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Abstract

The capabilities of the laser ablation/ionization technique coupled to a Fourier transform ion cyclotron resonance mas
spectrometer for the speciation of chromium compounds were evaluated and various analytical processes have be
investigated. A better knowledge of the pathways of cluster ion formation allows us to propose a simple and reliable
methodology for the identification of the chromium chemical state. In the negative ion mode, @ ©ns are generated
by aggregative processes between £ CrO; ions on the one hand and Cy@nd/or CrQ neutrals on the other. The more
oxygenated species are produced during the laser ablation of hexavalent chromium compounds. In addition, hydrogenated ic
are formed in the study of hydrated trivalent chromium compounds. The choice of only two ion intensity ratios allows to
distinguish unambiguously trivalent, hydrated trivalent, and hexavalent chromium compounds, respectively. This new
methodology, based on the examination of nearly 20 chromium reference compounds, was evaluated in the study of simp
system (pure chromium compounds and commercial pigment). The influence of various oxides, which are generally presel
in polyphasic and complex matrices, on the methodology proposed is finally evaluated. An antagonistic effect between firs
calcium and silicon oxides and second trivalent iron and zinc oxides is observed and allows to indicate the limitations of the
method. It was demonstrated that the introduction of this kind of oxide induces important modifications in the distribution of
the species in the gas cloud after the laser ablation and consequently in the processes of cluster ion formation. Silicon and lin
involved competitive reaction with chromium species and lead to less oxygenagi®g @ms whereas zincite and hematite
assisted the formation of highly oxygenated chromium species. (Int J Mass Spectrom 209 (2001) 5-21) © 2001 Elsevie
Science B.V.
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1. Introduction cal “liquid techniques” seem often to be quite limited,
especially when solubilization and/or preconcentra-
Due to its significance from a health point of view, tion steps are needed prior to the study of a sample.
the speciation of mineral compounds is actually an This is the reason why “solid techniques,” i.e. in situ
important field of investigation. However, the classi- techniques like x-ray diffraction, Raman spectros-
copy, or mass spectrometry are used to overcome the
P . problem of metal chemical state alteration during
* Corresponding authors. .
E-mail addresses: jfmuller@Ismcl.sciences.univ-metz.fr; pretreatment steps. In this context, the use of mass
aubriet@Ismcl.sciences.univ-metz.fr spectrometric techniques in the differentiation of the
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valence number and more generally in the speciation of several instrumental and experimental parameters
of mineral compounds is relatively recent. Most often on the distribution of chromium species in solution by
used techniques are the static secondary ions mas€ESIMS. Gwizdala et al. [26] proposed an ESIMS
spectrometry sSIMS [1], the laser ablation mass methodology for the differentiation of the valence
spectrometry [2—4], and the electrospray ionization number+Ill and +VI of chromium by considering
mass spectrometry ESIMS [5-8]. specific ions. Although the method of Gwizdala et al.
The speciation of inorganic compounds is gener- gppears powerful and simple, it has the same draw-
ally carried out for environmental reasons [9,10]—the pack that other methods often used in the liquid phase.
toxicity of a mineral compound is indeed, in many The solid phase methods are consequently more
cases dependent on its chemical state, to follow-up the agapted to account for the distribution of the species
synthesis of thin films [11,12] or to study corrosion f chromium in the sample studied, even if the
processes [13]. Speciation may also be powerful in ychievement of quantitative or at least semiquantita-
the study catalyst modifications [14] or to follow the e information is more delicate. For this reason, the
evolution of mineral compounds in cellular medium o104 developed by Poitevin and co-workers [20—
[15-18]. Finally, mass spectrometry techniques are 31 seems to be a powerful alternative. However this
equally used to distinguish two samples of a same ,qh04 which allows an analysis particle by particle
compound synthesized according to different experi- cannot lead to a global information. Further, this
mental mgthods [19]. . . . methodology was established with only a few refer-
In the f|eld of chromium chemical stgte speciation ence compounds: trivalent and hexavalent chromium
some articles have already been published. By con- . . . . . )
oxides; sodium, potassium, and calcium chromates;

sidering the distribution of the negative cluster ions hydrated trivalent chromium nitrate and sulfate. Al-
observed in the mass spectra of reference compounds . :
though these results constitute a notable improvement
at the 266 nm wavelength, our laboratory [20—-22] : . L
. : of previous studies, the great part of the speciation
proposed a methodology based on time-of-flight-laser : .

. methods by mass spectrometry consist only in the
microprobe mass spectrometry (TOF-LMMS) exper- nati f oxides. it h limited
iments for the differentiation of trivalent, hydrated Kz/lxamma |onho oxi es,ll frr;?/ owgvgr sezeom. |m|Ie '
trivalent and hexavalent chromium compounds. This orleover, tl € pro;oco ora ergnnatpn [I lis rde.fz:.—
method is well adapted to the analysis of particles and tive y.comp gx arT may.somejumes mvolve a ai-
was applied to the examination of complex industrial culty in the final diagnostic. To improve this method-

dust particles and biological matrices [20,23]. By ology, we will describe here our investigations with
using the same kind of speciation criteria, Poels et al. the LA-FTICRMS microprobe. By tripling the num-

[24] proposed an alternative method to distinguish ber of reference compounds, we tried to establish a
trivalent and hexavalent chromium oxides by Fourier !€SS complex and more accurate methodology of
transform ion cyclotron resonance mass spectrometry SPeciation. Further, the use of our FTICRMS micro-
(FTICRMS) (A = 266 nm). By applying rapid single probe allows to tune the diameter of the laser spot
particle mass spectrometry to the speciation of chro- With its focusing/defocusing telescope. For example,
mium, Neubauer et al. [25] obtained in the negative With a power density of 5< 10" W/cn?, the spot
ion mode of detection criteria of differentiation for ~diameter is 40Qum.
trivalent and hexavalent chromium compounds com-  Further, other speciation methodologies carried out
parable to those proposed earlier by Poitevin and for distinguishing oxides or salts of transition or post
co-workers [20—23]. A discriminating quadratic anal- transition metals have been proposed and are gener-
ysis also allows them to classify successfully the ally based on: (1) the methodology established by
results obtained in the examination of mixtures of Plog (see sec. 2); (2) the calculations of intensity
trivalent and hexavalent chromium compounds. ratios, or (3) the presence of specific and characteris-
Stewart and Horlick [6] investigated the influence tic ions.
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The transposition of the Plog model to the study of
titanium oxides by TOF-LMMS allowed Michiels and
Gijbels [2] to discriminate them in the both mode of
detection. A similar study done by Lobstein et al. [11]

the strict application of the Plog model [1] does not

allow efficient speciation of mineral compounds.
Recently, Oliveira et al. [38] published a FTICRMS

study concerning the negative cluster ions produced

corroborated these results and allowed control of the by laser ablation/ionization of various transition metal

stoichiometry of anatase (Tipthin films synthesized

oxides at the 1064 nm wavelength. At this wave-

by pulsed laser deposition on polyethylene terephtha- length, the comparative analysis of the negative clus-

late subtracts. In fact, the successful application of
Plog model depends on a greater formation of highly
oxygenated ions for oxides including the transition

ter ions observed as fingerprints of MnO, M,
Mn;O,, and MnQ on the one hand, and of F&; and
Fe;0, on the other hand, does not make it possible to

metal in a greater oxidation state. Consequently, the distinguish these various manganese and iron oxides;

study of the ion distribution with different oxygen/
metal ratios often constituted relevant speciation cri-
teria such as in the study of molybdenum [27], iron
[27-30], lead [9], or arsenic [10] oxides. In this latter
study the distribution of A, ions is used to carry
out semiquantitative measurements of the distribution
of arsenic+IIl and +V species in binary mixtures
and in a complex sample. De Smet et al. [14]
proposed a methodology involving the differentiation
of the mixed oxides and of mixture of praseodymium
and molybdenum oxides by TOF s-SIMS. The distri-
bution and the presence of specific ions, mainly in
negative ions allowed these authors to follow the
surface modifications of a FO®,;—MoO; catalyst,
used in the oxidation of isobutene. With a purpose of
speciation, some groups carried out investigations
related to the study of more complex systems (e.g.
alkaline and alkaline earth salts). In addition to the
works of our laboratory [20—23] and those of Den-
nemont and Landry [31], it consists mainly of studies
undertaken at the University of Answers [25,31-37].
First carried out with TOF-LMMS microprobe [32—
34], they were later achieved by a FTICRMS laser
microprobe [25,35,36], and more recently by the
s-SIMS technique [36,37]. All these works show the

this contrasts the results obtained when a shorter
wavelength is used [28-30,35]. Considering these
results, it appears clearly that it is necessary to use
wavelengths in the UV range to ensure a significant
difference on the fingerprints for oxides at various
stoichiometry. Consequently, after the evaluation of
the Plog model to the differentiation of the chemical
state of chromium compounds by UV-LA-FTICRMS
technique, we will show its limitations especially
when the reference compounds selected do not only
correspond to oxides. In this case, we will show that
knowledge of the formation mechanisms for the ionic
species [39] ensures, due the choice of more adequate
criteria of speciation, the establishment of a more
reliable methodology. Indeed, we will show that the
differentiation of the chromium compounds may be
carried out by considering only two ion intensity
ratios. Finally, we will determine how some oxides,
free of chromium could lead to a modification of the
methodology proposed. Finally, the study of matrix
effect will allows us to determinate the limitations in
the application of these new methodology of chro-
mium speciation for the examination of polyphasic
matrix.

potential of the laser microprobe mass spectrometers2. Experimental

and s-SIMS instruments in the inorganic compound
characterization. Moreover, a comparative study of
results obtained by TOF-LMMS, FTICRMS, and

s-SIMS in the examination of hexavalent molybde-
num oxide and of sodium sulfate are proposed [30]

2.1. Chemicals

All commercial chemicals were of analytical re-
agent grade. Lithium chromate (94%) was purchased

and led these authors to regard these three techniqguesrom Sigma (St. Louis, MO, USA), chromium (VI)
as complementary. Moreover, they also consider that oxide (99%), chromium (l11) oxide (98%), chromium
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(1) sulfate (99%), chromium (lll) nitrate (99%), Table1l _

ammonium dichromate (99%), sodium chromate FTICRMS pgrgmeters for an analytical sequence uged to per_form
o . . the differentiation of chromium compounds in negative detection

(99%), and chromium potassium sulfate dodecahy- node ath = 355 nm

drate (98%) were purchased from Aldrich (Milwau-

H V.
kee, MI, USA); potassium chromate (99.5%) and lead ﬁ,ﬂﬁiﬂﬁﬁ”jﬁueme S;r;gpmlg/cgoﬁtentims.s v
chromate (99%) from Fluka (Buchs, Germany); ru- lonization time: 1 ms
bidium, cesium, and calcium chromate with a purity Delay: 0 s
of 99.9% from Cerac (Milwaukee, WI, USA); Nickel E’){iﬁ:;{;si‘lﬁr‘ecni o ?g;)i ng potentiai3.5 v
chromite (90%) from Alfa (Karlsruhe, Germany); Mass range: 70-750
potassium dichromate (98%) from Prolabo (Paris, Sweep rate: 1500 Has
France). Magnesium, strontium, and barium chromate o, .o o Attfr’;ﬁti'r?g SLI‘Z’;‘EQ‘; 8 dB
were prepared according the methods described else- Acquisition frequency: 4000 Hz
where [39a], iron, zinc and manganese chromite Attenuation of detected signal: 10 dB
according to the method described by Manoharan Number of data points: 32 kB
[40]. The Zn(OH),CrO, and silver chromate were
prepared according to the classical method described
by Pascal [41]. ions are formed by laser ablation in the source cell
(residual pressure-10~° Pa). During the ionization
2.2. Laser microprobe Fourier transform ion event, the conductance limit plate between the two cells
cyclotron resonance mass spectrometer system and the source trap plate is fixed at a trapping potential

of typically 2 V (respectively,—2 V in negative detec-

These analyses were performed using a laser mi-tion mode) or at a lower potential in some particular
croprobe FTICR mass spectrometer that has beenapplications (down to 0.25 V). A variable delay period
described in detail elsewhere [42,43]. This instrument follows, during which ion/molecule reactions can occur.
is a modified differentially pumped, dual-cell Nicolet lons are then excited by a frequency excitation chirp and
Instrument FTMS 2000 (Finnigan FT/MS, now the resulting image current is detected, amplified, digi-
named ThermoQuest, Madison, WI, USA) operated tized, apodized (Blackman-Harris, three-terms) and Fou-
with a 3.04 T magnetic field and coupled to a rier transformed to produce a mass spectrum.
reflection laser interface. The viewing system, using More precisely, a FTICRMS sequence consists of a
an inverted Cassegrain optics design, allows the succession of events [44], which control the processes
visualization of the sample with 300-fold magnifica- leading to the formation of the ionic species to the detec-
tion. A new sample probe fitted with motorized tion of generated ions. The modification of the FT-
micromanipulators into the three spatial directions ICRMS sequence parameters greatly influences the na-
allows to achieve a spatial accuracy of less than 10 ture and the distribution of the ions on the mass spectra.
wm. The ionization step was performed using the However, parts of the slice of the analytical se-
third harmonic of aQ-switch Nd-YAG laser X = guence are seldom modified. Practically, the optimi-
355 nm, pulse duration 4.3 ns, output energy used 0.8 zation of a FTICRMS analytical sequence consists in
mJ). The diameter of the laser beam on the sample the adjustment of almost fifteen parameters. Moreover,
(placed inside the source cell just in front of the if selective ejections of very abundant ions are needed
source trap plate and kept at a ground potential) can the modulation of three new parameters with each
be adjusted by means of the internal lens and an ejection sequence is necessary. An example of an ana-
external adjustable telescope from five to several lytical sequence used in this work is given in Table 1.
hundred micrometers, which corresponds to a power Note that a large part of the experiment was
density ranging from 1% to 1¢° W/cn?. The exper performed in the positive detection mode with*Cr
iment sequence used for these analyses is as follows:and M" ejection [45] (where M is the counter ion of
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the chromate or chromite compounds) in order to
enhance the detection of the signal delivered by mixed
oxygenated cluster ions. In fact, all atomic ions are
likely to induce a dissociation of cluster ions by
collision and therefore disturb the detection of the
latter. Indeed, the (partial or total) ejection of the large
majority of atomic ions allows an increase in the
potentiality to detect large cluster ion and this without
any loss of information in the conditions of our
investigation. Each FTICR mass spectrum resulted
from an average of one hundred laser shots fired on
consecutive spots to obtain an acceptable reproduc-
ibility on the relative intensities of the ions. Further-
more, the sample is moved continuously during the
experiment using the motorized micromanipulators of
our device inx andy directions to analyze a fresh
surface at each laser shot. Measuring the exact
masses, after calibrating and identifying the isotopic
distribution, assists in the ion assignments.

2.3. Preparation of the mixture pellets

The samples are made of a 200 mg pellet (precision:
+0.1 mg). The two components of the mixture are then
ground carefully for 15 min in an agate mortar before
being conditioned into pellet under a pressure of 3t/cm
for 15 min. The same procedure was used to prepare
the pellets of the standard chromium compounds.

2.4. Model of Plog

An empirical formula for the absolute yields of
secondary ions emitted from an oxidized metal sur-
face or a metal oxide has been developed by Plog et
al. [1]. The intensity of distribution for both positive
and negative ions with different metal atom and
oxygen content could be fitted by Gaussian functions
which can be adequately described by two parame-
ters, i.e. the location of the maximum and the width of
the distribution. Specifically, the logarithm of the ion
intensity is plotted versus the formal valence defined
for M,Off ions asK = (q + 2n)/p when assigning
the valence—2 to oxygen. These curves have been
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Fig. 1. (a) Positive and (b) negative LA-FTICR mass spectra of
Cr,O, at a wavelength of 355 nm, with a power density ok510”
Wi/cn?.

referred to as Plog curves; they look like parabola
when plotted as a function of the fragment valeKce
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3. Results and discussion

3.1. Evaluation of the application of the Plog model
in the speciation of chromium compounds

To evaluate the capability of the Plog model for the
differentiation of various chromium compounds, ex-
periments using trivalent and hexavalent oxides and
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Fig. 2 Posit d b ve LA-ETICR ; Fig. 3. (a) Positive and (b) negative LA-FTICR mass spectra of
ig. 2. (a) Positive and (b) negative LA- mass specsra o' cro, atA = 355 nm, with a power density of 3.8 10 W/cn?.
Cr,(SO,); XH,O atA = 355 nm, with a power density of X 10

wier. 3.2, 4.3, and 5.0 for GOg; Cr,(SO,); xH,0; and

CrO;, respectively. As excepted, in the case of
for hydrated trivalent sulfate were conducted. For all Cr,0O5, G, depends more on the nature and on the
of these three chromium compounds, the cluster ions relative proportion of the CrQ@and CrQ neutrals
detected in both positive and negative ion mode come involved in the formation of the C;Oj” (see Secs.
from the C;OJ” families (Figs. 12, and 3, respec- 3.2.4 and 3.3.1) than on the chromium chemical
tively). Depending on the nature of the compound state in the studied compound.
studied, the number and the type of cluster ions (i.e. = When considering these results, the transposition
the Cr/O ratio in the ion) are different. In particular, ions of the Plog model to the laser ablation/ionization mass
detected in the study of the trivalent chromium oxide are spectrometry seems to be a reliable method for the
less oxygenated than those observed for hexavalentdistinction of the three chromium compounds, even if
chromium oxide and hydrated trivalent chromium sul- it does not allow to assign their true oxidation state.
fate. For the latter, the cluster ions detected especially in The generalization of the transposition of the Plog model
positive detection mode are more abundant. Hydroge- to the study of the other standard compounds was
nated species are also detected. attempted. Unfortunately a great part of them, especially

For the three chromium compounds, Plog curves chromate ones, leads to the formation, in positive ions of
are obtained (see Fig. 4) and allowed the calcula- M.Cr,O; mixed metal cluster ions instead of ,Of
tion of the Plog parameteiG™, G, andG, (Table ones. Consequently the transposition of the Plog
2) for various ion series. The lattice valenGg is model can not be generalize for all of the 19 chro-
globally independent of the nature of thexof" mium reference compounds selected due to the fact
series but closely dependent of the nature of the thatG* cannot be calculated. This is the reason why
studied compound. Th&, parameter is equal to an alternative methodology was investigated.
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Fig. 4. Plog curves obtained from LA-FTICR mass spectra from (aPgr(b) Cr,(SO,); XxH,0, and (c) CrQ atA = 355 nm, with a power
density 5x 107, 5 X 107, and 3.6x 10 W/cn?, respectively.

3.2. Establishment of a new methodology for the makes it difficult to propose a methodology based on
differentiation of chromium chemical state the distribution of the positive cluster ions.

On the opposite, many similarities appear when the
3.2.1. Fingerprint of chromium compounds experiments are carried out in the negative ion mode.

The study of the various reference compounds in Indeed, CfO, cluster ions are observed in the nega
the positive ion detection mode led to the observation tive mass spectra for all reference chromium com-
of many oxygenated mixed cluster ionsﬂmyoz*, in pounds. That is the reason why this mode of detection
particular in the analysis of the alkali and alkaline was retained to establish a protocol for the differen-
earth chromates [39a] and of chromite compounds. tiation of +Ill and +VI chemical state of chromium.
The diversity of these positive cluster ions does not The CrO, ions are limited to the GOs_g ones for
allow an easy comparison of the results obtained and chromates and chromites. However, the production of
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Table 2
G*, G7, andG, Plog parameters for @D, Cr,(SO,); XH,O, and CrQ chromium compounds obtained in the study of variou,ﬁ(}'l‘*
series ath = 355 nm with a power density of & 107, 3 X 107, and 3.6X 10 W/cn?, respectively

Cr,04 Cry(SQy)s, XH,0 Cro,
lons G* G- Go G* G- Go G* G- Go
Cro;’~ 4.70 5.40
Cr,05 '~ 2.14 4.20 3.17 3.68 4.76 4.22 3.78 6.56 5.17
Cr0; '~ 3.90 4.05 471 4.38 4.27 5.42 4.84
Cr,0; '~ 4.22 4.56 4.39 5.57
Crs0, /"~ 4.39 4.68

species containing up to 5 or 6 chromium atoms is study with hexavalent oxide CgQat three wave
observed in the analysis of hexavalent chromium lengths: 193 (ArF excimer laser, pulse duration 23
oxide CrG, and hydrated trivalent chromium salts ns), 266 (quadrupled Nd-YAG laser, pulse duration
(nitrate and sulfate). The laser ablation/ionization of 4.3 ns), and 355 nm (tripled Nd-YAG laser, pulse
the latter also leads to a significant formation of duration 4.3 ns) was done. The results are displayed in
hydrogenated cluster ions (HCfQ HCr,07, Table 3. For a laser power density bf= 3 X 107
HCr;040, HCr,Op5 and HCEOg ions as in Fig. 2).  \wjcn?, the hexavalent chromium oxide leads for
This characteristic seems to be related to a significant {hese three different wavelengths to a same finger-
presence of water molecules in these compounds. Thepint. |ndeed, the processes involved in the formation
significant production of HCrQwhen the zinchydro ot the negative ions are less wavelength dependent
xychromate is studied confirms the strong dependencethan the processes observed with positive ions [39b].

between the production of these hydrogenated Spemeﬁ-mwever, as the photon energy increase (i.e. decrease
and the presence of hydrogen atoms in the structure Ofof the wavelength) leads overall to a decrease of the

the analyzed compound. Indeed, the examination of . . . . )
. . absolute intensity of the signal. This explains why the
mixtures between sodium decahydrated sulfate and . . .
following experiments were carried out at the wave-

trivalent chromium oxide clearly indicates an increase . -
length of 355 nm, to improve the sensitivity of the

in the intensity for the HCrQ ion [21]. Moreover, the . : . .
mass spectrometry study of various hydration degrees detection. Further, depending of the electronic density
for KCr(SOy),,, xH,O chromium alum clearly shows a of thg ggseous clpud, the ion distribution in the
strong dependence of this hydration degree on the negative ion detection mode depends strongly on the
relative intensity of CrQ and HCrQy ions [46].  Powerdensity [47]. Indeed CgOand CrQ precursor

These two studies confirmed our conclusion. ions in particular may be produced by electronic
capture according to their high electron affinity (2.41
3.2.2. Influence of instrumental parameters and 3.41 eV, respectively [48]). Moreover, a great

To evaluate the importance of the laser wavelength power density is in favor of some multiphoton absorp-
on the relative distribution for the negative ions, a tion processes, which induce an accumulation of

Table 3
Cr,Oy cluster ions detected in the study of hexavalent chromium oxide vs. the wavelength used at a power density05\V8/cn?
(abundance given in percent); in parentheses for th®LCion, its absolute abundance in arbitrary unity

Wavelength

(nm) CrG; Cr,O5 Cr,0g Cr;0; Cr3Og Cr30g Cr,O10 Cr,0O1; Cr,O15
193 7 4 100 (171.2) 1 5 45 3 4 10
266 26 10 100 (280.4) 1 3 17 1 1 3

355 12 3 100 (341.9) 2 6 26 5 4 6
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Table 4 using these experimental conditions. Moreover, the pres-

Cr,Oy cluster ions detected in the study of zinc chromite\ at ; ; ;
: ) sure in the source cell is for all experiments kept
355 nm vs. the power density used<310” W/cn?, relative P P

intensity in percent between 10° and 1.8X 10 ° Pa.
Power . .
density 3.2.3. Strategy for the study of the fingerprints of
(Wicn?) cro, Cro; Cr,0; Cr,0;  Cr0; chromium reference compounds

3x10° 10 100 9 5 1 The importance of a given D, cluster ion series

5% 10 5 100 5 10 6 in the negative ion mode detection is strongly related
1.6x 10" ... 100 5 26 27 to the power density used (see Sec. 3.2.2). A compar-

ison of the intensity of CrQ ions of the first gener

ation to CgO, ions of the second one for example
internal energy of the ions and consequently an would be discutable. Moreover, considerations of the
increase of the dissociation processes. These twolevel of lattice energy of the compound studied may
factors are responsible for the changes in the distri- also be taken into account to explain the evolution of
bution of ions, more particularly for the mass spec- mass spectra. Weaker lattice energies are more favor-
trum of zinc chromite ZnCGO,. Under 355 nm, with able for the formation of greater cluster ions. The
a power density between 8 10° and 1.6x 10’ comparison of the intensity of a given ion compared
Wi/cn? (Table 4),a significant increase of ions with a  to another one within the same ion generation (ions
greatm/zratio is in particular observed at low power with the same number of chromium atoms) is more
density with a decrease of the CyQon. That is the powerful to provide structural information. Indeed,
reason why the comparison between the mass spectrahe relative distribution of the cluster ions is directly
of the various reference compounds must be carried connected to the Cr/O ratio in the studied compound.
out at a similar value of power density. Taking into The intensity of each ion is normalized to the sum of
account the results obtained in the preliminary studies the intensity of the ions which included the same
we chose to carry out the following experiments at a number of chromium atoms. Statistical data on the
power density of 5< 10" W/cn?. Further, prelimi repeatability of the results are obtained by considering
nary analyses of the 19 standard chromium compounds20 consecutive experiments (Table 5).
have resulted in the determination of the optimal exper-
imental condition (power density and FTICRMS analyt- 3.2.4. Method for differentiate chromium
ical sequence) for each of them. These optimum condi- compounds
tions vary sometimes quite strongly from one reference  The examination of the anhydrous compounds of
compound to another one. Further, as previously ex- trivalent chromium and hexavalent chromium makes
plained in sec. 2, the nature of the instrumental param- it possible to highlight the strong dependence of the
eters greatly influences the ion distribution on the mass formation of the cluster ions with respect to the
spectra. This explains why a new set of experiments valence of chromium in the reference compounds.
performed with exactly the same experimental condi- The hexavalent chromium oxide and the chromate
tions (i.e. same FTICRMS analytical sequence and compounds lead to a significant formation of ionized
under same laser power density) is required for all of the clusters strongly oxygenated. On the contrary, the
chromium reference compounds. However, if a common trivalent compounds are in favor of the formation of
analytical sequence is used as a compromise, it does notore slightly oxygenated species. This observation
need to be an optimal one for the analysis of all of the was checked more particularly when the,Gf_g
compounds. After considering various experimental se- cluster ions are considered. The production of the
guences, the parameters displayed in Table 1 have beerCr,O, ions is more significant in the case of the
chosen. Note that all of the following results in this chromite and trivalent chromium oxide experiments
article have been obtained in the negative ion mode by whereas the production of g favors for hexava
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Table 5
Distribution of the (H)_;,Cr; O cluster ions observed on the mass spectra of the chromium reference compounds at a wavelength of
355 nm with a power density of % 10” W/cn? by using the standard FTICRMS analytical sequence.

Cluster ions
Compounds CrO; Cro; CrO, HCrO, Cr,0, Cr,O5 Cr,0q Cr,07 HCr,0O;
Li,CrO, 03+x0.1 99.0£01 04*x0.08 03009 22+x0.7 35279 61585 10x0.2
Na,CrO, 0.04+0.01 98.0+x0.1 09*+01 0.6*x0.07 0801 27019 721+x19
K,CrO, 0.02+0.01 99.3+0.2 05*0.2 0.1+£0.02 225+26 775%3.0
Rb,CrO, 0.1+x0.1 99.2*x0.2 03*0.07 04x0.2 19.0x 24 81.0x£25
Cs,CrO, 0108 994*03 03*x0.15 0.1x0.1 21699 784%x9.9
MgCrQ,5H,0 1.10+£0.08 96.6* 0.9 23*+05 24+ 04 976*x04
CaCrQ, 2904 957x04 08*01 0.2x005 58+09 415+x22 527+28
SrCrQ, 15+02 981+x0.2 03*01 02+x0.05 12347 547+x46 33.0£6.0
BaCrQ, 1.0+0.2 984x0.2 05*+0.1 43+0.8 339t47 618*=53
PbCrQ, 06+0.3 98.2x0.2 12x06 0.2+0.1 13.7x27 86.1*x27
Zn,(OH),CrO, 914+6.4 8.6+ 6.4 6.7£3.8 91.8*+3.7
Cr,04 29+06 969*05 02*0.1 353+25 587+x19 59=x0.1
CrO; 28+x16 969*15 01x01 0.1x0.1 3714 248+x7.8 715x85
Cry(SO,);5 06+0.2 847x33 79+x19 6.8£15 10.2+3.9 34840 540*+x7.0 0502 0.6*=0.2
Cr(NO;y); 36.9+ 3.7 63.1+ 3.7 01+x04 751x37 248+ 3.8
FeCrO, 28+x11 97.1x12 0.1+x01 31558 56.2+6.5 123+x41
MnCr,O, 121+24 87.8x24 51.1+ 3.3 46.4*=3.8 35*15
NiCr,O, 46+33 953*+33 0.1+0.1 349+45 524*+6.1 127x54
ZnCr,0, 36+x13 960*x12 01x01 03*x01 235x3.0 503*x45 26.1=50

lent compounds (Table 5). These observations are in other precursor ions CiDand CrQ, it is reasonable
agreement with the results obtained in the differenti- to think that aggregation processes between Ca@d
ation of MoO,—MoO; [27], FeO-FgO;—Fe,0, [28— CrO, may lead to the formation of the &5 accord
30], and PbO-PbQ[9], respectively, for which the ing to what it was observed in previously TOF-
production of strongly oxygenated cluster ions is LMMS study of trivalent chromium oxide [21]. How-
characteristic of a valence increase for the metal in the ever this latter ion is not detected in LA-FTICRMS
studied oxide. These observations must be related toexperiments (Fig. 1), this is why the occurrence of
the mechanism of formation of the £, g cluster aggregation processes involving Cr@nd CrQ or
ions. These ions result from aggregation processesCrO; neutrals may be neglected, in particular the
between CrQ@ or CrO; neutrals and Cr® or CrO; contribution of the Cr@QCrO~ component in the
precursor ions. The @D, ion may equally be con production of the GO, ion.

sidered as a combination of Cg@eutral and CrO Finally, a greater production of CgOions and
ion, even if this latter is not detected on the LA- CrO, neutrals is favorable as compared to the forma
FTICR mass spectra of the chromium compounds tion of Cr,O, ion in the case of anhydrous trivalent
analyzed. Indeed, it may be assumed, that the kineticscompound study. On the other hand, the formation of
of aggregation is too fast to allow its observation. higher oxygenated ionic and neutral species, respec-
Further, a smaller electron affinity of the CrO neutral tively, CrO; and CrQ ones for hexavalent chromium
(1.22 eV [48]) comparing to CrQand CrQ, neutral compounds lead to the preferentially formation of the
species may also explained the lack of the Ci@n. Cr,0Og ions. A methodology based on the calculation
Considering the aggregative pathways involving the of the intensity ratioR, = 1(Cr,0,)/I(Cr,Og) ions



Table 6

R; andR, intensity ratios calculated for the various chromium
reference compounds.
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w2
Ratio —_— &

Compound R, R,

*Hydratedtrivalent chromium salts
CrOS 0055i 0011 OOOSt 0002 *Hexavalentchromiumcompounds
Li,Cro, 0.038=+ 0.003 0.007+ 0.002
Na,Cro, 0.011= 0.001 0.015+ 0.001
K,Cro, 0 0.007+ 0.002
Rb,CrO, 0 0.007+ 0.002
Cs,Cro, 0 0.004= 0.002 &) &0
MgCro, 0 0.024= 0.005 _
CaCrQ, 0.11+0.02 0.014+ 0.003 e e et Chromyeand
SICro, 0.41= 0.08 0.005+ 0.002
BaCrQ, 0.07+0.02 0.005+ 0.001 Fig. 5. Speciation for trivalent, hydrated trivalent, and hexavalent
PbCrq, 0.002+ 0.001 0.012+ 0.006 chromium compounds by LA-FTICRMS at = 355 nm, with a
Zn,(OH),Cro, 0 0.10+ 0.02 power density of 5< 107 W/cn?.
Cr,0, 6.0=1.30 0.0016+ 0.0003
FeCrO, 2.8+038 0.002+ 0.001
MnCr,0, 16.0= 3.8 00 those procedures established previously with TOF-
g;ccrf%‘ igf 8'2 Oboggif 8'882 LMMS experiments by Poitevin et al. [20], some

2 R R differences become obvious. Due to a high abundance

Cry(S0,)3, XH,0 0.20+0.04 0.18+0.03 of the CrG, ion, Poitevin et al. included these ions in
Cr(NQy)5, 9H,0 0 1.7+0.2

their methodology, which mainly considered the ions
of the first generation. Moreover, the analytical pro-
tocol established here is simpler and more reliable
may allow to distinguish the trivalent and the hexava- because it is established after the analysis of a greater
lent chromium compounds. Nevertheless, examina- range of reference compounds. Further, a better con-
tion of hydrated chromium salts disturbs this method- trol of the power density used in a FTICRMS exper-
ology. Indeed, for sulfate or nitrate compounds, the iment adds to the reliability of the methodology.
value of the ratioR; = [(Cr,0;)/1(Cr,0Og) is equal To evaluate this new methodology of differentia-
to 0.20 and O respectively. It will identify, in a first tion of the chromium chemical state, it was applied to
step, these compounds as hexavalent chromium com-the study of several compounds: FeQy (prepared
pounds. To avoid a wrong identification, however, it according to a methodology alternative to the Mano-
is necessary to employ a second criterion of specia- haran one); KCr(Sg), xH,0, Ag,CrO,, K,Cr,0,,
tion. As previously noted, the great production of (NH,),Cr,O,, and a green commercial pigment. The
hydrogenated species is one of the characteristics ofresults of the analysis of these compounds are re-
the hydrated trivalent chromium compounds. This is ported in Table 7. Concerning the pure chromium
why the second criterion takes into account this kind compounds, the methodology proposed in this study
of ions. Indeed, the calculation of the intensity ratio allows an adequate assignment of the chromium
R, = [I(CrOy) + I(HCrO, 1/1(CrO3) makes it pos chemical state. Indeed, the calculation of bBthand
sible to clearly distinguish the hydrated trivalent R, ratio leads to a positive diagnostic of chromium
chromium compounds from the hexavalent ones. Both speciation. Further, when the green pigment is stud-
R; andR, intensity ratios for all chromium reference ied, the distribution of negative chromium anions
compounds are shown in Table 6. [Fig. 6(a)] allows to assign an anhydrous trivalent
These results enable us to propose a methodologychromium character to this compound. This diagnos-
for the differentiation of the chromium chemical state tic is confirmed on the one hand by the distribution of
(Fig. 5). When our new methodology is compared to the CrO; ; ions in positive detection mode [Fig.
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Table 7
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R; andR, intensity ratios obtained in the study of the Fg@Qy, KCr(SQ,), xH,0, Ag,CrO,, K,Cr,0,, and (NH,),Cr,O, compounds and

in the study of a commercial pigment.

Compounds R, R, Assignment
FeCrO, 2.93+0.38 0.0050+ 0.0004 Cr(ll1)
KCr(SQ,), xH,0 0.013= 0.004 0.14+ 0.01 Hydrated Cr (111)
AgCro, 0.010= 0.003 0 Cr(VI)

K,Cr,0, 0.0018= 0.0006 0.007 0.003 Cr(VI)
(NH,),Cr,0, 0.014= 0.003 0.012+ 0.001 Cr(VI)

Green pigment 12.2 1.6 0 Cr(ll1)

6(b)] which is the same that observed for trivalent
chromium oxide and on the other hand by the green
color of this pigment.

3.3. Study of matrix effects

The great diversity of the processes taking place
during the laser ablation/ionization leads us to con-
sider the possibility of a modification of the relation-
ship betweerR; andR, ratios and the nature of the
studied chromium compound. We studied the evolu-
tion of the fingerprint for the reference chromium
compounds when they are in presence of various
oxides in binary mixtures. More particularly, the
development of th&; andR, intensity ratios versus
first the nature of the added oxide and second the
weight ratio between chromium compound and oxide
free of chromium (CaO, SiQ Fe,0;, and ZnO). The

a
100.0 0o, CF
Cro*  [x20 b
— 80.01 g
IS g Cr, 0,
~ E o
§ 60.0 < ,
< CrO, ‘\ L3
i\
'g 400_ 3 Crzoy 1000 '5:;7, 2000 2500
=
g 5
20.0 l 411
0.0 ll ‘l .k L? 1 pea Ll a1 . i .
~100.0 200.0 300.0 400.0
m/z

Fig. 6. (a) Negative and (b) positive LA-FTICR mass spectra of
commercial green pigment at= 355 nm, with a power density of
5 X 10" W/cn? by using the standard instrumental sequence.

chromium compounds selected in this part of the
study were potassium, calcium, and magnesium chro-
mate; zinc hydroxy—chromate, trivalent chromium ox-
ide, iron and zinc chromite, and hydrated trivalent
chromium sulfate. It is not necessary to study all of the
reference compounds as they have a similar behavior.

The nature of the 31 mixtures studied is reported in
the Table 8. Some of these mixtures have been prepared
and analyzed twice to evaluate the reproducibility of the
pellet pressing procedure. In all cases, the difference in
the intensity raticR, andR, between the two exper
iments did not exceedetd15%, which approximately
correspond to the dispersion of the measurements
when a given pellet is under investigation.

The R; ratio is significantly influenced by the
introduction of each one of these four free chro-
mium oxides. Calcium and silicon oxides lead
globally to an increase in this ratio whereas the
Fe,O; and the ZnO have an opposite effect. These
considerations will be discussed in more detail in
the following section. TheR, ratio is weakly
influenced by the presence of calcium, zinc, iron or

Table 8
Weight fraction of chromium compounds in the studied binary
mixtures: chromium compounds—oxide containing no chromium

ZnO Sio, CaO FgOg
K,Cro, 25 25 25 25
CaCrQ, 25 5-10-15-25-50 25
Cr,04 25 25 25 25
FeCrO, 25 5-10-15-25-50 10-25-50
ZnCr,0, 25 25 25
Cry(SQ,)s NH,O 25 25
MgCrO, 25
Zn,(OH),Cro, 25
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Fig. 7. Negative LA-FTICR mass spectra of a $i@nCr,0, mixture atA = 355 nm, with a power density of & 10" W/cn?.

silicon oxides. However, in the case of the silica-
hydrated trivalent chromium sulfate mixture a sig-
nificant reduction of the production of the CyO
ions and especially of the HCfOones is observed.
In fact, the production of this latter ion is disturbed
by the production of a high number of hydroge-
nated cluster ions of silica [49].

3.3.1. Analysis of mixtures containing 25% in
weight of chromium compounds

Whatever the chromium compound studied, the
introduction of silicon and calcium oxides involves an
increase of theR,; ratio, which is connected to a
reduction in the production of strongly oxygenated
species in the gas cloud. This may be put in connec-
tion with the formation of mixed ions involving
chromium, oxygen and silicon (respectively, calcium)
atoms. Indeed, the analysis of the mixtures silica—
chromium compounds (Fig. 7), lead in particular to
the formation of SiQCrO, and SiQCrO; ions
(respectively, atm/z 144 and 160) coming from
aggregation of neutral SiDon CrG, and CrQ
precursor ions [reactions (4) and (5)]. Note the ab-
sence of SIQCrO™ ion atm/z128 which strengthens
the negligible importance of aggregative processes
involving the CrO ion. However, these ions may

or neutral) are also involved in the formation mech-
anisms of CjO, and CrOq4 ions [respectively, reac
tions (4) and (5)].

SiO, + CrO, — SiO,CrO, (2)
SiO, + CrO; — SiO,CrO; (3)
CrO, + CrO, — Cr,0, (4)
CrO; + CrO; — Cr,04 (5)

The introduction of competitive reactions of
aggregation (2)—(5) involves changes in the mass
spectra. Indeed, a different affinity from the GrO
and CrQ ions for the SiQ neutral or from the
CrO, and CrQ neutrals for the Si@ and SiQ
ions, induced a discrimination in the formation of
the ions C50, and CrOg ions and thus a distur
bance of theRr, ratio.

With regard to the analysis of the calcium oxide—
chromium compound mixtures, the observation in the
positive ion mode of mixed structures chromium-—
calcium—oxygen allows to make an analogy with the
behavior of chromium compounds in the presence of
silica. The cluster ions observed in this case (Fig. 8)
are close to those met in the study of the calcium
chromate [39a]. The formation of these latter leads to
an oxygen deficiency of the gas cloud after the laser

equally result as aggregate processes occurring be-ablation and thus to a reduction in the production of
tween oxygenated chromium neutrals and oxygenatedcluster ions strongly oxygenated in negative mode of

silicon ions. The oxygenated chromium species (ion

detection [39]. However, the&r, ratio for binary
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Fig. 8. Positive LA-FTICR mass spectra of a CaO-Zy@ymixture atA = 355 nm, with a power density of 2.8 10° W/cn?.

mixtures including 25% of hexavalent chromium
compounds in weight is systematically down to 0.5
and allows to attribute the appropriate chemical state
to chromium.

Contrary to the tendency observed for calcium and
silicon oxides, trivalent iron oxide and zinc oxide
support the production of strongly oxygenated ions.
This leads to a significant reduction of the rd®pand

leads us to attribute a hexavalent character to anhy-

drous trivalent compounds (Table 9). However, if
these two compounds lead to the same effect, two

mechanisms of ion formation. The study of zinc
chromite leads to a similar observation. This com-
pound presents indeed, the characteristic to provide
contrary to other chromites, cluster ions of high
generation in both modes of detection. The presence
of zinc species in the gas cloud may support the
processes of ion molecule reaction [50].

If the effect of the iron trivalent oxide is identical
to that of ZnO, the processes involved are very
different. Trivalent iron oxide constitutes in fact an
oxygen stock for the formation of these highly oxy-

separate explanations must be exposed to account forgenated species. With regard to the enthalpy of

their mechanisms of action.

The zincite ZnO leads to significant disturbances
of the mass spectra. Indeed, for all of the studied
mixtures a significant decrease of the production of
the Cr,O, is observed to the benefit of £ . All in
all, the presence of ZnO in the mixture results in the
attribution of hydrated trivalent [for the GSQO,);
xH,O-ZnO mixture] or hexavalent character for the
studied mixtures whatever their nature. The explana-
tion of such behavior must be related with the

Table 9

R; intensity ratio observed for mixtures including zinc and
trivalent iron oxides with anhydrous trivalent chromium
compounds

formation of the oxygenated iron and chromium
neutral species (Table 10), FeO, CrO, Grand
CrO;, respectively [51] it appears clearly, that during
the laser ablation/ionization process, these latter are
favored. Indeed, the laser ablation of a mixture of iron
and chromium oxygenated compounds involves the
formation of neutral species displayed in Table 10. A
collision in the gas cloud between a chromium neutral
(CrO,_y and a FeO neutral will lead thermodynami
cally to the iron—oxygen breaking bond following by

Table 10
Enthalpy of formation for some iron and chromium oxygenated
neutral species according to [51]

Enthalpy of formation at

R, ratio 298.15 K (kJ/mol)
Cr,0,-Fe,04 0.17+ 0.03 CrO, 188.28
Cr,0,~ZnO 0.08+ 0.04 CrOyg —75.57
ZnCr,0,—Fe,04 0.10+ 0.03 CrO; g —292.88
FeCrO,~ZnO 0.17+ 0.06 FeQy) 251.04
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Fig. 9. Positive LA-FTICR mass spectra of a,Pg-CaCrQ mixture atA = 355 nm, with a power density of 2.8 10° W/cn?.

the capture of oxygen by the chromium neutral
according to

CrOX@ + FeQq — Croxﬂ@ + Feg)

with x = 0-3 (6)

The enthalpy of formation for Fe(g) is equal to 415.47
kJ/mol at the temperature of 298.15 K [51]. More-
over, this conclusion is confirmed on the fingerprint of
the iron chromite by the absence of aggregation
relative to the FeO neutrals.

However, for the FgO,—CaCrQ mixture an in
crease of theR, ratio was observed as opposed to
what expected. The examination of the positive ion
mass spectrum gives the explanation: iron—calcium—
oxygen (CaQ)Fe O, cluster ions whose structure is
closed to those met in the study of calcium chromate
[39a] are detected (Fig. 9). These latter lead to a
decrease of oxygen amounts available for the forma-
tion of highly oxygenated chromium ions and conse-
quently to a reduction of the importance of ,Of
ions compared to GO, ones. With the exception of
the FeO;—CaCrQ mixture, the introduction of sig
nificant amounts of trivalent iron and zinc oxides
involves a reduction of th&, ratio. The limitR, <
0.5 taken as a criterion to determine if there is any
chromium VI or hydrated chromium 11l compounds is
preserved. At the opposite, tig > 0.8 limit which
indicate the presence of chromium Il oxide or chro-

Fe,0,—Cr,05 (respectively, —ZnGO,) and ZnO-
Cr,0O4 (respectively, -FeG0O,) mixtures led to ob
taining aR; ratio lower than 0.8 (Table 9).

3.3.2. Dependence of thg Bnd R, ratio versus the
composition of the binary mixtures

Three series of mixtures were examined. They
included iron chromite with calcium or silicon oxides
in various proportions on the one hand and calcium
chromate with various amounts of silica on the other
hand. Their compositions are reported in Table 7.

The R, ratio is not significantly altered by the
introduction of increasing amounts of silica in $t©
CaCrQ, or SiO—FeCpO, mixtures. It is systemati
cally characteristic of an anhydrous compound, no
significant development is observed versus the portion

% of Fe,CrO,
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Fig. 10. Development of thR, ratio vs. the amounts of silica in the

mite compounds does not seem any more a criterion study of binary mixtures including (a) iron chromite (squares) or (b)

of univocal differentiation. Indeed, the study of

calcium chromate (circles).
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of silica in these two kinds of mixtures. At the
opposite, the development of tiig ratio is strongly
correlated with the amounts of silica in the mixtures
(Fig. 10). As described previously, silicon oxide
induces less GOg ions to the benefit of GO, ones
and consequently leads to an increase ofRheatio.
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recombination that take place in the gas cloud after
the laser ablation/ionization. These modifications
show the antagonistic actions in the formation pro-
cesses of GO, ions in presence of calcium and

silicon oxides on the one hand and of zinc and
trivalent iron oxides on the other hand. If the first ones

This behavior more pronounced when the amounts of (CaO, SiQ) tend to disadvantage the formation of the

silica increase. In fact, the influence of the silicon
oxide on this ratio for the iron chromite and the
calcium chromate compounds follows an exponential
decay and tend to be negligible when the major
compound in the mixture studied is FegOy or
CaCrQ, respectively. The results obtained in the
study of the various Fe@Dd,—~CaO mixtures (not
shown) lead to the same behaviors and conclusions.

Finally, the significant correlation between the devel-
opment of theR, ratio and the amounts of calcium or
silicon oxides gives some structural information. On the
one hand, the results confirm the direct influence of
silica (respectively, calcium oxide) on the formation of
Cr,0,_g cluster ions, in particular by inducing compet
itive processes that limit the formation of the,Of
ions. On the other hand, the strong dependendg, of
intensity ratio and the amounts of the oxides free of
chromium in the mixtures may be used in the case of
simple binary mixture to give quantitative information
on the composition of a sample examined.

4. Conclusion

The study of 19 chromium standard compounds
with a given FTICRMS analytical sequence allowed
us to define criteria of differentiation for hexavalent,
trivalent, and hydrated trivalent chromium com-
pounds at = 355 nm with an irradiance of % 10’
W/cn?. This method, based on the calculation of only
two intensity ratios in negative detection mode, en-
sures the speciation without ambiguity of théll and
+VI chromium chemical states. The confrontation of
this methodology to the analysis of chromium com-
pounds mixed with calcium, silicon, trivalent iron,
and zinc oxides allows to highlight and to understand
the modifications of the mass and to investigate

strongly oxygenated species, the second oneglfre
ZnO0) lead on the contrary to the significant formation
of these latter. Consequently, whereas the calcium and
silicon oxides disturb only slightly the protocol of
speciation established, a simple modification of the
limits being required, the introduction of hematite and
zincite disturb the methodology of speciation. anhy-
drous trivalent chromium compounds adopt in this
case, a similar behavior to that observed for hexava-
lent chromium compounds. Further, the study of iron
chromite—calcium chromate mixture in a mineral matrix
including calcium, silicon, trivalent iron and zinc oxides
(not shown) illustrates the fact that the antagonistic
effects of silica and lime on the one hand and of hematite
and the zincite on the other hand have the tendency to be
annihilated. In this case, and on the base of the diagram
of trivalent and hexavalent chromium differentiation, it
is possible to identify the major chromium valence
present in these reconstituted matrices.

Moreover, the results obtained in the study of the
binary mixtures are interesting from an other point of
view. It would be possible to model with the laser
ablation/ionization technigue, the processes of forma-
tion for the oxygenated chromium species, at high
temperature in aerosols or dust particles. The micro-
plasma resulting from the laser ablation would be then
considered as a chemical microreactor. The propor-
tion dependence of various oxides (CaO, 58,05,
Zn0O, .. .) in thestudy of chromium compounds on
the nature of the species formed would be used to
limit the formation of hexavalent chromium species in
industrial productions involving chromium species.
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