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and ZrO2 nanoparticles
deposition on a stainless steel furnace used for
trace element determination by TS-FF-AAS†

G. Carrone, *a D. Onna, *b E. Morzan,c R. Candal,a Y. S. Minaberry, d

J. Schneider d and M. Tudinod

In this study, we presented the influence of nanoparticle coatings over the inner furnace wall used in TS-FF-

AAS for the determination of trace elements (Ag, Cd, Pb, and Se) in different complex matrix. The use of

ceramic nanomaterials (ZrO2 and TiO2) as a coating, produced by the dipcoating technique, enabled

enhanced analytical performance (analytical response, sensitivity, LOD, LOQ, and signal stability). This

furnace modification was used for determining the analytes in different samples.
Introduction

Atomic Absorption Spectrometry (AAS) is a widely used tech-
nique for the determination of trace elements in different kinds
of samples. Flame Atomic Absorption Spectrometry (FAAS) was
introduced by Walsh in 1955;1 since then, several modications
of this technique have been made in order to increase its
analytical performance. A signicant improvement done by
Gáspár and Berndt2 involved placing an atomization tube onto
the combustion ame, complete sample introduction and
conning it in a reduced volume. This improvement extended
the residence time of the atomic vapor within the light source
pathway. This method, called Thermospray Flame Furnace
Atomic Absorption Spectrometry (TS-FF-AAS),3 exhibited
a signicant sensitivity. Since then, several works have been
published using TS-FF-AAS for the determination of several
trace elements, particularly the more volatile ones.4

A standard setup for this technique involved injecting
a liquid sample into a Ni furnace through a ceramic capillary
heated by an air/acetylene ame. The original setup had been
changed in order to improve the analytical performance, which
was done by changing either the heating source5,6 or the furnace
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material. The majority of the literature used nickel-based alloys
with regard to furnace material. However, Ti or quartz had been
employed as furnaces, which showed an improvement in the
analytical performance.7 Nevertheless, these materials were
more expensive than the traditional nickel furnaces. In search
for more economic alternatives, stainless steel was employed in
EMFAAS (Electrothermal Metallic Furnace Atomic Absorption
Spectrometry).6,8 Even though stainless steel is one of the less
expensive alloys that are resistant to high temperatures, it is not
the best choice for TS-FF-AAS mainly due to its low thermal
stability that leads to an impoverishment of the analytical
gures of merit.

Coatings of ceramic materials over stainless steel9 could be
a convenient way to obtain an improvement in the sample
atomization process.10 In addition, some studies have also
showed an enhancement in the analytical performance due to
the interaction between some particular analytes and the
ceramic material, e.g. TiO2.11 From this perspective, we
employed stainless steel coated with TiO2 or ZrO2 nanoparticles
(NPs) as a ame furnace.

In this study, we presented the determination of trace
elements (Ag, Cd, Pb, and Se) using the TS-FF-AAS method. In
particular, the coated tubes exhibited an improvement in the
analytical performance, compared with a bare stainless steel
tube. The analytical signal stability and reproducibility from the
coated tubes are quite remarkable. These furnaces were used to
determine trace elements such as Ag, Cd, Pb, and Se in different
samples.
Experimental

All solutions were prepared with analytical grade chemical
reagents and double-deionized water (DDW) was obtained from
a Milli-Q purication system (Millipore, Bedford, MA, USA). All
glasswares were washed with EXTRAN (Merck) 1% v/v and kept
Anal. Methods, 2019, 11, 1551–1557 | 1551
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in 10% v/v HCl with further cleaning using DDW. Standard
solutions of the studied analytes were prepared by the appro-
priate dilution of 1.000 g L�1 stock solution (Merck Darmstadt,
Germany). Commercially available reagents (Sigma Aldrich)
were used as received for the nanoparticle synthesis.

Instrument

An atomic absorption spectrometer Shimadzu AA6800 (Shi-
madzu, Kyoto, Japan), hollow cathode lamps (Hamamatsu,
Japan) and a deuterium lamp for background correction were
employed throughout the measurements. Other instrumental
conditions were those provided by the manufacturer. The TS-
FF-AAS system was assembled with a peristaltic pump with
eight channels and six rollers (IPC, Ismatec, Glattbrugg-Zurich,
Switzerland), and a six-port rotary valve VICI (Valco Instru-
ments, Houston, TX, USA). About 500 mL of the sample solution
was introduced into a carrier stream (DIW) and then injected
into the furnace through a ceramic capillary (0.5 mm i.d., 6 cm
length). The furnace (316 L stainless steel tube, 10 cm length,
1 cm i.d., with six holes) was mounted on an air/acetylene ame
with the assistance of a homemade holder. The furnace was
placed in the optical path of the spectrometer and employed as
an absorption cell throughout the experiments.

Stainless steel ame furnace atomizer preparation

The stainless steel tubes were thoroughly washed in acetone to
remove grease and other debris. Then, they were treated with
a 10% w/w phosphoric acid solution in an ultrasonic bath
(Testlab TB-024 TD CD), rinsed with water and annealed in air at
500 �C for 1 h.

Nanoparticle synthesis and deposition

The syntheses of the sols were based on previously reported
procedures.9 For titania coatings, titanium isopropoxide
(Ti(OC3H7)4) was used as a precursor, isopropanol (C3H7OH)
was used as a solvent and glacial acetic acid (CH3COOH) was
used as a catalyst. The titania sol was prepared by dissolving
Ti(OC3H7)4 in isopropanol and then, acetic acid was added. The
volume ratios of C3H7OH/Ti(OC3H7)4 and CH3COOH/
Ti(OC3H7)4 were 7 and 2, respectively. For zirconia coatings,
zirconium isopropoxide (Zr(OC3H7)4) was used as a source of
zirconia. The sol was prepared by dissolving the alkoxide in
isopropanol (C3H7OH). Consequently, acetic acid (CH3OOH)
and water were added. The volume ratios of H2O/Zr(OC3H7)4,
H2O/C3H7OH, and H2O/CH3COOH were 4, 1.33, and 2, respec-
tively. The mixtures were immersed in an ultrasonic bath
(Testlab TB-024 TD CD). Aer 30 min, the resulting sol was
homogenized and maintained at �4 �C.

A coated sample was prepared by a dip coating technique.
First, the sample was annealed at 500 �C in air for 1 hour in
order to improve its affinity for the oxide sols and reduce its
contact angle. Then, the substrate was withdrawn from the sol
at a constant rate of 10 cm min�1. The resulting sample was
dried at 120 �C for 15 minutes and then 5 more coatings were
applied. The 6 times coated sample was thermally treated at
800 �C for 1 hour with a 5 �C min�1 ramp.
1552 | Anal. Methods, 2019, 11, 1551–1557
Coating characterization

The morphology of the coatings was studied using a scanning
electron microscopic (SEM) technique utilizing an SUPRATM 40
eld emission SEM (Carl Zeiss SMT AG) working at an electron
beam energy of 3 keV. The chemical composition was deter-
mined by a semi-quantitative energy dispersive X-ray spectro-
scopic (EDS) technique utilizing an Oxford Instruments INCA
system. The coatings were deposited over the stainless steel
316 L plate straps for SEM and EDS characterizations.
Temperature measurement

Temperature measurements of the furnace were done by an
imaging method using a RGB digital camera (Samsung NX-
1100). The green channel (G) was used for processing images;
therefore, the emitted light intensity ts in the dynamic range of
the camera detector. Images were processed with a public so-
ware ImageJ®12 using the method described in the literature.6
Results and discussion
Deposition of NPs on furnace surface

The application of ceramic coatings on the surface of the
stainless steel furnace is a common method to extend the
resistance of steel towards corrosion. The coating serves as
a way to passivate the surface.9 In general, these thin lms
needed good adherence and compatible mechanical properties
to the substrate. Thin lms made using NP sols full these
requirements, and so they are a common strategy to modify the
steel surfaces.9 A challenge of these systems was achieving
a homogeneous coating on non-at surfaces. A practical appli-
cation method for substrates that do not possess a planar
geometry was dip coating.

In this study, TiO2 and ZrO2 NPs were used to coat the
stainless steel 316 L tube. As a result of the annealing treatment
being done prior to the dip coating process, the steel surface
changed to a black color, which evidenced the formation of iron
oxide. Fig. 1 shows the SEM images of the surface of stainless
steel aer thermal treatment and aer applying different coat-
ings. As shown in Fig. 1A, the surface exhibited iron oxide
crystals with smooth surfaces and sizes larger than 200 nm. In
addition, images of those coated with TiO2 and ZrO2 are shown
in Fig. 1B and C, respectively. The presence of titania and
zirconia in these coatings was conrmed by an energy disper-
sive X-ray spectroscopy (EDS), as shown in ESI.† Compared with
the bare surface, both the coatings presented NPs with an
average size of 20 nm. The coatings were homogeneous and
covered the entire steel surface, which showed a good adher-
ence of the nanoparticles over the iron oxide during the sample
manipulation.

Aer the exposure to the air/acetylene ame, the bare surface
showed an increment in the size of iron oxide crystals (Fig. 1D).
Similarly, the nanoparticles on the coated steel underwent
a sinterization process due to the high temperatures. Sintering
occurred when packed nanoparticles were heated to a temper-
ature where their atoms diffuse and bonds between nano-
particles were formed.13 This process led to an increase in the
This journal is © The Royal Society of Chemistry 2019



Fig. 1 SEM images of (A) uncoated 316 L steel oxidized at 500 �C for 1 h before acetylene flame (BAF), (B) TiO2 coated 316 L steel annealed at
500 �C for 1 h, coated 6 times and annealed at 800 �C for 1 h BAF, (C) ZrO2 coated 316 L steel oxidized at 500 �C for 1 h, coated 6 times and
annealed at 800 �C for 1 h BAF, (D) sample A after acetylene flame (AAF), (E) sample B AAF, and (F) sample C AAF.
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nanoparticle sizes. Indeed, it is observed in Fig. 1E and F in
comparison to the samples without exposure to the air/
acetylene ame. The results aer the air/acetylene ame expo-
sure indicated that within the ame, the nanoparticles were
stable and the coating was robust enough to modify the iron
oxide surface at high was a desirable property for enhancing the
analytical performance of the TS-FF-AAS method, essentially the
lifetime of the modied furnace.
Analytical sensitivity of different furnaces

The analytical responses for solutions containing Cd, Pb, Ag,
and Se obtained with the different furnace coatings are shown
in Fig. 2. In general, the analytical signal and the sensitivity
improved when the stainless steel furnaces were coated with
NPs in comparison to the bare furnaces. In addition, the LOD (3
s) and experimental LOQ decreased, while a shorter linear range
(LR) was observed. Table 1 summarizes the gures of merit
from the analytes' determination comparing the stainless steel
furnace coated with TiO2 (TiO2@steel), ZrO2 (ZrO2@steel), or
uncoated.

The increment in the sensitivity of TiO2@steel furnaces with
respect to the bare ones was 13%, 64%, 15%, and 91% for Ag,
Cd, Pb, and Se, respectively. In the case of ZrO2@steel furnaces,
the increment in sensitivity was 102%, 113%, and 19% for Ag,
Cd, and Se, respectively. However, in the case of Pb no increase
was observed. The increase in the analytical signal may be
explained by two hypotheses; however, a deeper study must be
conducted in order to determine the origin of the phenomenon.
First, an increase in the thermal homogeneity inside the tubes,
which was provided by the use of ceramic materials, and
second, for some cases, the contribution of coating–analyte
interaction that favored atomization; therefore, enhancing the
signal (vide infra).

The calculated limits of detection (LOD, 3 s) showed changes
due to the presence of coating (Table 1). For Cd and Pb, the LOD
decreased by one order of magnitude as a consequence of the
This journal is © The Royal Society of Chemistry 2019
coating. While for Ag and Se, the LOD had almost the same
value regardless of the coating. In addition, for all the cases, the
experimental limit of quantication (LOQ) of the coated
furnaces improved for all the analytes, as the linear range began
at the lower concentration values. This improvement implied
that modication of the inner furnace wall allowed the quan-
tication of lower concentrations. In addition, coated furnaces
showed a similar analytical performance as the conventional Ni
furnace. Results are summarized in a table shown in ESI.†

The relative standard deviations (RSD%, n ¼ 3) for the ana-
lytes under study using the different furnaces are shown in
Table 2. Results showed that the RSD% for the coated furnaces
were smaller than the RSD% for the bare steel furnace. In
addition, the TiO2 coated stainless steel tube displayed the
highest reproducibility.
Effect of the ow rate on the furnace temperature and the
analytical responses of Ag, Cd, Pb and Se employing different
surfaces

The analytical response at 100 mg Cd per L level for ow rates
ranging between 0.6 and 2.1 mLmin�1 is shown in Fig. 3. As the
sample entered into the furnace, a decrease in the temperature
was expected. Thus, the increase in the ow rate would yield
a more signicant temperature decrement and a lowered
analytical response. The same behaviour was observed for the
bare steel furnace, as observed in similar systems used else-
where.6,8,14 In the case of coated furnaces, the analytical
response remained almost constant while the injection ow
rate was increased. The same procedure was done for Ag, Pb and
Se at 500, 300 and 1000 mg L�1 levels, respectively, and the
results are shown in ESI.† For these cases, coated furnaces
generally present a higher signal reproducibility while the ow
rate was increased. But the signal decreased onwards a ow rate
value for all furnaces (coated and uncoated). This decrement in
general followed the order: ZrO2@steel < TiO2@steel < bare
steel. A possible explanation for this behaviour could be
Anal. Methods, 2019, 11, 1551–1557 | 1553



Fig. 2 Analytical responses of solutions containing Cd, Pb, Ag and Se, which were obtained using furnace of bare steel (black), ZrO2@steel (red)
and TiO2@steel (green). Flow rate is 0.8 mL min�1.
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attributed to a higher temperature or thermal homogeneity
inside the furnace. Thus, analysing the furnace temperature
was needed to rationalize the coating effect.

In order to determine the temperatures (and their spatial
distributions) for the different furnaces, the temperature of the
internal surface when varying the injection ow rate was
approximated by the external temperature. This can be
measured by using an already developed imaging method.5

Results of this method are shown in ESI.† Two behaviours were
observed: (i) the bare steel furnace exhibited a higher temper-
ature than the coated one and (ii) the thermal homogeneity in
the volatilization area was greater for coated furnaces than for
bare steel furnaces. From these results, it was possible to infer
that the thermal homogeneity was related to a better vapor-
ization (see ESI†) and this yielded a better atomization process,
which increased the analytical signal. In addition, the TiO2@-
steel furnace showed a higher analytical response for some
analytes (Pb and Se) (Fig. 2). These behaviours suggested that
the NP coating due to its chemical composition might act as
a catalyst, enhancing the analytical signal. The interaction
between the analyte and the coating lowered the atomization
temperature, which increased the analytical signal as described
for copper determination.11

In order to quantify this process, another study should be
conducted separately for each case and with an AAS method
1554 | Anal. Methods, 2019, 11, 1551–1557
that allowed a better thermal control and homogeneity, for
example EMFAAS.5

The particular case of Cu was studied using the TiO2@steel
furnace and bare steel furnace; results showed an improvement
in the analytical response and sensitivity when using TiO2@-
steel furnace compared to bare steel furnace (see ESI†). This
conrmed the hypothesis that there was a catalytic interaction
between the analyte (Cu) and the furnace material (TiO2) that
favoured the atomization process. Nevertheless, as Cu was one
of the components of stainless steel 316 L, although the
percentage of it was low (about 1%), variations in the furnace
temperature generated changes in the analytical signal,
detecting a lower reproducibility and stability of the signal.
Then for the other analytes present in the steel (Fe, Ni, Cr, Mn,
Cu, etc.), it was advisable to use another material as a support
for the deposition of the nanoparticles.
Analytical response in the presence of interferents

Fig. 4 presents the relative analytical responses obtained for Cd
and Pb in the presence of different anions. For the bare steel
furnaces, the signal of Cd (at 100 mg L�1 level) presented an
enhancement of the analytical signal. In contrast, the coated
furnaces did not exhibit these changes. The behavior of the bare
steel tube can be attributed to a catalytical process during the
This journal is © The Royal Society of Chemistry 2019



Table 2 Relative standard deviation% (RSD%) at 0.8mLmin�1 injection
flow rate (n ¼ 3)

Furnace
Cd at 100 mg
L�1 level

Pb at 300 mg
L�1 level

Se at 1000 mg
L�1 level

Ag at 500 mg
L�1 level

Bare steel 7.18 17.6 35.5 21.2
TiO2@steel 5.52 7.52 6.79 5.88
ZrO2@steel 5.71 14.3 8.95 8.03

Fig. 3 Analytical response of Cd, at 100 mg L�1 level, at different
injection flow rates, using furnace of bare steel (black), ZrO2@steel
(red) and TiO2@steel (green). It is noteworthy that the absorbances
were divided by the absorbances at 0.8 mL min�1

flow rate.
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atomization of the analyte, which was inuenced by the inter-
ferent ion at the moment of interacting with the furnace surface
(iron oxide). In the case of Pb (at 300 mg L�1 level), a lower
analytical signal for the bare steel furnace was observed, which
was not the case for the employment of the coated furnaces.
Furnace lifetime and reusability

The main cause that shortened the lifetime of the coated
furnace was the formation of iron oxide during the cooling: an
iron oxide layer growth and a detachment of the coating
occurred. In the case studied, solutions containing 12.5–300 mg
L�1 of Cd were measured during a period of 200 shots (30 per
hour) using a coated furnace. Throughout these measurements,
the analytical response remained stable.
Fig. 4 Analytical signals obtained for 100 mg Cd per L (left) and 300 mg
Pb per L (right) in water in the presence of different anions (sodium salt)
at 1000 mg L�1.

Anal. Methods, 2019, 11, 1551–1557 | 1555



Fig. 5 Percentage of recovery for the determination of Cd and Pb in river water, Se in dietary supplement and Ag in topical cream using the
different furnaces and the referee methodology.
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This could be produced by the reductive ame of acetylene/
air, which prevented the growth of the iron oxide layer and kept
the NPs attached to the stainless steel surface. However, aer
turning off the ame and cooling the furnace, the difference
between the coefficients of thermal expansion of the stainless
steel and the coating produced a detachment of the NPs. These
led to a loss of the properties of the coated furnace (ESI†), which
started behaving as the bare ones.

In order to evaluate if the samples containing high amounts
of Fe decreased the furnace lifetime or analytical performance
of the technique, determination of Cd at 100 mg L�1 level was
done, before and aer injecting solutions containing 1 g L�1 of
Fe and a saturated solution of FeSO4 during 60 and 30 minutes,
respectively, into the furnace. No changes were observed,
showing that high content of Fe did not affect the analytical
performance of the method and furnace lifetime.

Even though abrupt changes in the temperature during the
cooling decreased the coating lifetime, the coating reusability
could be carried out simply and economically. The coating
reusability involved cleaning the furnace with 10% w/w H3PO4

in an ultrasonic bath, heating 1 h at 500 �C and then applying
the 6 layers of coating. The resulting coated furnace presented
a highly reproducible and constant analytical signal aer
several times of reusing the same furnace (ESI†).
Determination of Cd and Pb in river sample

Different furnaces were employed for Cd and Pb determination
in a river sample (collected from Reconquista River, Buenos
Aires province, Argentina). Samples were analysed by the
standard-addition method. Results were compared to the ones
obtained using GF-AAS as referee methodology for Cd and Pb
determination (64.7 � 4.8 mg L�1 and 41.5 � 4.1 mg L�1,
respectively, for Cd and Pb).

Fig. 5, le, shows the recovery percentage obtained for the
determination of Cd and Pb in river sample using the different
furnaces. In this case, the coated furnaces showed an almost
100% recovery. Although for bare steel furnace a positively
biased error was observed for Cd determination, Pb showed
a negative one. In addition, the standard deviation was
considerably higher for bare steel furnace. These results
conrmed that the coated furnaces improved the determination
of trace elements compared to the bare steel ones.
1556 | Anal. Methods, 2019, 11, 1551–1557
Also, samples containing Ag (topical antibiotic cream, 1%
silver sulfadiazine) and Se (dietary supplement, 200 mg per tablet),
were digested in a solution prepared with 20 mL of HNO3 (65%)
and 10 mL of H2O2 (8% v/v) for 1 h at the boiling point and
analysed. Results were compared using FAAS as a referee meth-
odology (Fig. 5, right). For the case of Ag (FAAS determination,
1.008 g per 100 g of topical cream), coated furnaces showed
a higher reproducibility than the bare steel furnace. Nevertheless,
all the furnaces presented a percentage of recovery nearly 100%.
In the case of Se (FAAS determination, 327.9 mg per tablet), the
coated furnaces showed a better percentage of recovery.
Conclusions

We have designed different coatings (NPs TiO2 and ZrO2) for the
inner wall of the furnace used in the TS-FF-AAS method,
obtaining an improvement in the analytical performance of the
AAS technique for the determination of several analytes (Ag, Cd,
Pb and Se). Higher responses were obtained, sensitivities were
increased up to 100% and a decrease in LOQ and LOD was
observed for all the cases (highlighting the case of Cd > 1000%).

Temperature measurements have been recorded using an
imaging method in order to analyse the homogeneity of this
variable and its inuence on the atomization process. An
increment in the thermic homogeneity and stability was
observed for the coated furnaces in comparison with the bare
steel ones. Although the response of the analytes towards the
different coated furnaces did not show a denite correlation
with the increase in the analytical signal, two hypotheses can be
taken into account: (i) the improvement in the atomization of
the sample due to a greater thermal stability and homogeneity
obtained by ceramic materials coatings and (ii) the interaction
of the analyte with the metal surface that could catalyse the
atomization process.

The method was successfully applied for the determination
of the studied analytes in different matrix, and the analytical
results were compared with a referee methodology.
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