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This study demonstrates the influence of the solvent when thermospray flame furnace atomic absorption
spectrometry (TS-FF-AAS) is employed for the determination of elements of low volatility, taking magne-
sium (Mg) as leading case. Several organic solvents/water solutions of different characteristics (density,
surface tension, viscosity, etc.) and proportions were employed for the TS-FF-AAS analytical determina-
tion. To this end, solutions containing methanol, ethanol and isopropanol in water were assayed.
Measurements were performed at different acetylene/air ratios of the combustion flame and then, the
corresponding response surfaces were obtained. Methanol/water 75% v/v as carrier and a fuel rich flame
were found as the most sensitive alternative.

In the light of these findings and in order to explain the changes on the analytical signal, the influence
of the solvent characteristics, the sample droplet size and the redox environment was studied. An estima-
tion of the temperature of different zones of the heated flame furnace based on a modified signal ratio
pyrometry method was analyzed for comparative purposes. A full discussion is provided throughout
the paper.

Once obtained the best conditions for analysis, Mg was determined in samples of effervescent vitamin
tablets comparing two different solvents. The tablets were dissolved in methanol/water 75% v/v and etha-
nol/water 75% v/v and then, directly introduced in the TS device. The methanol/water 75% v/v dissolution
yielded a slightly higher sensitivity when compared to ethanol/water and thus, the latter was selected
due to its lower toxicity. The obtained figures of merit are: LOD (3rb): 0.021 mg L�1; LOQ (10rb):
0.068 mg L�1, sensitivity: 0.086 L mg�1; RSD%: 3.55, dynamic linear range 0.068–5 mg L�1. Comparison
of the results was performed by flame atomic absorption spectrometry (FAAS), showing a good
agreement (95% confidence level, n = 5). Whilst the FAAS approach needed sample mineralization as
no complete solubility was attained with both alcohol/water solvents, TS allowed direct introduction
of the sample with an excellent recovery of the analyte after spiking. The whole TS procedure was more
economic (lower amount of reagents and wastings, lower time of operation) and faster (60 h�1 sampling
throughput) than FAAS.

Nonetheless, the main objective of this work is to show that an analytical signal different from zero can
be obtained for Mg via TS by simply choosing the adequate operational variables that allow an optimiza-
tion of the mass transfer of the analyte into the atomizer and a favorable dynamics of desolvation/
atomization.

This approach could broad TS analytical capabilities to other elements of lower volatility as it is shown
here for the case of Mg.

� 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Thermospray flame furnace atomic absorption spectrometry
(TS-FF-AAS) is a method of analysis proposed by Gaspar and
Berndt [1] where a liquid sample is transported through a ceramic
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capillary towards a perforated metallic tube (mostly nickel)
located over a combustion flame in the optical path of an atomic
absorption spectrometer. This arrangement allows the complete
sample introduction and an increased residence time of the analyte
in the furnace, improving sensitivities for the volatile elements (Cd,
Zn and Pb) [2–10]. Nonetheless, a drawback of this technique is
that a fraction of the flame energy is wasted on solvent vaporiza-
tion producing a cooler environment in the atomization cell. This
is why most of the literature in thermospray (TS) reports the ana-
lytical determination of elements of low atomization temperatures
or derivatization strategies for the less volatile ones [11–16].

Since the early works of Berndt et al. up to date, no Mg
determination by TS-FF-AAS was reported due to the lack of
sensitivity [13,15]. This is probably because the environment
inside the perforated atomization cell and its lower temperature
-when compared to the premixed air/acetylene flame-, produce a
decrease in the atomic population.

This work seeks for the first time alternatives to control the
cooling of the atomization cell, providing at the same time a suit-
able redox environment able to minimize the amount of oxygen
and thus, the amount of oxygenated compounds that magnesium
is prone to produce. In this way, the addition of organic compounds
seemed to be capable of consuming oxygen by combustion. At the
same time, the reduction of the droplet size should enable a more
favorable desolvation/atomization dynamics.

Even though this is not the first time that organic compounds
are employed as carriers in TS, the literature [16–18], mostly refer
to applications of sample introduction into mass spectrometers
where the reduction of the droplet size becomes an important
advantage. Few approaches for elemental determination were
reported up to date [19].

In this work, several mixtures of the solvents methanol, ethanol
and isopropanol in water at different air/acetylene ratios were
assayed. Their combined effect on Mg signal was evaluated by
obtaining the surface responses. Calculations of the droplet sizes
of the solvents mixtures and temperature estimations of the differ-
ent zones of the perforated flame furnace were also performed as
tools to explain their joint effect on the desolvation/atomization
dynamics. Estimations of temperature were based on the two color
thermometry method [20–23] which was modified by the authors
for this particular purpose. The findings were employed to
hypothesize about the sample behavior inside the furnace as it is
explained throughout the manuscript.

Once obtained the operational variables giving the best perfor-
mance, Mg was determined in Berocca(R) effervescent vitamin
tablets. The samples were simply dissolved in either ethanol/water
or methanol/water mixtures and then, directly introduced into the
TS device. Validation was performed via FAAS after microwave
digestion since it was not possible to prevent the nebulizer
clogging by direct dissolution in alcohol/water. Results were in
good agreement. Costs and economy of the analytical determina-
tion reveal that TS could be an excellent alternative not only for
Mg but to other elements of lower volatility.
Fig. 1. TS-FFAAS experimental setup. Different proportions solvent/water were
employed as carriers at a constant flow rate of 0.9 mL min�1.
2. Experimental

2.1. Reagents and materials

All solutions were prepared with analytical grade chemical
reagents and double deionised water (DIW) obtained from a Milli-Q
purification system (Millipore, Bedford, MA, USA). All glassware
was washed with EXTRAN (Merck, Darmstadt Germany) 1% v/v
and kept in 10% (v/v) HCl (Merck) with further cleaning with DIW.

Mg standard solutions were prepared daily by appropriate
dilutions of 1000 mg L�1 stock standard solution (Merck).
Organic solvents methanol, ethanol and isopropanol were
Merck p.a.

Concentrated nitric acid was Merck p.a.

2.2. Instrumental

A flame atomic absorption spectrometer Shimadzu AAS 6800
(Kyoto, Japan) equipped with a hollow cathode lamp of Mg as
radiation source and a deuterium lamp for background correction
was used. Instrumental conditions were those provided by the
manufacturer. An air/acetylene flame was used under different oxi-
dant/fuel ratios: acetylene was varied between 1 and 3.5 L min�1

whilst air flow rate was kept constant at 24 L min�1 since no
changes in air flow rate are allowed by the Shimadzu spectrometer.
The optimal values of acetylene flow rate were 2.5 L min�1 and
3.0 L min�1 for ethanol and methanol, respectively. These values
were employed throughout the experiments.

Transient signals were recorded in the peak height mode.
Sharpness and tallness of the obtained signals made unnecessary
the use of peak area mode.

A closed-vessel microwave oven (MDS-2000, CEM Corporation,
USA), equipped with temperature and pressure probes, was used in
the samples digestion procedure. The mineralization program was
that provided by the manufacturer.

The TS-FF-AAS system was assembled with a peristaltic pump
of eight channels and six rollers (IPC, Ismatec, Glattbrugg-Zürich,
Switzerland), a six-ports rotatory valve VICI (Valco Instruments,
Houston, TX, USA), 0.5 mm i.d. PTFE

�
tubings, a ceramic capillary

(0.5 mm i.d., 6 cm length) and a perforated (six holes) nickel flame
furnace atomizer placed on an air/acetylene flame with the assis-
tance of a homemade steel holder (see Fig. 1).

The nickel tube (Inconel 600
�

alloy, Camacam, São Paulo, Brazil)
composition was >72% (m/m) Ni, 14–17% (m/m) Cr and 6–10% Fe
as major constituents. The dimensions were 9.7 mm i.d. and
100 mm length.

Temperature estimations were carried out with a Nikon D3100
digital camera. Digital photographs of the heated tube were
obtained between 600 and 1000 �C at intervals of 50 �C. A muffle
(Heraeus) was employed for changing the temperature of the tube
for calibration purposes. ‘‘Color’’ measurements were performed at
fixed sensitivity and exposure values, Shutter speed of 1/10 s and
an aperture of 6.3 were considered optimal for the temperature
range employed for calibration.

Image processing was performed with MATLAB 8.0

2.3. Procedure

2.3.1. Analytical methodology
Whole tablets of Berocca� (about 5 g weight) were microwave

digested in nitric acid following the program provided by the
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manufacturer (40 min length). The digested solution was made up
to 100 mL with DIW and then, 30 lL were dissolved in 100 mL of
DIW and analyzed by FAAS.

In the case of TS-FF-AAS determination with methanol, the
whole tablet was dissolved in methanol/water 75% v/v and made
up to 100 mL with the same solution, then 400 lL were dissolved
in 100 mL of the same solvents mixture. The dissolved tablet was
injected into the TS at a flow rate of 0.9 ml min�1 of the matching
carrier. Acetylene flow rate was fixed at 3.0 L min�1.As alternative,
a TS-FFAAS determination of Mg in a dissolution of 75% v/v etha-
nol/water was assayed. Then, the procedure was followed as in
the case of methanol except that acetylene flow rate was fixed at
2.5 L min�1.

Spiking tests were performed by adding 200 lL of Mg standard
solution 1000 mg L�1 to 400 lL of ethanol/water dissolution and
then, made up to 100 mL with the same mixture.
2.3.2. Temperature distribution estimation
As described in the literature [19–23] and assuming that the

metallic furnace behaves as a gray body, the temperature of the
Table 1
Original pixels values of the heated furnace. Estimation of temperature through Green/Re

Temperature (�C) R G B Observed color T estimation (�C) channe

600 23 2 6 606.33

650 89 11 20 648.84

700 141 27 35 710.90

750 176 43 42 750.87

800 183 49 35 767.08

850 210 72 40 814.55

900 230 120 60 910.21

950 255 165 70 968.53

1000 255 205 80 1035.43

Fig. 2. Outline of the methodology used to estimate the temperature dist
furnace is related to its light emission at two different wavelengths
according to Eq. (1).

1
T
¼ A�ln

k1
k2

� �
þ B ð1Þ

where k1 and k2 are the signals obtained for two different channels
(green and red or blue and green). A and B are constants that
depend on the selected wavelength, the sensitivity of the camera
at the different wavelengths and the emissivity of the material.
Since the channels of the digital camera are not monochromatic
as the optical filters can isolate a broad band of wavelengths, we
needed to calibrate temperature. For doing this, the metallic furnace
was placed inside a muffle and heated as described under
Section 2.2. Then, photographs at the different temperatures were
taken and the channels red, green and blue of the digital
photograph were used as input data to solve Eq. (1).

Table 1 shows the correlation between the observed color in the
original photograph and the estimated temperature values when
the green/red and the blue/green channels are employed to solve
Eq. (1). Mean temperature and error (in percentage) are also
shown.
d and Blue/Green channels).

ls: G/R T estimation (�C) channels: B/G Mean temperature (�C) % Error

590.46 598.40 0.27

653.04 650.94 �0.14

703.41 707.15 �1.02

751.92 751.39 �0.19

813.99 790.54 1.18

871.79 843.17 0.80

898.54 904.37 �0.49

943.68 956.11 �0.64

968.42 1001.93 �0.19

ribution. Calibration curve employed for temperature measurements.



Fig. 3. Droplet size as a function of the organic solvent/water proportions used as
carriers.
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Fig. 2 shows the linear relationship obtained by applying Eq. (1)
for both, the green/red channel (G/R) and the blue/green channel
(B/G), respectively.

3. Results and discussion

3.1. Influence of water soluble organic solvents on analytical signal

3.1.1. Organic solvents proportions and flame stoichiometry
To test the influence on the analytical signal of some water

soluble organic solvents, mixtures of methanol, ethanol and
i-propanol in DIW were prepared and evaluated as carriers.
Mixtures ranged between 0 and 100% alcohol/water. 5 mg Mg L�1

solutions were prepared in each solvent mixture, and 500 lL of
each solution were injected in a matching carrier at a fixed flow
rate of 0.9 mL min�1. Flame composition was varied between 1.0
and 3.5 L min�1 acetylene flow rate whilst air flow rate was kept
constant. The signal of Mg in DIW was indistinguishable from the
baseline noise. On the contrary, the addition of any of the solvents
assayed increased the analytical signal.

A simple explanation could be that the mixture of the organic
solvents with water in the samples and the matching carriers,
reduces the amount of oxygen present in the atomization cell,
generating a more suitable redox environment and probably pre-
venting the formation of stable Mg oxygenated compounds. So,
the addition of different proportions of organic compounds seemed
to be capable of consuming oxygen by combustion. Further expla-
nations will be provided below.

3.1.2. Droplet size
Another aspect to consider is the changes on the droplet size

promoted by the presence of the different organic solvents. It has
been demonstrated [24–26] that the average droplet size could
be satisfactory predicted by Elkotb equation:

SMD ¼ 3:08 � m0:385
L � r0:737

L � q0:737
L � q0:06

G � Dp�0:54
L ð2Þ

where mL is the liquid kinematic viscosity in Pa s�1, rL is the liquid
surface tension in mN m�1, qL and qG are liquid and gaseous phase
densities in kg m�3, DpL is the pressure variation through the nozzle
in Pa and SMD is the Sauter mean diameter in meters.

It is well known that water solutions of organic solvents have
lower densities and surface tensions, therefore, the droplet size
decreases as the organic proportion of the mixtures increases.

Fig. 3 shows the Sauter Mean Diameter for the different propor-
tions of alcohol/water solutions as calculated through Eq. (2)
[27–29]. It is observed that the average droplet size lowers as the
alcohol proportion in water increases, which could render a faster
desolvation/atomization kinetics and thus, an enhanced analytical
signal.

3.1.3. Combined effect organic solvents/flame stoichiometry
Since the presence of solvents influences the flame stoichiome-

try and thus its temperature, the most adequate proportion of sol-
vent seems to be a compromise between the redox environment
and the flame temperature.

Consequently, in order to study the joint effect of the alcohol/
water proportions and the flame stoichiometry on the analytical
signal of Mg, the experiments described under Section 3.1.1 were
repeated at acetylene flow rates ranging between 1 and
3.5 L min�1 Air flow rate was kept constant at 24 L min�1. Flow
measurements indicated that 2 L min�1 acetylene flow rate is a
stoichiometric flame, being fuel rich from this value onwards and
fuel lean below this value. The results are shown in Fig. 4.

At a constant acetylene/air ratio, the first climb up of the signal
whilst increasing the proportion of organics could be explained by
the fact that the addition of organic solvents provides carbon
atoms to the solution. This gives a more favorable reducing
environment inside the tube, thus improving the atomization
process.

Moreover, these solvents significantly lower the surface tension
of the solution and its density being both directly related to droplet
size of the primary aerosol and thus, to the analytical sensitivity.

On the other hand, at constant organic proportion, the first
increment in the acetylene/air ratio reduces the oxygen present
and favors the reducing environment, yielding an increment in
the analytical sensitivity with no substantial change in the droplet
size. Nonetheless and after reaching a maximum, the sensitivity
drops again probably due to the cooling of the environment inside
the atomization cell.

Then, the response surfaces shapes shown in Fig. 4 could
be explained as a compromise between the droplet size of the
primary aerosol, the reducing environment and the temperature
of the atomization cell which is also decreased under reducing
conditions.

Fig. 4 also shows that the position of the maximum and the
peak height for the three alcohols are slightly different even
though the droplet sizes are approximately the same at the same
solvent proportion. In the case of methanol the maximum is found
at 75% v/v and 3 L min�1 acetylene flow rate. However, in the case
of ethanol, the maximum is lower than in the methanol case, and it
is found at the same organic proportion but at a lower acetylene/
air ratio. This is probably due to the number of carbon atoms in
the molecule: ethanol consumes twice oxygen than methanol, pro-
ducing a more reducing environment at lower organic proportion.
Also, because of a major influence on the flame stoichiometry, it
could be said that the temperature drops faster for ethanol. This
could explain why the analytical signal for ethanol under opti-
mized conditions is lower than the analytical signal for methanol.
Following the same tendency, i-propanol not only has its maxi-
mum at a lower solvent proportion but also at a lower acetylene/
air ratio. This could explain why its reducing capacity is higher
than the others and why the stoichiometry of the flame is rapidly
affected, rendering an optimum redox environment at smaller
acetylene/air ratio in comparison to the others.

3.1.4. Temperature distribution of the atomization cell
Figs. 5 and 6 show an axial view of the distribution of tempera-

ture in the atomization cell under different operational conditions.



Fig. 4. Influence of alcohol/water proportions and flame stoichiometry on the analytical signal of Mg. Response surfaces for different alcohols solutions at different flame
stoichiometric conditions: (a) methanol/water; (b) ethanol/water; (c) isopropanol/water.

Fig. 5. Axial temperature distribution of the atomizer employing different methanol/water mixtures.
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Fig. 6. Axial temperature distribution of the atomizer using different acetylene flow rates.
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Correlation between temperature and ‘‘color’’ measurements in the
original pictures (rear part) was performed as described under
Section 2.3.2. As expected, it is observed a temperature decrease
from the base of the tube – in direct contact with the flame –
towards the top and along the atomizer. In all cases, it is also
noticed an important temperature fall at the center of the tube.
This is consistent with the impact site of the solvent jet in the cen-
ter of the cell, which consumes energy from the tube wall for
vaporizing the solvent. Consequently, the drop on temperature in
the central zone makes inefficient the vapor production.
Therefore, two different zones can be established: (a) the desolva-
tion zone or central zone, where the energy is mainly employed to
evaporate the solvent, to reduce the droplet size during the colli-
sion between the solvent jet and the heated wall, and to desolvate
the analyte ions; and (b) the atomization zone, at both sides of the
desolvation zone, where the energy is mostly employed for
atomization.
Table 2
Comparison of figures of merit for the conventional analysis and the optimized TS-
FFAAS conditions for methanol and ethanol, both 75% v/v.

TS-FF-AAS (MeOH) TS-FF-AAS (EtOH)

Sensitivity�1 (mg L�1) 0.086 ± 0.04 0.063 ± 0.05
Dynamic linear range (mg L�1) 0.068–5 0.09–5
%RSD (n = 5) 3.55% 4.02%
LOD (mg L�1) (3 rb) 0.021 0.027
LOQ (mg L�1) (10 rb) 0.068 0.090
Sample throughput (h�1)* 60 60

* Time for sample preparation was added to calculate sample throughput in all
cases.

Table 4
Spiking experiments performed in five different samples of vitamin. Results expressed as

Method Spiking sample 1
(% recovery)

Spiking sample 2
(% recovery)

TS-FF-AAS (MeOH) 101.4 100.4
TS-FF-AAS (EtOH) 98.6 99.6

Table 3
Mg determination in Berocca effervescent tablet: FAAS with sample digestion; TS-FFAAS wit
(Results expressed as mean ± std. deviation).

Method Sample 1
(mg Mg per tablet)

Sample 2
(mg Mg pe

FAAS with simple digestion 102.3 ± 0.2 99.1 ± 0.2
TS-FF-AAS (MeOH) without simple digestion 101.1 ± 0.2 98.9 ± 0.2
TS-FF-AAS (EtOH) without simple digestion 90.8 ± 0.2 105.3 ± 0.2
Fig. 5 shows the temperature distribution of the atomizer along
the optical path, employing different methanol/water mixtures
introduced into the perforated flame furnace at 0.9 mL min�1 and
2.0 L min�1 acetylene flow rate. The right side of the figure shows
a color scale that can be correlated with temperature. The dotted
line in the middle of the tube shows the position at which the tem-
perature profile was captured and helps on understanding the
comparison in the figure of the left.

It could be seen that the temperature in the center (desolvation
zone) decreases if the carrier is enriched in the organic solvent. The
temperature in the atomization zone increases with the methanol
proportion up to 75% v/v and then, drops again. This tendency is
consistent with the signal of Mg and agrees with the discussion
presented above.

Fig. 6 illustrates the axial temperature distribution of the perfo-
rated atomizer using different acetylene flow rates. Carrier flow
rate was kept equal to 0.9 mL min�1. This figure shows the influ-
ence of the acetylene flow rate on the atomizer temperature. It
can be noticed that the highest temperature is reached under stoi-
chiometric conditions (2.0 L min�1). Fuel leaner or fuel richer
flames show lower temperatures in agreement with the basic
literature on FAAS.
3.2. Analysis of vitamin tablet

Table 2 shows the figures of merit obtained for the TS
determination with methanol/water and ethanol/water at the opti-
mized conditions explained above. Table 4 shows the recovery
results obtained by adding standard solutions of Mg to a
recovery percent.

Spiking sample 3
(% recovery)

Spiking sample 4
(% recovery)

Spiking sample 5
(% recovery)

98.2 99.3 100.7
101.8 100.7 99.3

h direct introduction of sample for methanol and ethanol, under optimized conditions.

r tablet)
Sample 3
(mg Mg per tablet)

Sample 4
(mg Mg per tablet)

Sample 5
(mg Mg per tablet)

98.2 ± 0.2 103.6 ± 0.2 97.8 ± 0.2
100.2 ± 0.2 104.5 ± 0.2 97.3 ± 0.2

98.4 ± 0.2 102.1 ± 0.2 99.6 ± 0.2
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suspension of Berocca vitamin tablets and measuring them by sim-
ple introduction into the TS device. The percentage of recovery for
both solvents ranged between 98 and 101%. Although methanol
shows a higher analytical sensitivity than ethanol, there is a slight
difference and ethanol solutions were preferred due to its lower
toxicity.

Table 3 shows the analytical results obtained by the methodol-
ogy described here. A good agreement was found when compared
to FAAS for a 95% confidence level (t student, n = 5) with the advan-
tage that there is no need for sample mineralization by employing
TS. Also, a reduction in the amount of reagents and waste is
obtained with a considerable decrease of costs.

Moreover, since mineralization of samples is prone to contam-
ination, the TS-FFAAS seems attractive as it allows a very simple pre-
treatment, direct injection into the equipment (slurry sampling) and
external calibration for quantitation.

4. Conclusions

The main objective of this study is to show that a suitable man-
agement of the operational variables in TS-FF-AAS allows broaden-
ing its analytical capabilities.

This work shows for the first time that an analytical signal
different from zero can be obtained for Mg via TS, that a direct
introduction of the sample can be carried out with no need of sam-
ples digestion yielding a higher sample throughput and a sensitive
reduction in reagents consumption and waste, and that the
obtained results are in good agreement with FAAS methodology.
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