
JAAS

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
Ja

nu
ar

y 
20

23
. D

ow
nl

oa
de

d 
on

 2
/1

3/
20

23
 1

0:
08

:5
2 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Feasibility of high
aFaculty of Civil Engineering, Mechanics an

Technology, Łukasiewicza 17, 09-400 Płoc
gmail.com; zoa.kowalewska@pw.edu.pl; T
bBundesanstalt für Materialforschung und -p

Berlin, 12489, Germany
cAnalytik Jena GmbH, Konrad-Zuse-Str. 1, Je

† Electronic supplementary informa
https://doi.org/10.1039/d2ja00281g

Cite this: J. Anal. At. Spectrom., 2023,
38, 472

Received 11th August 2022
Accepted 9th January 2023

DOI: 10.1039/d2ja00281g

rsc.li/jaas

472 | J. Anal. At. Spectrom., 2023, 3
-resolution continuum source
molecular absorption spectrometry for vanadium
determination†

Zofia Kowalewska, *a Carlos Abad, b Michael Okrussc

and Sebastian Recknagel b

This work aimed to evaluate high-resolution continuum sourcemolecular absorption spectrometry (HR-CS

MAS), traditionally used to determine non-metals, for the determination of a new element, metal, vanadium.

VO was selected as a target molecule because it is relatively stable and was expected to be spontaneously

generated in a flame or a graphite furnace (GF). The high-resolution overview spectra of the molecule were

obtained in a wide range of 480–630 nm, and absorption due to the X4S−–C4S− electronic transition was

registered. A unique instrumental setup, comprising a prototype Modular Simultaneous Echelle

Spectrograph (MOSES) and a commercial HR-CS MAS apparatus, was applied in the research. Finally, the

spectral area centered at 550.6230 nm was selected for analysis. A method was developed to

determine V in solutions of catalysts of heavy petroleum oil hydroprocessing using a commercial HR-CS

spectrometer in a flame version. Although sensitivity was relatively poor (characteristic concentration

380 mg L−1), an extremely low noise enabled reaching a satisfactory detection limit (20 mg L−1 in

solution, i.e. 0.1% m:m in the catalyst). For the first time vanadium was determined using ordinary air-

acetylene flame. The obtained results were consistent with the results of atomic absorption

spectrometry with N2O-C2H2 flame. Unfortunately, only a small population of VO molecules could have

been generated in GF measurements. Furthermore, the observed VO molecules appeared only at

unfavorably high temperatures. The work shows the potential of HR-CS MAS as a scientific tool for

investigating the mechanism of processes occurring in the GF. This work can inspire other research of

new analytes for HR-CS MAS.
1. Introduction

Since the commercial introduction of high-resolution
continuum source absorption spectrometry in the rst decade
of the XXI century, numerous analytical procedures have been
developed with its application.1–6 Usually, metals and metal-
loids have been determined using atomic absorption spec-
trometry (AAS) techniques. Most nonmetals cannot be
determined using direct versions of AAS due to insufficient
temperature of atomizers and inaccessibility of the required
vacuum spectral range. Therefore, for the determination of
nonmetals such as F, S, Cl, Br, I and N, molecular absorption
spectrometry (MAS) techniques, such as high-resolution
d Petrochemistry, Warsaw University of
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rüfung (BAM), Richard-Willstätter-Str. 11,

na, 07745, Germany

tion (ESI) available. See DOI:

8, 472–483
continuum source ame molecular absorption spectrometry
(HR-CS FMAS) or high-resolution continuum source graphite
furnace molecular absorption spectrometry (HR-CS GFMAS),
have been engaged.1–6

Nowadays, for some elements, two approaches are available
as apart from the possibility of using AAS, HR-CS MAS methods
were developed.7–20 Phosphorus was determined via PO7–13,15,16

or P2 14 molecules, aluminum via AlF17 or AlH18 molecules and
silicon via SiO molecules.19,20 In the determinations, the HR-CS
FMAS7,8,11–13,19 or the HR-CS GFMAS9,10,14–18,20 techniques were
applied.

The benet of MAS techniques can be signicantly milder
conditions of analysis. For example, Si was determined in xylene
solutions using a safer and cheaper air-acetylene ame19 instead
of a hotter nitrous oxide acetylene ame.21 Similarly, phos-
phorus was determined using an air-acetylene ame.7,8,11–13 In
the case of the GF method, phosphorus can be determined via
P2 14 or via PO10 molecules using only 1700 °C or 1900 °C
molecule formation temperature, respectively, compared to the
2650 °C temperature needed for P atomization.10

Besides, in the AAS case, a complex chemical modication
was involved.10 In Al determination in whole blood, the HR-CS
This journal is © The Royal Society of Chemistry 2023
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GFMAS technique enabled better sample matrix removal than
in the case of HR-CS GFAAS.17 Simple external calibration could
be achieved using the HR-CS GFMAS technique.15–17

Due to the application of HR-CS GFMAS, simultaneous
determination of Al and three other metals was possible (an
interesting case of simultaneous measurements of atomic and
molecular absorption).18 Another benet of MAS can be appro-
priate adjustment of sensitivity for the analysis of samples with
relatively high analyte levels. For example, Si can be quickly
determined at a percentage level via a direct HR-CS GF MAS
procedure if solid samples, difficult to dissolve, are prepared
and analyzed as suspension.20

Generally, if the same analytical case is considered, the
sensitivity and detectability of MAS analysis are worse than
those of AAS analysis. The detection limit of P determination
using graphite furnace techniques was 5 mg kg−1 in AAS and
20 mg kg−1 in MAS.10 The detection limit of Si determination in
the form of octamethylcyclotetrasiloxane was 0.05 mg L−1 in
HR-CS FAAS21 and 0.92 mg L−1 in HR-CS FMAS.19 In other cases,
detection limits are less different, for example, 1.5 and 1.8 mg
L−1 for Al determination by HR-CS GFAAS and HR-CS GFMAS,
respectively.17

Taking into account the literature data, a question may be
posed, whether molecules of other elements can be analytically
useful for determining the elements. A candidate analyte
should form a sufficiently stable molecule during analysis, i.e.
the molecule of the bond energy above 500 kJ mol−1.2 It would
be preferable that the molecule be formed spontaneously,
without using special reagents delivering complementary
element. The new option of analysis should provide benets
relative to AAS methods.

In this work, for the rst time, vanadium has been deter-
mined with molecular absorption spectrometry. The VO mole-
cule of bond energy 627 kJ mol−1 22 has been selected as a target
molecule. The refractory character of the molecule enforces the
application of hot nitrous oxide-acetylene ame in conventional
ame AAS23–27 and the application of a high temperature of
2550–2800 °C in graphite furnace AAS.23,24,26–32 Themotivation of
this work was to evaluate the possibility of V determination
using air-acetylene ame in HR-CS FMAS and mild conditions
in HR-CS GFMAS.

It is expected that V would be present in air-acetylene ame
in the form of VOmolecules, as: (1) it does not occur as an atom,
and (2) other theoretically possible molecules are much less
stable (the bond energies of VC, VH, VN and VV are 427, 209, 477
and 269 kJ mol−1, respectively22).

There are controversies concerning vanadium forms and
their transformations during graphite furnace analysis. The
mechanism of V atomization, studied mainly in the 80s,32–39 has
not been unambiguously explained up to now. Generally, the
investigation of processes in a graphite furnace is extremely
challenging due to low levels of analytes (usually tens and
hundreds of pg up to ng), heterogeneity of the system (gas
phase, solid phase and possibly liquid phase), porosity and
reactivity of graphite, high temperature (up to approximately
3000 °C) and very fast-changing conditions (e.g. temperature
rise >2000 °C s−1).
This journal is © The Royal Society of Chemistry 2023
The following routes of V atomization were considered:
reduction of solid V oxides by C with the nal V transfer to the
gas phase,34 dissociation of a V oxide in the solid, liquid or gas
phase,33,35 dissociation of V carbide36–39 or even dissociation of
a V dimer.33 All the listed nal steps could be preceded by many
steps involving various V species at different oxidation states.
Various vanadium oxides were taken into account (V2O5, V2O4,
V2O3, VO2, and the target molecule of this work, VO), as well as
some carbides (V2C and VC). In the traditional approach to V
atomization using a graphite furnace, the formation of solid
carbides was highlighted.26,27,30,32 It was considered responsible
for the high temperature needed for V atomization and severe
tailing of the V signal. Nevertheless, the VO molecule was
detected in experiments where an electrothermal atomizer
(made of Ta or of vitreous carbon) was connected to a mass
spectrometer.34

Matousek and Powell38,39 evaluated that the main V species
transformation route is a sequence of reactions comprising,
sequentially, V2O5(s), V2O3(s), VO(s) and VC(s), and atomization
of V occurring via dissociation of VC(s). A minor route was also
proposed via the formation of VO(g) at temperatures below
2087 °C (the VO(g) molecule further dissociates to release V
atoms).38 It was considered that the transient existence of VO in
the vapour phase might be a result of the evaporation of VO(s)

deposited at colder positions of the graphite furnace (remote
from the injection hole).38

Manning and Slavin considered the losses of V at the
beginning of the atomization phase due to the evaporation of an
oxide V form when the temperature is too low for its decom-
position.32 Hulanicki et al.35 found opposite effects of the
addition of air (a decrease of the V signal) and methane (an
increase of the V signal) to the gas phase. It was supposed that
methane, reacting with oxygen, promotes the dissociation of
VO(g) to V(g), while the addition of air reverses the reaction. The
literature mentioned above brings some hope for the possible
utilization of absorption by the VO molecule for V
determination.

Vanadium is recognized as a metal specic for petroleum as
it is the metal most abundant in most crude oils.26–28,40,41

Unfortunately, V causes severe technological problems due to
catalyst poisoning and equipment corrosion. During crude oil
distillation, V concentrates in heavier oil fractions and residual
oil.27,28 Vanadium can be removed from oils in catalytic hydro-
processing (hydrodemetallization and
hydrodesulfurization).40–43 As a result of hydrodemetallization,
the product of the process contains much less V than the feed
(e.g. 5.9 and 73 mg kg−1, respectively41), while the removed
vanadium deposits on the catalyst.

During the “life” of such a catalyst, V concentration can
increase from below 0.04% w/w (a fresh catalyst) up to about
11%w/w (an extremely spent catalyst).42–45 There is a necessity to
control the V content in such materials. The information on
the V content enables effective management of the work of the
hydrodemetallization/hydrodesulfurization unit. Moreover, V is
a valuable metal that can be recovered from spent catalysts.42–49

Otherwise, the catalysts are hazardous waste.42–49 The important
J. Anal. At. Spectrom., 2023, 38, 472–483 | 473
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Table 1 Program of heating of the graphite furnace

Step
Temperature,
°C

Heating
rate, °C s−1

Hold
time, s−1

Internal
gas

(1) Drying 80 6 10 Argon
(2) Drying 90 3 10 Argon
(3) Drying 110 5 10 Argon
(4) Pyrolysis 200 50 20 Argon
(5) Pyrolysis 500 100 20 Air
(6) Pyrolysis 500 0 30 Argona

(7) Gas adaptation 500 0 5 Stop
(8) VO molecule
formation

2500 1500 8 Stop

(9) Cleaning 2600 500 4 Argon

a In some experiments, the “gas stop” option in step 6 was executed.
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determination of V in hydroprocessing catalysts has been
selected as an application case for this work.

2. Experimental
2.1. Instrumentation and its operation

A unique system was used in this work to record broad-range
spectra in the wavelength range 480–630 nm. The source of
radiation in the system was a laser-driven xenon lamp emitting
high-intensity continuum radiation. The monochromator role
was played by a unique modular simultaneous echelle spec-
trograph, MOSES, originally built in ISAS (Leibniz-Institute fur
Analytische Wissenschaen, Berlin, Germany).14,50,51 For detec-
tion, a CCD detector was used. The system was connected with
a commercially available spectrometer contrAA 800 (Analytik
Jena GmbH, Jena, Germany), which worked in a graphite
furnace solid sampling mode and delivered vapours for
measurements with MOSES. The graphite furnace was trans-
versely heated.

The contrAA 800 spectrometer was also used in routine high-
resolution continuum source graphite furnace absorption
modes, and a commercially available contrAA 700 spectrometer
(Analytik Jena GmbH, Jena, Germany) was used in high-
resolution continuum source ame absorption modes. Each of
the listed above contrAA spectrometers was equipped with
a high-intensity xenon lamp as a radiation source, a double high-
resolution monochromator (comprising a prism and an echelle
grating) and a linear CCD-array detector. The spectrometers have
a spectral resolution of l/Dl = 175 000. The resolution corre-
sponded to approximately 2.8 pm per pixel at 550.6 nm.

The contrAA 700 worked mainly in HR-CS FMAS mode with
air-acetylene ame generated using a burner with a 100mm slit.
If it is not indicated otherwise, the acetylene ow rate was 95 L
h−1 (rich ame), and the observation height above the burner
slit was 6 mm. For comparison, a standard HR-CS FAAS mode
was also applied with acetylene-nitrous oxide ame generated
using a burner with a 50 mm slit (the use of a 100 mm burner
was not technically possible with this ame), 240 L h−1 acety-
lene ow rate and 8 mm over the burner slit observation height.
The atomic absorption of V was measured at the sensitive
318.3982 nm line (catalyst solutions diluted 1 : 50 v/v). In
measurements using ame techniques, a 5 s delay was applied.
Each measurement lasted 3 s and was repeated three times (n =

3). The solution ow rate was 5–6 mL min−1.
In all measurements using graphite furnace modes, a pyro-

lytically coated graphite furnace without a dosing hole and
a pyrolytically coated platform were used. The investigated
solutions were injected on the platform, and the solid material
was weighed on the platform using a separate microbalance. In
most measurements, Zr was applied as a permanent modier.
Zirconium in the form of nanoparticles was injected over the
platform, and the platform was pretreated using a heating
program presented elsewhere.52 The program of heating of the
graphite furnace for measurements of absorption by the VO
molecule was optimized, and the options used are listed in
Table 1. In some experiments, air was applied as an alternative
gas (as indicated in Table 1) and/or a Pd modier was used. The
474 | J. Anal. At. Spectrom., 2023, 38, 472–483
Pd modier was injected manually over a sample. For com-
parison, V atomic absorption was measured using HR-CS
GFAAS mode with 2550 °C atomization temperature.

A Soxhlet apparatus (Buchi, Switzerland), a muffle furnace
Carbolite CWF 1200 (Sheffield, Great Britain), a Pulverisette 7
mill with an agate dish and balls, a heating plate Jolly 2 (Falc
Instruments, Treviglio, Italy), and platinum crucibles were used
for catalyst dissolution.
2.2. Reagents, samples and solutions

The following vanadium compounds were investigated: metallic
vanadium, vanadium pentoxide and ammoniummetavanadate,
all from Johnson and Matthey Ltd. (London, Great Britain). The
following substances were applied as a source of metals
(potential interferents): aluminium chloride hexahydrate,
ammonium molybdate tetrachloride, nickel(II) nitrate (V)
hexahydrate and iron(III) chloride hexahydrate. The substances
and caesium chloride (Cs was deionisation buffer in V deter-
mination using N2O-C2H2 ame in the FAAS technique) were
obtained from Chempur (Piekary Śląskie, Poland).

Hydrochloric acid (d = 1.19 kg L−1), nitric (V) acid (d = 1.42
kg L−1), perchloric (VII) acid (d= 1.60 kg L−1) and boric acid, all
of analytical grade, were from POCH (Gliwice, Poland). Deion-
ised water of specic conductivity below 0.1 mS cm−1 was used.

Metallic vanadium was dissolved in nitric acid, and the nal
solution contained 5000 mg L−1 of V and HNO3 1 : 10 v/v.

For chemical modication, zirconium dioxide, ZrO2, in the
form of nanoparticles (45–55 nm) in aqueous suspension (20%
m:m) was used, obtained from US Research Nanomaterials,
Inc., Durham, USA. The material was diluted before application
(100 ml of the material was mixed with 500 ml of methanol and
400 ml of water).

The palladium chemical modier (1000 mg L−1 Pd as Pd
nitrate in HNO3) was from Merck (Darmstadt, Germany).

The investigated fresh as well as spent catalysts were of NiMo
type based on alumina and derived from units of hydro-
processing of heavy petroleum oil. The content of metals in the
catalysts was (in%m/m): 2–5, 2–6, <0.01–17, 0.05–0.6 and above
80% in the case of Ni, Mo, V, Fe and Al, respectively.
This journal is © The Royal Society of Chemistry 2023
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The catalysts were washed in a Soxhlet apparatus to remove
oil residue, ground in an agate mill and burned in a muffle
furnace. Aerwards, the obtained ash was weighed into plat-
inum crucibles and dissolved, using a 3-step procedure of
heating with acids (1: HClO4 + HF, 2: H3BO3, and 3: HCl) on
a heating plate. The procedure is precisely described else-
where.53 The obtained solutions were homogeneous and con-
tained HCl 1 : 5 v/v. Approximately 0.3–0.4 g of catalyst was
transferred to a volume of 25 mL of the nal solution.
3. Results and discussion
3.1. Selection of the wavelength for VO molecule absorption
measurements

The disadvantage of molecular absorption spectrometry is its
relatively low sensitivity, especially with the ame technique.
Therefore, the main criterion of this work for the development
of a new method was to achieve the best possible sensitivity and
detectability. One of the steps to achieve this goal was the
selection of the appropriate wavelength range of absorption by
the VO molecule. Vanadium has not yet been determined with
any version of high-temperature molecular absorption spec-
trometry, neither with traditional medium-resolution studies
nor with new high-resolution continuum source spectrometers,
nor with graphite furnace or ame techniques. However, the VO
molecule spectra have been known since the XIX century (the
spectra were observed using spark excitation already in 1895).54

Sometimes, there are difficulties in interpreting spectra ob-
tained in different systems, whether emission or absorption,
especially when using low-resolution instruments. In addition,
commercially available HR-CS absorption spectrometers offer
Fig. 1 Spectra acquired using a MOSES spectrometer in the wavelength
549.7–552.6 nm (d).

This journal is © The Royal Society of Chemistry 2023
an excellent resolution, but the width of a measured spectrum is
in a narrow range of about 0.2–1 nm.

A unique opportunity for this work was a measurement of
vapours generated in a commercial contrAA system in a broad
wavelength range using a prototype MOSES spectrograph.50 A
vanadium compound was introduced on a platform, prelimi-
nary coated using zirconium, and a program of graphite furnace
heating was carried out (detailed explanation in Section 3.4).
The obtained broad-range overview spectrum is presented in
Fig. 1a. First of all, the spectrum shows groups of lines corre-
sponding to rotations of the VO molecule, which belong to
various vibrational sequences of the X4S−–C4S− electronic
transition. The most interesting are the lines of the most
intensive absorption belonging to the vibrational sequences in
the vicinity of 550 nm and 573 nm. The areas are better visible
on an extended wavelength scale in Fig. 1b–d. Some intensive
and “promising” signals do not occur due to the VO molecule
but were identied as atomic lines.55 Thus, many intensive lines
observed in the 480–490 nm range were identied as V atomic
lines. The Na doublet occurs at 588.9953 and 589.5924 nm, and
a V atomic line occurs at 624.3107 nm.55

Four wavelength ranges were selected for FMAS work: the
one centred at 546.9331 nm, the one centred at 573.7642 nm
and two regions near 550.6 nm, comprising three or four high
intensity rotational lines (indicated in Fig. 1d). The ranges are
centred at 550.6230 nm or 550.5593 nm, respectively. The four
regions were compared in amemeasurements using a contrAA
700 spectrometer (optimization of the ame conditions is pre-
sented in the following Section 3.2), and respective spectra are
presented in Fig. 2.
range: 480–630 nm (a), 572.4–588.6 nm (b), 543.9–572.0 nm (c) and

J. Anal. At. Spectrom., 2023, 38, 472–483 | 475
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Fig. 2 Spectra acquired using a contrAA 700 spectrometer (HR-CS FMAS technique), centred at: 546.9331 nm (a), 573.7642 nm (b), 550.6230 nm
(c) and 550.5593 nm (d) in measurements of a solution containing 2000 mg L−1 of V (as NH4VO3), 5000 mg L−1 of AL and HCl 1 : 5 v/v. The
following number of pixels were used for the VOmolecule signal evaluation: 14 (a), 15 (b), 28 (c) and 34 (d). The pixels are marked as vertical bars.
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An important point is the selection of pixels from the avail-
able range of 200 pixels to evaluate the analyte signal. The
selected pixels should cover the wavelength range of intensive
absorption by the analyte. Otherwise, less intensive absorption
will contribute to some increase in absorption, but unfortu-
nately, there may also be an increase in non-specic absorption,
which is associated with an increase in noise and deterioration
in detectability. Various sets of pixels were taken into account to
evaluate sensitivity and detectability. The selected pixels are
marked as vertical bars in Fig. 2. For illustration, Fig. 1S† was
also prepared, presenting a spectrum centred at 550.5593 nm
(the most complicated spectrum). The sets of measured pixels,
with a total number of pixels from 15 (Fig. 1Sa†) up to 50
(Fig. 1Sd†), are shown in particular subgures of the gure. All
considered spectral cases are characterized in Table 1S.†
Measurements of a solution containing 2000 mg L−1 of V, 0.5%
m/v Al and HCl 1 : 5 were executed to evaluate sensitivity, while
a similar solution, but without V, was ten times measured to
evaluate the detection and determination limits (three and ten
times, respectively, the standard deviation of the measure-
ments). The obtained characteristic concentration and detec-
tion limit values are compared in Fig. 2S.†

The best detection limit, 15 mg L−1, has been obtained in the
case of measurements with the central pixel at 550.6230 nm and
a set of 28 pixels belonging to the eight most intensive lines used
for the VO molecule signal evaluation. A similar detection limit,
17 mg L−1 of V, has been obtained for the spectrum centred at
476 | J. Anal. At. Spectrom., 2023, 38, 472–483
a bit lower wavelength, 550.5593 nm, while a set of 34 pixels
belonging to nine most intensive rotational lines was evaluated.
The characteristic concentrations in the two cases were 380 and
270 mg L−1, respectively. Further increase in the number of
measured pixels does not improve detectability. For further
analysis, the conditions of the best detectability were selected.

As expected, the detectability of HR-CS FMAS is worse than
that of ame atomic absorption spectrometry (detection limit
0.1 mg L−1).

3.2. Optimization of ame conditions for measurements of
absorption of VO molecules in air-acetylene ame

In order to obtain the highest possible V signal, the distribution
of VO molecules in air-acetylene ame was studied, as well as
the dependence of the VOmolecule absorption on the acetylene
ow rate. Three solutions were measured: a solution of metal-
lic V dissolved in nitric acid (5000 mg L−1 of V), a solution
containing V as NH4VO3 (2000 mg L−1) in HCl 1 : 5 v/v and
a similar solution but with added aluminium. The appearance
of the solutions indicated the V oxidation state. The solution of
initially metallic V in HNO3 was blue-green, and the analyte was
in the form of [V(H2O)6]

3+ ions in the +3 oxidation state or
[VO(H2O)5]

2+ ions in the +4 oxidation state. Two other yellow
solutions contained pervanadyl ions, [VO2(H2O)4]

+, with vana-
dium in the oxidation state +5.

As Fig. 3a shows, the proles of the vertical distribution of
the VO molecule in the air-acetylene ame are very similar,
This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Dependence of the VO molecule absorbance on the height above the burner slit (a) and the flow rate of acetylene (b) for the following
solutions:- 5000mg L−1 of V (metallic V dissolved in HNO3),: 2000mg L−1 of V (NH4VO3) in HCl 1 : 5 v/v andC 2000mg L−1 of V (NH4VO3) in
HCl 1 : 5 v/v and 0.5% Al.
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independent of the vanadium oxidation state and added acid.
Moreover, in all three cases, a rich ame is needed to effectively
form the VO molecule via interaction with metastable or radical
carbon species (Fig. 3b).

The magnitude of the signal does not depend on the V
oxidation state and the acid used, as absorbances for the solu-
tion of metallic V dissolved in HNO3 and the solution of
NH4VO3 in HCl are appropriately proportional (i.e. taking into
account the V concentration).

Interestingly, the Al presence in the V solution signicantly
increases the V signal (Fig. 3a and b). A similar effect occurring
in N2O-C2H2 ame is well known and widely used to increase
the V signal in FAAS.23 The effect was explained as an inuence
of Al on the lateral distribution of V (and some other metals) in
the determination using N2O-C2H2 ame.56 Due to the bene-
cial inuence of Al on the VO signal (1) and the presence of Al in
the catalysts' solutions (2), it was decided to add Al to the cali-
bration solutions.

An exemplary calibration curve obtained for the V concen-
tration range 100–2000mg L−1 is shown in Fig. 3S.† Ammonium
metavanadate was used as the V standard, which is easier to
dissolve than other V compounds. Despite relatively low values
of absorbance, excellent stability of measurements was ach-
ieved. The measured spectral range near 550 nm is in the
spectral area known for its freedom from spectral interferences
and exceptional stability.5,57,58 The determination coefficient
(R2) of the curve is satisfactory (0.9991). Fig. 4S† shows good
stability of measurements performed over two hours at rela-
tively low absorbance values.
3.3. Determination of V in catalysts of hydroprocessing of
heavy petroleum oil using the HR-CS FMAS technique

The possibility of V determination via the VO molecule
absorption has been explored for the analysis of catalysts of
This journal is © The Royal Society of Chemistry 2023
hydroprocessing of heavy petroleum oil. Since the catalysts
contain a large amount of Mo and Ni (active metals) and can
contain a large amount of Fe (deposited from oil), the inuence
of these three metals and of Al (the base of the catalysts is
alumina) on the measurement of VO molecule absorption was
investigated. A solution of dissolved catalyst can contain 200–
600 mg L−1 of Ni, 200–700 mg L−1 of Mo, <1–100 mg L−1 of Fe
and 5000–6000 mg L−1 of Al. The content of V can reach from
below 1 mg L−1 (fresh catalyst) up to more than 2000 mg L−1

(very contaminated, spent catalyst).
In order to check the existence of any undesired spectral

effects, the following solutions were measured in the spectral
ranges shown in Fig. 2: 1%m/v Ni, 1%Mo, 100mg L−1 of Fe and
2% of Al. Additionally, a mixed solution resembling a solution
of a spent catalyst was measured, which contained 500 mg L−1

of Ni, 500mg L−1 of Mo, 100mg L−1 of Fe, 5000mg L−1 of Al and
2000 mg L−1 of V. The spectra of pure metals obtained were
similar to the spectrum of deionised water, with one single
exception. A weak atomic Mo line has been found, which
absorbs radiation at 550.6481 nm,55 quite closely to
550.6230 nm, i.e., one of the more intensive rotational lines of
the VO molecule. The Mo atomic absorption can be seen in
Fig. 4b and d. The spectra for the mixed solution are similar to
the spectra of pure vanadium, except for the Mo atomic line,
which can be seen in Fig. 4a and c. As shown in Fig. 4, the Mo
line is distinctly separated from the VO molecule rotational
lines. Also, the absorbance of the solution with 1% m/v of Mo
was negligible. Therefore, it can be concluded that Mo does not
disturb the determination of V. The most favourable (because of
the low detection limit) wavelength range centred at
550.6230 nm was nally selected for the determination of V.

Apart from the above-considered metals, catalysts can
contain other, not specied components. Thus, a valuable way
of checking the accuracy of the proposed method was
J. Anal. At. Spectrom., 2023, 38, 472–483 | 477
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Fig. 4 Spectra centred at 550.6230 nm (a and b) or 550.5593 nm (c and d), acquired for a solution containing 2000mg L−1 of V, 5000mg L−1 of
Al, 500 mg L−1 of Mo and HCl 1 : 5 v/v (a) and (c), or for a solution containing 1% m/v of Mo (b) and (d).
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a comparison with an accepted procedure. A series of catalysts
of various “lifetimes” was analysed using the proposed HR-CS
FMAS method, with air-acetylene ame, and a common HR-
CS FAAS method, with N2O-C2H2 ame. In the last case, all
solutions of catalysts had to be diluted, 1 : 50 v/v. The results
presented in Table 2 show satisfactory agreement between the
proposed HR-CS FMAS and the reference HR-CS FAAS method
as the texp value in a t-paired comparison59 was equal to 1.524,
i.e. was lower than the tcrit value, 3.182 (95% condence level). It
should be added that spectra recorded for the catalyst solutions
showed no additional and undesirable spectral events. Only
signals of the target VO molecule and the above-considered Mo
atomic line were observed.
Table 2 Comparison of results of catalyst analyses (% m/m) obtained
using HR-CS FAAS and HR-CS FMAS methods

Catalyst

Results of V determination � result range,
% m/ma (n = 3)

HR-CS FAAS HR-CS FMAS

1 (fresh) <0.01 <0.8b

2 4.3 � 0.2 3.9 � 0.2
3 (fortied) 7.7 � 0.1 7.8 � 0.4
4 12.1 � 0.2 12.0 � 0.2
5 15.2 � 0.3 14.4 � 0.5

a Approximately 0.3 g of catalyst was transferred to 25 mL of solution;
spent catalyst solutions were diluted before the HR-CS FAAS analysis.
b The lower limit of the HR-CS FAMS method.

478 | J. Anal. At. Spectrom., 2023, 38, 472–483
Additionally, a recovery experiment was carried out. A cata-
lyst sample containing 6.1 ± 0.2% m/m V, according to FAAS,
was mixed with V2O5 powder and treated as other catalyst
samples. The calculated V concentration in the fortied catalyst
was 8.0% (m/m). In comparison, the determined concentration
was 7.7% according to HR-CS FAAS and 7.8% according to HR-
CS FMAS (sample 3 in Table 2). The V recovery is good, 97% and
98%, respectively, which conrms the equivalence of FAAS and
FMAS and the accuracy of the whole analytical procedure,
including sample dissolution.

The detection and determination limits of the HR-CS FMAS
method calculated for an initial catalyst sample are 0.1 and
0.4% m/m of V, respectively. These parameters are much worse
than in the case of the HR-CS FAAS method, with detection and
determination limits in the initial catalyst sample 0.001 and
0.004% m/m, respectively. However, the detectability of the HR-
CS FAAS method is even too high and sample solutions were
diluted before measurement. The detectability of the HR-CS
FMAS method is satisfactory from the point of view of catalyst
analyses. Moreover, because there is no interest in the analysis
of less spent catalysts with a low V content and there is a lack of
such catalysts for validation, the lower limit of the proposed
method has been established as 0.8% m/m. This value corre-
sponds to the standard solution with the lowest V content
(Fig. 3S†).

The results obtained in parallel analyses of the same sample
deviate by less than 5% of their average. The precision achieved
is satisfactory.
This journal is © The Royal Society of Chemistry 2023
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3.4. Evaluation of feasibility of vanadium determination via
the VO molecule formed in the graphite furnace

Numerous papers on V determination using GF AAS were pub-
lished. For chemical modication, mainly magnesium nitrate,
noble metals, and metals qualied as the forming carbides of
metal-like type were applied. No ideal modier was found, and
various discrepancies were identied. For example, similar
behaviour of Mg nitrate and Mg acetylacetonate was expected.60

However, the rst one improved analysis,32 while the second
one acted as an interferent.60 Other controversies concern
platform application. Manning and Slavin32 strongly recom-
mended wall atomization for V determination, but nowadays,
platform atomization is sometimes used,27,30 and it has to be
used in the solid sampling option.31

In preliminary experiments done in this work, no chemical
modication was carried on. Unfortunately, the attempts to
obtain any VO molecule signal were unsuccessful, even for
solutions containing thousands of mg L−1 of V.

Zirconium is one of the most widely used permanent
modiers. Generally, it was thought that Zr forms metal-like
carbides in a GF61–64 and the carbides protect the analyte from
coming into direct contact with active carbon, preventing the
formation of analyte carbides and enhancing the signal in GF
AAS. However, it was also recognized that in the case of vana-
dium as an analyte, mixed carbides of the Zr–V–C type could be
formed.32,35,64 This would not be desirable because V would be
more strongly anchored in the solid phase, and evaporation of
vanadium in any form would be more difficult and delayed.

Later studies of the furnace surface have shown that Zr used
as a permanent modier is not in the carbide form in the
Fig. 5 Time-resolved absorbance in the analysis of V2O5 powder (solid sa
2200 °C (a) or 2500 °C (b)–(f). Heating rate to the temperature of the m
before the measurement phase in all cases with the exception of (f). Argo
phase was applied in all cases except (c). Subfigure (d) has an extende
measured absorbance, integrated over time and wavelength, is given in

This journal is © The Royal Society of Chemistry 2023
graphite furnace.65–67 Still, it occurs as zirconium oxide or in the
metallic form. Niobium, a modier of similar behaviour to Zr,
was applied in the determination of V.29 The X-ray diffraction
studies of the GF pre-treated with ammonium metavanadate
showed the presence of vanadium carbides if no modier was
used and the presence of vanadium oxides when a Nb modier
was applied.

The zirconium permanent modier was chosen for this work
to promote the formation of VO molecules. Platforms pre-
treated with the Zr modier (as described in Section 3.1) were
applied in the following experiments. Zirconium was used in
the nanoparticle form to enhance its action.67

Initially, vanadium solutions were measured (metallic
vanadium dissolved in HNO3). However, even for solutions with
a very high content of vanadium (5000 mg L−1), very blurring
and tailing signals, close to the baseline, were obtained. The
signals had a shape of a poorly developed single peak.

In the further course of the study, measurements were
carried out with a sample in the solid phase, i.e. vanadium
pentoxide powder. The signals were high enough for optimi-
zation and had the shape of double peaks with a certain tailing
part. The results of the experiments are presented in Fig. 5 and
6, and the data on the experiments are collected in Table 2S.†
The following parameters were optimized to obtain the highest
possible VO molecule signal: the temperature of the molecule
formation phase and the heating rate to this phase, the appli-
cation of air in the thermal decomposition step, the lack of
argon purging aer air application, and the use of a Pd modi-
er. The data are presented as time-resolved absorption (Fig. 5
and 6). The spectra come directly from contrAA's soware.
Therefore, time is expressed as a number of a spectrum
mpling HR-CS GFMAS). Temperature of themolecule formation phase:
olecule formation step: 1500 °C (a)–(c) or 500 °C (d)–(f). Air was used
n purging phase after the air application and before the measurement
d y-scale and concerns the measurement of an empty platform. The
italic in the upper right part of subfigures.

J. Anal. At. Spectrom., 2023, 38, 472–483 | 479
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appearing since the beginning of the measurement phase.
Exemplarily, the spectra of a number 25, 50, 75, 100 and 125
correspond to 1.8, 3.6, 5.5, 7.4 and 9.1 seconds, respectively. The
wavelength-resolved signals (not presented here) showed
a pattern typical for the VO molecule and the used wavelength
range.

The comparison of Fig. 5a (2200 °C, lower signal, appearing
later) and 5b (2500 °C, higher signal, appearing earlier)
conrms that higher temperature favours the occurrence of the
VO molecule in the GF.

The possibility that the VO molecules exist at a temperature
lower than 2200 °C during the molecule formation step was also
considered. Two situations were compared when the GF is
heated from the 500 °C temperature of the thermal decompo-
sition step to the target 2500 °C temperature of the molecule
formation step. A routine fast heating, 1500 °C s−1, and a slow
heating, 500 °C s−1, were applied. As can be seen in Fig. 5b and
e, the slow heating leads to no overall signal increase and no
occurrence of additional early events. The obvious effect is some
signal delay, as the temperature necessary to obtain the VO
molecule in the gas phase is reached later.

The comparison of Fig. 5e and f shows the importance of
oxygen application. Oxygen introduced with air into the GF
during the pyrolysis phase at 500 °C (i.e. step 5 – Table 1) was
probably chemisorbed in the graphite and released into the gas
phase when the temperature of the molecule formation step
was sufficiently high. Then, the VOmolecule signal signicantly
increased (much higher in Fig. 5e compared to Fig. 5f). It is
likely that the released oxygen reacted with atomised vanadium
to form the VO molecule. Another option could be just
improvements in the release of VO molecules from the solid
phase by the chemisorbed oxygen.

Fig. 5c shows a signicant increase in the second peak of the
VO molecule. The most crucial difference between the experi-
ments illustrated in Fig. 5b and c is the application (Fig. 5b) or
the lack (Fig. 5c) of argon purging in step 6 (Table 1) aer air
application in the thermal decomposition step 5. Thus, in such
a case (Fig. 5c), a lot of oxygen is present in the gaseous phase at
the beginning of the molecule formation step (i.e. step 8). The V
atoms, released from the initially taken V2O5 powder, can react
with oxygen to form the VO molecule. In this way, a maximum
signal of the VO molecule could have been obtained (Fig. 5c).
Fig. 6 Time-resolved absorbance in the analysis of V2O5 powder (solid
powder. Temperature of the measurement phase was 2500 °C and hea
applied, while in the case (b), it was applied with the subsequent argon
wavelength, is given in italic in the upper right part of subfigures. In the

480 | J. Anal. At. Spectrom., 2023, 38, 472–483
It is also possible that, as supposed by Styris and Kaye,34 the
VO molecule could have been formed in the reaction of VO2

with the appearing V atoms. Styris and Kaye investigated V2O5

decomposition from vitreous carbon using a unique system
comprising mass spectrometry detection of the gas coming
from the GF.34 The double peaks, they observed, were attributed
to VO and VO2 ions, and the VO signal was amplied at the
expense of the VO2 signal.34

The next attempt made in the present work to increase the
VO molecule signal concerns the application of a palladium
modier. Although Pd is one of the most widely used chemical
modiers, its action has not been fully explained. Traditionally,
it has been applied in GF AAS to stabilize volatile analytes
thermally. Palladium was also used68,69 in the determination of
refractory analytes represented by vanadium (e.g. it was believed
to decrease atomisation temperature68). In the present study, it
was expected that Pd would favourably change processes in the
solid phase to increase the VOmolecule signal. Palladium (10 ml
of 1000 mg L−1 of Pd solution) was injected over a sample. The
joint application of Pd and oxygen (i.e. air in step 5 – Table 1)
resulted in some increase in the overall signal (comparison of
Fig. 5b and 6b). Admittedly, the VO peaks were reduced, but the
tailing part of the VO signal, which can be linked with the
stepwise release of the VO molecule from the solid phase, was
signicantly increased. It seems that Pd, applied with oxygen,
promotes the generation of VOmolecules directly from the solid
phase. If, on the other hand, only Pd was applied without
oxygen, the signal was lower than in the case of applying oxygen
but without Pd (Fig. 5b and 6a). The joint action of Pd and
oxygen is benecial from the point of view of the overall signal.
However, the signal is still lower than in the case of Fig. 5c of
increased oxygen amount due to the lack of the argon purging
step. Unfortunately, the increased tailing part of the VO mole-
cule signal (Fig. 6b) would enforce stringent conditions of the
cleaning step.

Some tailing of the VO signal can be observed in all cases of V
compound analysis and when an empty wear platform is
examined (Fig. 5d).

The idea of the VO molecule formation via a reaction
involving atomic V seems to be conrmed by Fig. 6c, showing
the atomic absorption signal of V recorded for an empty plat-
form (previously used in HR-CS GFMAS experiments). The
sampling HR-CS GFMAS). The Pd modifier was injected over the V2O5

ting rate to this temperature was 1500 °C. In the case (a), air was not
purging phase. The measured absorbance, integrated over time and
(c) case atomic absorption of V was measured.

This journal is © The Royal Society of Chemistry 2023
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atomic absorption by vapours of V begins at a similar time and
temperature to the formation of the VO molecule. The tempo-
rary character of the VO peaks can result from the consumption
of oxygen (i.e. lack of supply of oxygen).

As shown, the behaviour of V in the GF is complicated, can
involve various V forms and can run along different routes. Even
in the case of one, the VO molecule, three components of the
signal in the time-resolved spectra are distinguished (i.e. two
peaks and a tailing part). The VO molecule could be formed at
least according to three routes: in a reaction of atomized
vanadium with oxygen in the gas phase (i), in a reaction of
atomized vanadium with a VO2 molecule in the gas phase (ii)
and in a process of release from the solid phase. The gas phase
reaction (i) is most probable in the case of the second peak,
while the delayed appearance of the VO molecule as a tailing
signal could be linked with the stepwise release of the VO
molecules from the solid phase. In any case, strong bonding
of V in the solid phase occurs. The palladiummodier increases
the tailing signal and seems to favour the release of the VO
molecule from the solid phase.

Unfortunately, the studies performed did not lead to a new
analytical method. Even if there is a chance to measure the VO
molecule absorption in the GF, the analysis is non-sensitive.
The best characteristic mass of V was higher than 100 ng
(conditions of Fig. 5c, and 28 pixels taken for VO molecule
signal evaluation) and needed using high temperature, as in the
case of AAS.

A detailed explanation of the behaviour of vanadium in the
graphite furnace would require systematic and extensive
research that is beyond the scope of this work. However, it is
evaluated that the HR-CS GFMAS technique has the potential
for investigating the mechanism of processes in the GF, which
has not been explored until now. This approach has the great
advantage that the same system can be used in different
experiments, e.g. MAS and AAS, or MAS and electrothermal
evaporation (ETV). In the opposite case, when a sample is
transferred from one system to another, with an inevitable
temperature change, doubts may arise. For example, it was
questioned if oxides, not carbides of analytes, exist in the GF.63

It was suspected that the oxides observed on the graphite
surface outside the GF AAS apparatus could be formed aer GF
experiments.

4. Conclusions

For the rst time, the absorption of radiation by the VO mole-
cule was studied in ame and graphite furnace HR-CS molec-
ular absorption spectrometry. The following conclusions can be
drawn from the studies:

- HR-CS FMAS can be applied for vanadium determination.
- The great advantage of the method is the use of common,

cheap and easy-to-use air-C2H2 ame instead of N2O-C2H2

ame, which is essential for V determination using the FAAS
method.

- HR-CS FMAS is relatively insensitive, which can be an
advantage when analysing samples with high vanadium
concentration (such as catalysts of heavy petroleum oil
This journal is © The Royal Society of Chemistry 2023
hydroprocessing); therefore, an additional dilution of the ana-
lysed solutions is not necessary.

- The HR-CA FMAS method of V determination in catalysts is
simple, fast and cheap in comparison with other analytical
techniques, for example, ICP-OES (inductively coupled plasma
optical emission spectrometry) or ICP-MS (inductively coupled
plasma).

- The hope for a new method for V determination using a GF
with expected milder measurement conditions than AAS was
not fullled.

- The spectral range near 550 nm is extremely stable (it can be
used in various future research); therefore, signals of low
absorbance can be analytically useful.

- The sensitivity and detectability of the HR-CS MAS tech-
nique can be improved by summing the signals from pixels of
many more lines if a wider wavelength range can be detected
simultaneously (equipment modication).
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