or part of it) is exposed to the
material/chemical in question, which potentially could cause
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harm. In the case of hexavalent Cr (Cr""), the route of expo-
sure is most often skin exposure, inhalation, or ingestion.
From a chemical perspective, an exposure scenario is a dy-
namically changing environment (e.g., rapidly changing pH
and protein concentration), which impacts the speciation of
Cr. Except in a few cases, the final chemical form of Cr in
the human body is always trivalent Cr (Cr'™). However, this
does not mean that exposure to CrV!, even if short-lived, is
harmless. Human health effects of Cr'! exposure are well-
documented and include various cancer types, reproductive
health, and skin allergy.!**:> Most importantly, Cr'! also in-
creases the risk of actual uptake (bioavailability).> For exam-
ple, there was a significantly decreased amount of detected
Cr in the urine of cement workers when they were exposed
to Cr'" compared with Cr'! in cement through dermal expo-
sure.®

The dynamic nature of Cr speciation makes it difficult to
use traditional analytical chemistry methods to determine
the Cr speciation in a sample. For example, extraction meth-
ods might change the Cr speciation that existed in the solid
state as part of a solid sample.”® Another reason for the need
for continued analytical developments in this field is the in-
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creasing regulatory pressure around the world during the
past decades to analyze trace amounts of Cr'' in complex
samples. This mini-review gives an overview of solid state and
liquid state Cr speciation methods, their common pitfalls,
and precautions to preserve the Cr speciation as initially in
the sample. This mini-review also discusses a few examples
of relevance for human health, including skin contact with
chromated steels (treated with Cr'! as surface treatment), in-
halation of CrV!-containing welding fume nanoparticles, and
skin contact with Cr-tanned leather and cement.

2. Some features of chromium
speciation used in analytical methods

Two main distinguishing factors are used in most
chromium speciation methods for both solid and liquid state
chromium speciation: a difference in oxidation state and a
difference in charge. In the solid state, the difference in oxi-
dation state, which in this mini-review is denoted with super-
script Roman numerals, such as Cr'™ and Cr"!, can be probed
for solid state materials using spectroscopic methods, such
as X-ray-based or vibrational spectroscopy methods. For lig-
uid state Cr, the oxidation state can be probed through the
presence or absence of oxidation reactions. The charge is rel-
evant for liquid state Cr and conventionally denoted by Ara-
bic numerals followed by a + or - sign, such as CrO4*~ and
Cr,0,%~ (the two most common aqueous Cr¥! species). Cr'! is
not stable in aqueous solutions in any cationic form (metal
ions with an oxidation state equal or greater than IV form
oxyanions in water). This distinguishes it in many cases from
aqueous Cr' species, which often form cations in water. This
distinctive feature is used in some analytical methods, espe-
cially in chromatography and pre-separation techniques. For
more insights into the nomenclature related to the oxidation
state and charge of Cr species, the reader is referred to the ex-
cellent technical note by Kozlica and Milosev.’

3. Selected legal frameworks and
standardized tests for CrV! in aqueous
solutions

CrV! is restricted in numerous applications, workplaces,
and products across many countries and jurisdictions. Exam-
ples are occupational exposure limits for airborne particles,
the European Restriction of Hazardous Substances in Electri-
cal and Electronic Equipment (RoHS),!° the European Regis-
tration, Evaluation, Authorisation and Restriction of Chemi-
cals (REACH),'"'2 the Californian Proposition 65,'* and the
Canadian Environmental Protection Act,'* to name a few.
In most of these legal frameworks, the restriction limits
have decreased drastically over time. For example, since 2017
(binding from 2025), the occupational exposure limit for Cr"!
in welding fume is 5 pg/m? in the European Union’s member
countries, down from significantly higher previous values of
50-100 pg/m3.1°

Table 1 shows some selected standardized tests used to test
materials for compliance with these and other regulations.
Generally, almost all standardized methods for Cr¥! are based
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on aqueous Cr', often after extraction from solid samples.
Quantitative analytical methods for Cr'! in solid state sam-
ples are still too unreliable, inaccessible, or expensive to be
used for regulatory compliance. A common cause of legal, sci-
entific, and chemical debates has been the choice of extrac-
tion methods, which risks changing the speciation of Cr from
the solid state to the liquid state in the extractant, further dis-
cussed in the next section. The other major difference among
the standardized methods is the detection and determination
limits, which range more than three orders of magnitude.

One commonly used (for ISO standards 16740 and 17075,
and EN 196-10) and simple analytical method is a colorimet-
ric method utilizing a color reaction specific to aqueous CrV?,
with the reagent 1,5-diphenylcarbazide (DPC), which oxidizes
to diphenylcarbazone through reaction with Cr"! resulting in
a pink complex with Cr'.'® This method is typically used for
samples with expected higher levels of Cr'! (cement, stain-
less steel welding fume nanoparticles, Cr-tanned leather),
whereas other sample types require more sensitive methods,
such as chromatographic methods coupled with inductively
coupled plasma mass spectrometry (ICPMS). Even lower de-
termination limits, as low as 20 ng/L, can be achieved with
differential pulse adsorptive cathodic stripping voltammetry
(DPAACSV) utilizing electrochemical detection of a Cr'™ com-
plex with diethylenetriaminepentaacetate that specifically
and time-dependently forms after reaction of CrV'.'7-18Fig. 1
shows examples of the DPAdACSV electrochemical peak of a
0.16 pg/L Cr'! water sample, determined by standard addi-
tion, and the pink color of a DPC-based calibration curve (up
to about 1000 ug/L Cr'?). The latter method does not even re-
quire any equipment, as the pink color is visible to the naked
eye from a concentration of about 60 ug/L CrV'. This is likely
the reason why it is widely used in international standard test
methods, which have high requirements for relatively simple
and affordable equipment and applicability across different
laboratories.

4. When a result is misleading: dynamic
change between species

Estimating the content of Cr'!' in solid samples through
an extraction method risks a change of Cr speciation dur-
ing the sample preparation. Similarly, a typical exposure sce-
nario includes drastic chemical environment changes result-
ing in the change of Cr speciation and consequently changed
hazard profiles over time. The two main factors are solu-
tion pH and the presence of reducing or complexing agents
(only Cr'™" forms complexes in aqueous solutions). Any fac-
tors increasing reaction rates, and oxidation rates in partic-
ular, such as sunlight, temperature, and solution agitation,
matter as well. For example, pulverizing solid samples in air,
a common sample preparation method prior to extraction
tests, can increase the analyzed Cr"! content.?® A recent study
showed that the pH and composition of the extraction so-
lution and co-released antioxidants (reducing agents) of the
solid sample resulted in less detected Cr'! in solution than its
initial values.?® Vegetable-tanned leather samples were able
to completely reduce up to 2000 ug/L CrV! during 24 h, inde-
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Table 1. Selected standardized testing methods for Cr! for various materials/samples.

Standard Purpose, sample

Analytical method used

Comments

ISO 16740"° Airborne particles

(workplace air)

Extraction for soluble and insoluble Cr"!
compounds, followed by ion chromatography
combined with DPC reagent

Warns about the possible oxidation of
Cr'™! to CrY! during extraction for
insoluble Cr'! compounds.

ISO 17075-1%° Cr-tanned leather

Extraction for soluble Cr"!, followed by
DPC-based colorimetric method

Solid phase extraction needed as
pre-treatment to reduce color
interferences from leather samples.

ISO 17075-2%1 Cr-tanned leather

Extraction for soluble Cr"!, followed by
ion-exchange chromatography with UV-VIS

Coupling to a more sensitive detection
method than UV-VIS, such as ICPMS, can

detection decrease the detection limit further.

EN 196-10%2 Cement Extraction for soluble Cr"!, followed by Compares to European restriction limit
DPC-based colorimetric method of 2 mg water-soluble Cr"! per kg dry

weight of cement.

EN 71-3%3 Toys Extraction for soluble Cr'! (and total Cr and Specifies sampling methods for a wide
many other metals). Cr'! is analyzed by range of materials. Acidic extraction
chromatography coupled to ICPMS. risks the reduction of any available Cr"!

to Cr'll, Specifies migration limits of
between 0.005 and 0.02 mg Cr"! per kg
of toy material, depending on the type of
material.

OSHA method Magnesium sulfate is added to the buffer

ID-215 (version solution to avoid unintended oxidation

2)%4 of Cr'" in the solid sample by the

. alkaline hot plate extraction.
Airborne samples Extraction for Cr¥! using an alkaline buffer (pH —

NIOSZI_; method (particles collected 8), chemical selection of Cr'l and CrV), followed ~ Similar to OSHA method ID-215 but

7605 on filters) by DPC-based colorimetric method. without the magnesium sulfate.

NIOSH method For field sampling. Uses an ultrasonic

770326 bath instead of a hot plate for the

extraction. Strong anion exchange solid
phase extraction instead of ion
chromatography.

pendent of the extraction solution (artificial sweat or phos-
phate buffer ranging from pH 4.7 to 8.0).?° A study compar-
ing different standardized tests, where one was using magne-
sium sulfate to avoid interferences from Cr'" and iron from
the samples, concluded only minor impacts for airborne sam-
ples from Cr plating facilities and suggested that magnesium
sulfate in the pH 8 extraction solution was resulting in false-
negative (too low) rather than false-positive (too high) Cr"!
detection in these samples.*® Generally, most biological sam-
ples, containing high amounts of organic matter and a neu-
tral or acidic pH, would result in the stabilization of Cr™
and a risk of reducing any initially present Cr¥'—a risk of
false-negative detection that is elevated when using extrac-
tion solutions as compared to solid state detection methods.
In contrast, for strongly alkaline extraction methods (pH 10
and higher), there is a risk of oxidation of Cr' to Cr", result-
ing in false-positive detection of CrV.. This pH dependence is
exemplified by Fig. 2.

It is important to consider even short-lived CrV! species for
health considerations. However, these are analytically chal-
lenging to detect in biological systems. Estimates focused
on Cr content in red blood cells have been used as a proxy
to understand any past presence of Cr'! in a human body
or animals, as Cr'! is taken up at a much higher rate by
red blood cells compared to Cr'™.3? However, even nanopar-
ticles containing other forms of Cr could be taken up by
cells (resulting in false-positives),>*=3> or the Cr'! of interest
never reaches the blood, for example, when it is already con-
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verted in dendritic (skin) cells or in the skin (resulting in
false-negatives).>-30=38 Therefore, solid state chromium spe-
ciation methods, as direct evidence of potentially available
Cr'l, are important to assist in chemical/material hazard
assessments.

5. Solid state chromium speciation

5.1. Colorimetric methods

Within dermatology, the DPC-based colorimetric method
has also been used semiquantitatively for solid state analysis
of potential Cr'!-containing solid samples.>**° It is a quick,
inexpensive method that can be applied outside of a lab and
by patients (with suitable instructions) to determine the cul-
prit sources (at work or at the patient’s home) of diagnosed
Cr contact allergy. It can be applied by using cotton sticks or
by directly dropping the reagent solution onto the material
to be tested. The following analysis kit and instructions have
been prepared by one of the authors (YSH) at the Centre for
Occupational and Environmental Medicine, Stockholm, Swe-
den, for patients and occupational hygienists to assist in their
culprit material search.

Analysis kit:

1. Fill a closed, brown (non-transparent, to avoid oxidation
by light) 1 mL clean glass vial/bottle with 0.01 g of 1,5-
diphenylcarbazide powder. Keep it closed and dry.
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Fig. 1. (a) Example of DPAdCSV peak of a 0.16 ug/L Cr'! wa-
ter sample, to illustrate a technique with a low determination
limit (0.02 pg/L CrV-double the value of a recognizable peak),
and (b) calibration standards of 0-990 ug/L Cr"! using the DPC
colorimetric method, to illustrate a technique with a detec-
tion limit of about 60 pg/L Cr'!. The figure is partially using
data and a picture from previous studies,'®:2” both of which
are published under a CC-BY license.

a)
-3x10”7
-2.5x10”
< 2x107
= "X . Standard
at)-1.5x10 additions
3 -1x10”
-5x10®
oL . 0.16 ug : a
14 13 12 11 -1
b) Potential / VAg/AgCI sat. KCI
0 248 | 495 | 990
ug/L Mg/l | ug/L | pglL

2. Fill another closed, brown 1 mL glass vial with 1 mL of
acetone and one small drop (about 20 uL) of glacial acetic
acid.

3. Add a small pipette (one-time use), a few cotton sticks,
one-time use plastic gloves, and a few plastic bags to lay
the reacted cotton sticks on. Note that tissue paper can
contain Cr'! and should be avoided for use as a substrate.

Instructions for Cr-allergic patients:

1. Pour the liquid from the bottle containing the liquid into
the empty bottle with the powder, close it, mix it by gently
shaking it, and wait a few minutes.

2. Drop a small droplet onto the material to be investigated.
You can also drop a droplet on a cotton stick and then gen-
tly rub the material to be investigated with the wet cotton
stick. The latter is preferred if the material is colored or if
you do not want it to become pink (but this could happen
anyway).

3. If your material or the cotton stick becomes pink within
5 min, Cr'! is detected. If it becomes pink within 24 h or
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later, Cr'! is detected. Avoid skin contact with anything
that has become pink.

Some examples of positive, unclear, and negative Cr"! read-
ings using the DPC solid state colorimetric test from our lab-
oratories are shown in Fig. 3.

As is the case with the DPC test in the liquid state,'® there
is a risk of false-positive Cr'! detection in the presence of Cr™
due to oxidation of DPC to diphenylcarbazone-a risk that cer-
tainly increases in the presence of air. The presence of zinc,
corrosion reactions, and Cr' have also been reported to lead
to false-positive readings for CrV! using the DPC cotton stick
test.*? Therefore, a quick (<5 min after application) reading
is required, and alternative laboratory methods are required
to validate results.

5.2. Electrochemical methods

Electroanalytical methods are extremely powerful for var-
ious solid species of Cr. Originally developed for aqueous
species of Cr,” solid samples can be directly analyzed by elec-
troanalytical methods through attaching powders (the sam-
ples) to various types of carbon-based electrodes or even di-
rectly for solid samples (like sheets with a thin oxide of the
Cr species of interest), although the latter is difficult due to
the low signal. Powder-based electroanalytical methods have
been used for metal speciation.**->2 To the best of our knowl-
edge, Cr speciation of solid powder samples has been limited
to a few samples in our own laboratory, which are discussed
in the following. The Cr speciation of solid powder samples
by cyclic voltammetry is so powerful that it is hard to assign
the peaks, since the exact reference materials needed often
do not exist. A few Cr-specific parameters that influence the
peak positions, areas, and shape are:

» Substrate and type of working electrode (if the sample is a
powder and needs to be attached to a working electrode)

* Oxide thickness and location of the Cr species within the
oxide

» Oxidation state and exact species, including whether it is a
pure or a mixed oxide

* Degree of crystallinity of Cr species

* Concentration of Cr species

As for all electroanalytical techniques, other important fac-
tors are the solution pH and buffer capacity, the agitation
or rotation speed (for rotating disc electrodes), the scan rate,
and the temperature. It is important to, whenever possible,
choose a pH and a suitable buffer to allow for solid—solid
transitions of the Cr species of interest, so that a peak can be
detected and evaluated. To determine the speciation in the
sample, the starting potential should be the open circuit po-
tential and the sample should then be reduced followed by
oxidation, and a separate sample should be oxidized followed
by reduction.

Figure 4 exemplifies the complexity and potential of using
electroanalytical methods for solid and thin oxide speciation
of Cr in complex samples. The reference samples K,Cr,0;
and Cr,03; have distinct electrochemical profiles (Fig. 4a).
However, the Cr''rich surface oxide on gas-atomized stain-
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Fig. 2. pH-potential diagram of Cr species (ion concentration of 1 pmol/L) at 25 °C and 1 atm of pressure in water (ionic strength
of 0 mol/L), as calculated by Hydra/Medusa®! (redrawn for clarity). The potential is plotted against the standard hydrogen
electrode (SHE). Only the dominant species in and around the stable water area are shown here. The typical redox potentials
of water (such as surface water, rainwater, and tap water) are between the two green dotted lines. More negative potentials
than the lower green dotted line correspond to the presence of reducing agents (such as hydrogen gas or antioxidants from
biological matter), and more positive potentials than the upper green dotted line correspond to the presence of oxidants (such
as oxygen gas or hydrogen peroxide). HCrO4~ and CrO42~ (in the upper part of the diagram) are the two dominant Cr"! species,
while all other species within the stable water area are Cr'! species. In typical water, Cr'™! species are the stable species in
neutral and acidic conditions, whereas Cr'! species are stable in alkaline conditions.

-

1 typical
| water

water
area

D e
<«

Fig. 3. Examples of negative (no detect), unclear (due to color interferences), and positive detections of Cr'! from solid or
liquid samples (leather, metal objects, and liquid or powder detergents) tested through the DPC colorimetric test directly on
the material or through a cotton stick (spot test). The leather images have been published through a CC-BY license in previous
work,?”-#! whereas the other results and images are unpublished.

No detect Unclear reading CrVldetected
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less steel powder (Fig. 4b) is shifted compared to Cr,03 (Fig.
4a). The CrVl-rich surface oxide on water-atomized stainless
steel (Fig. 4b), which is an almost insoluble Cr'' form em-
bedded in silicate-rich matrix in a rapidly cooled, thermo-
dynamically unstable surface oxide, has some resemblance
with the K,Cr,0; reference sample in Fig. 4a, although its
oxidative dissolution isn’t equally pronounced. In contrast,
the CrV'-rich oxide in stainless steel flux-cored wire welding
fume nanoparticles (Fig. 4c), which is a highly soluble form in
a mixed oxide containing Fe, Mn, Bi, K, Na, F, and Si, showed
a completely different reduction peak and no oxidation peak
or oxidative dissolution. In all these cases, many other an-
alytical techniques had to be utilized to unambiguously as-
sign these peaks and identify the Cr species in these samples.
Still, cyclic voltammetry of solid samples has great potential
in aiding the Cr speciation of solid samples. Future studies fo-
cusing on Cr speciation should explore a buffered electrolyte
at pH 8-10, which is more suitable for Cr speciation, as it
avoids reductive dissolution of Cr'! species to Cr(OH),~ (see
Fig. 2).

5.3. Vibrational spectroscopy and X-ray

diffraction

What follows is a discussion on two of the most com-
monly accessible and used solid state chromium speciation
techniques; vibrational spectroscopy, such as Fourier trans-
form infrared spectroscopy®>->® or Raman spectroscopy®’ %,
and X-ray diffraction. These lab-based methods have been
widely used in studies aimed at assessing the presence of Cr"!
species in solids, including welding fume particles.>*-56:66-69
They are powerful, qualitative techniques for clean samples
with significant amounts of Cr'!, however, for mixed sam-
ples with missing reference samples, e.g., for the commonly
high-temperature formed thermodynamically unstable and
possibly amorphous mixed oxide phases, they can be mis-
leading. Both technique classes have relatively high detec-
tion limits (0.1 to a few wt.%), which makes them less suit-
able for CrV!' trace analysis in solids. Modern devices and
best practices, in combination with a favorable sample (low
interferences, pure Cr'! compounds), can lower the limit
of detection. X-ray diffraction, at least for lab-based tech-
niques, requires crystallinity and a certain crystal size. These
sample requirements are rarely fulfilled for our most com-
mon Cr"! environmental sources; for rapidly cooled oxides,
such as in welding fume and fly ash particles, trace Cr"!
in an organic matrix, such as in detergents and leather,
chromate-passivated metal surfaces, or Cr'-contaminated
soil.

This means that the absence of CrV! vibration modes (Cr-O-
Cr or Cr-04) or the absence of diffraction peaks correspond-
ing to a crystalline and pure Cr"! species does not mean the
absence of Cr'! at relevant concentrations for health con-
siderations. For vibrational spectroscopic methods, interfer-
ences, especially with various silicon oxide species, might
make assignments challenging for common mixed oxides.
However, these techniques can be used for complex samples
in conjunction with other solid state speciation techniques
and extraction methods.
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5.4. X-ray photoelectron spectroscopy (XPS)

XPS is now a well-established vacuum-based surface anal-
ysis technique capable of providing elemental and chemical
state information from the outer 5-10 nm of a solid surface.
For Cr, detection limits range from 0.03 at.% in a light ele-
ment matrix (e.g., C, Al, and Si) to 0.3-1.0 at.% in heavier ele-
ment matrices.”’

Normally, chemical state analysis in XPS is accomplished
by monitoring shifts in the binding energy (BE) position of
the strongest core photoelectron peak. For Cr, the strongest
peak and the peak utilized for chemical state analysis is the
Cr 2p3; peak, ranging in BE position from ~574-580 eV. Com-
plications in chemical state analysis arise for transition met-
als with unpaired electrons, in this case Cr'! (JAr]3d?), which
exhibit a phenomenon called multiplet splitting, which both
broadens and adds structure to the XPS spectrum. Different
Cr'™ compounds will have differing BE positions and unique
peak shapes,”!:”? which can allow for the differentiation of
the various Cr'!' species present on the surface of a sample.
Cr"!, which has no unpaired electrons ([Ar]), does not exhibit
multiplet splitting and gives a sharp single Cr 2ps; peak at
~579.5 eV.71:7

Using carefully controlled curve-fitting procedures, which
mimic the Cr 2ps;, peak spectral positions and shapes for
specific Cr species (e.g., Cr metal, Cr,03, Cr(OH)3z, FeCr,04,
and PbCrO,), one can quantify the various Cr species present,
including the metal, Cr'™, and Cr"! components.”!:”? Due to
a slight overlap of the CrV! envelope with a portion of the
Cr' multiplet split peak shapes, detection limits for Cr'! in
a mostly Cr'l matrix are approximately 5% of the total Cr
present.”!:72

Figure 5 shows quantitative results of these types of curve-
fitting procedures. Figure 5a shows approximately 6% Cr"!
species in a mixture of Cr metal (8%), Cr,03 (31%) and Cr(OH)3
(55%). Figure 5b reveals 17% Cr"! at the surface with 49% Cr,03
and 34% Cr(OH)s. Detection of Cr'! species in samples contain-
ing Cr'™ compounds other than the oxide or hydroxide can be
more problematic. One example is shown in Fig. 5¢, which
is basic Cr'" sulfate, a commonly used tanning agent for Cr-
tanned leather. This and similar compounds, such as Cr'! sul-
fate hydrate, show multiplet structures at higher binding en-
ergies than those seen for Cr,O3; and Cr(OH);. This higher
binding energy multiplet structure more strongly overlaps
with the single peak for Cr'! species, effectively worsening
detection limits for CrV!' substantially.

5.5. X-ray absorption near-edge spectroscopy
(XANES)

XANES is a species-sensitive technique and particularly
powerful to distinguish Cr™ and CrV!' species because of
a characteristic sharp pre-edge peak for Cr'! species (Fig.
6).”>~7> The samples can be investigated in their original
state and do not need to be crystalline;”® however, their CrV!
content (accessible to the detection mode) needs to be in
sufficiently high concentration, especially when Cr'! is also
present.”® The weak pre-edge features in the total electron
yield (TEY) of Cr', which is in a distorted octahedral struc-
ture, comes from the Cr 1 s to Cr 3d/O 2p transition, where
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Fig. 4. Cyclic voltammograms of different samples, (a) K,Cr,O; and Cr,0; reference samples (unpublished) using a graphite
paste electrode, (b) Cr'l-containing water-atomized and Cr'-containing gas-atomized 316 L powder using a graphite paste
electrode,>® and (c) CrV!-containing welding fume nanoparticles (“F1” in a previous study®*) attached to a paraffin-impregnated
graphite electrode. All were reduced or oxidized (as indicated by the arrows) from open circuit potential (marked with an X)
at 0.5 mV/s and in 8 mol/L NaOH (pH 13) electrolyte. Published data have been replotted, normalized to the same reference
electrode, and are reproduced using a CC-BY licence.
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Fig. 5. Unpublished examples of Cr 2p XPS peaks (with fitted species in the Cr 2p3), peak using a Shirley background, CasaXPS
software v. 2.3.2.6.) of (a) an atomic layer deposited Cr oxide coating on silicon, (b) a steel alloy surface that has been treated with
a structural adhesive primer that contains strontium chromate, and (c) the tanning agent basic Cr'" sulfate, CrSO4OH, obtained
from a European tannery (peak fitting parameters in Table 2). The dashed vertical line in (c) indicates 579.5 eV, the position
where the single Cr'! peak would be expected. Relevant instrument settings: Kratis AXIS Ultra Spectrometer, monochromatic
Al Ko source (15 mA, 14 kV), with the instrument work functions calibrated to the Au 4f7, at 83.96 eV BE, instrument base
pressure at 8 x 1010 Torr, high-resolution analyses with an analysis area of 300 um x 700 um at 20 €V pass energy, with the
Kratos charge neutralizer system on, the samples mounted electrically isolated from the instrument sample holder, and the
spectra charge-corrected to the aliphatic carbon signal at 284.8 eV BE. The legend in (c) corresponds to (a) and (b) as well.
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Table 2. Used (in Fig. 5¢) curve-fitting parameters for basic
Cr'! sulfate (CrSO4OH). All peaks have a full width at half
maximum of 1.65 eV.

Peak Binding energy (eV) Area (%)
1 575.5 6.4

2 577.8 50.9

3 579.0 36.1

4 580.6 6.6

the electron configuration of Cr'' is [Ar]3d3. The pre-edge fea-
ture becomes very sharp for Cr'!, which is in a tetrahedral
structure and has much lower symmetry than Cr', as well
as a higher unoccupied density of states on its Cr 3d orbital
([A1]).”® For some samples, such as Cr-tanned leather, welding
fume particles, and fly ash particle samples, access to air or
oxidizing gases is essential to the formation of Cr"', which is
hence found most prevalently on the surface of the sample.
This requires surface-sensitive modes of detection, which in
the case of XANES is the TEY mode. However, due to the often
minor or trace amounts of CrV! and the concomitant presence
of Cr'" in samples such as Cr-tanned leather and Cr-passivated
metal surfaces, even the TEY-XANES data collection would re-
quire many scans and might not be sufficient to detect trace
amounts of Cr'! of relevance to health. Another complication
is the requirement of conductive samples for the TEY mode
of XANES.””-78 Also, unknown Cr'! ligands might change, or
even overlap, with the target Cr'! analyte, since the ligand
effect can change the pre-edge peaks drastically.”:8° An al-
ternative to the TEY mode would be the fluorescence yield
(FLY) mode, which is more suitable for diluted samples (low
amounts of total Cr), but less suitable for samples which have

Can. J. Chem. 104: 218-229 (2026) | dx.doi.org/10.1139/cjc-2025-0118
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CrV! only on the surface with predominantly Cr'" in the bulk.
FLY probes several orders deeper into the sample than TEY,
but surface analysis by FLY could be achieved by adjusting
the X-ray incident angle (glancing angle). However, core-hole
lifetime broadening can significantly truncate the fine struc-
tures in FLY-XANES when measured with a traditional multi-
element germanium detector. High-energy-resolution fluo-
rescence detection (HERFD)?! could overcome some of the
main limitations of conventional FLY and transmission spec-
tra in the hard X-ray region by providing higher resolved fine
structures. TEY, FLY and HERFD can be chosen depending on
the sample concentration, surface-bulk gradient of CrV'/Cr'",
and electronic conductivity.

6. Concluding remarks

Oxidizing and environments of high alkalinity generally
can cause the formation of Cr'!, unless there are reducing
agents present in the environment. This is why even impuri-
ties of Cr in some occupational and household items can re-
sult in typical occupational and environmental CrV! sources,
such as (i) Portland cement, which uses an oxidizing manu-
facturing process, has high alkalinity and no reducing agents,
(ii) detergents, which have high alkalinity, and (iii) air- or
ozone-exposed surfaces of some particles or products, e.g.,
welding fume, leather, and fly ash particles. Within metal
toxicology, Cr is an unusual element, since most of its occu-
pational and environmental exposure sources are uninten-
tional, which means that the Cr'! has not been intentionally
added to the material or product. Some industrial and con-
sumer products also see intentional additions, for example,
for corrosion protection purposes, although this has been
banned in many countries and products. The chemical nature
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Fig. 6. X-ray absorption near-edge spectroscopy (XANES) spectra of Cr'! (Cr, 03, tanning agent CrSO4OH, Cr(SO4)3.H,0) and Cr"!
(K2Cr,07, K;CrOy4) reference samples (unpublished); (a) Total electron yield (TEY) mode at the Cr K-edge, normalized (edge = 1)
and off-set for clarity; (b) corresponding first derivative of the spectra to more clearly show their features and differences.
Note the clear pre-edge peak (at around 5994 eV) for Cr'!, but not Cr', species. These measurements were run at the SXRMB
beamline of the Canadian Light Source (0.3 eV step in XANES region). The tanning agent CrSO,OH was the same as in Fig. 5¢;
all other standard samples were of analytical grade and purchased in Canada. [lustrative spectra of (c) TEY-XANES and (d)
corresponding 1%t derivative spectra with different weight ratios of CrV!/(Cr™ + Cr"") using the TEY of Cr,03 and K,CrO, from
(a) as standards. It suggests that the detection limit for Cr'! in a mixture of Cr'™ and Cr"! could be down to 2-5 wt.% of total Cr

using XANES.
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of Cr'! formation and stability also results in exposure sce-
narios being more likely caused by surface-available Cr'! and
more likely combined with an alkaline pH. An alkaline pH is
skin-irritating and increases the uptake. This requires sensi-
tive and reliable determination methods for Cr'! in trace lev-
els on a wide variety of complex materials. This mini-review
introduced liquid state and solid state determination meth-
ods, each of which has its drawbacks in terms of false posi-
tive or false negative detection and limiting sample require-
ments. Liquid state and extraction methods have been widely
standardized, are often inexpensive and widely available, but
their largest risk is the extraction method itself, which risks
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changing the speciation of Cr. For biological or organic sam-
ples extracted at a neutral, acidic, or weakly alkaline pH, the
highest risk is the reduction of Cr"! to Cr', resulting in false
negatives. In contrast, the extraction at alkaline pH, or of
samples containing oxidants, risks the false-positive detec-
tion of Cr'! due to oxidation during the extraction process.
Available liquid state detection methods have a wide range
of detection ranges and can detect trace amounts (down to
parts per trillion or ng/L), in contrast to solid state detection
methods, which often require higher concentrations of the
analyte. Because of the relatively high risk of interference
with either Cr'! or other species, we recommend using at
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least two different analytical methods and investigating po-
tential interfering elements/species. To combine solid and lig-
uid state methods is highly recommended where the research
question includes potential human exposure routes. For ex-
ample, the false negative detection of Cr'! using an extrac-
tion method that reduces initially present Cr'! can give in-
formation on the duration of survival of Cr! or its likelihood
to be stable long enough to be available in an exposure sce-
nario. It is likely that exposure sources with concomitantly
released/present antioxidants are less harmful over time than
exposure sources that provide a perfect environment for Cr"!
to be stable. At the same time, even short-lived Cr"! is poten-
tially harmful and needs to be detected.
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