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Abstract 

 

The formation of diatomic AlF molecules was studied in the C2H2/N2O flame by means of a 

high-resolution continuum source flame absorption spectrometer using the different fluorine containing 

compounds HF, H2SiF6, HBF4 and CF3COOH as fluorine sources. The fragmentation of these fluorine 

sources, as well the resulting impact on the AlF molecule formation, were derived from flame height 

distribution studies of the atomic and molecular species Al, AlO, Si, SiO, SiF, B and BF as a function 

of the fluorine concentration, the molar Al : F ratio and the burner gas composition. As a consequence, 

the used fluorine sources HF, H2SiF6, HBF4 and CF3COOH have been divided into two major groups. 

The first group of fluorine sources, covering HF, H2SiF6 and HBF4, decompose during the drying of the 

aerosol under the formation of AlF3, which is the dominating species for the transport of aluminium into 

the flame. Its decomposition into AlF results in a high sensitivity of the AlF molecular absorption at low 

flame observation heights. The second group of fluorine sources is exemplarily given by CF3COOH. In 

the upper parts of the flame the cleavage of the very stable C-F bond proceeds incompletely so that the 

sensitivity of the AlF molecular absorption is considerably lower than that for the other fluorine sources. 

In consequence, the AlF molecules are formed by the reaction between the fluorine atoms and the 

aluminium atoms, which are transported into the flame without the aid of fluorine, presumably via oxidic 

and/or carbidic species. The present investigations show that the sensitivity of the AlF molecular 

absorption and the pathway of AlF formation depend on the chemical form of the fluorine in the studied 

samples. 
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1 Introduction 

 

The reaction conditions that have to be present for the analytical determination of metals by 

means of flame or graphite furnace atomic absorption spectrometry (AAS) lead almost inevitably to the 

formation of diatomic molecules. Already without aspiration of any sample solution stable diatomic 

molecules like CN, NH and NO can be detected in the burner flame [1, 2]. The aqueous analyte solution 

and its matrix are the major source for the generation of a wide variety of diatomic molecules. Molecules 

consisting of non-metals only, such as NO, SO, CS or PO can be spontaneously formed by the 

decomposition of nitric, sulphuric or phosphoric acid, which are typical constituents of a sample 

solution. Furthermore, metal ions lead to diatomic molecules by a reaction with a flame or matrix 

constituents to produce mainly oxide or halide molecules. Of special importance are the quite stable 

diatomic molecules with an excitation and emission wavelength in the range of 200–800 nm. These 

molecules have the considerable potential to disturb the analytical determination of other elements. Their 

absorption or emission bands can interfere with the atomic absorption lines of several metals or with the 

spectral neighbourhood of these analyte elements, which affects the background correction. In another 

way, the formation of molecules as a parallel reaction can have a significant impact on the concentration 

of analyte atoms in the flame or the graphite furnace  

However, the study of the diatomic molecules in the flame or the graphite furnace by means of 

atomic absorption spectrometer devices has become its own field of research as seen by the numerous 

early and very recent reviews on this topic [2-9]. In particular, the molecular absorption (MA) of 

diatomic molecules using a high resolution continuous absorption spectrometer device opens the 

pathway to the determination of non-metals, which cannot be analysed by their atomic absorption 

because of their inefficient excitation and their absorption or emission in the vacuum ultraviolet region. 

For this purpose, diatomic molecules of non-metals, which is particularly valid for the halides F, Cl, Br 

or I, need to be mutually generated by the addition of certain reagents, such as salts of Al, Ga, In, Mg, 

Ca, Sr or Ba in order to form stable diatomic molecules with one halide atom in the flame or the graphite 

furnace. 

The present work is devoted to the distinct phenomena that a certain chemical species of a non-

metal element can have a significant impact on the formation of diatomic molecules of this non-metal 

element. According to Templeton et al. [10], this approach has to be classified as species fractionation, 

which is defined as 'process of classification of an analyte or a group of analytes from a certain sample 

according to physical (e.g., size, solubility) or chemical (e.g., bonding, reactivity) properties'. 

The first striking example of how a chemical species of an element affects the molecule 

formation is given by Huang et al. [11-13] who studied the carbon monosulphide (CS) molecular 

absorption at 258.056 nm in a conventional air-acetylene flame using high-resolution continuum source 

absorption spectrometry. They found that the CS molecular absorption strongly depends on the specific 

sulphur form; standard solutions of sulphite and sulphate, with the addition of acid, exhibit the same CS 
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molecular absorption sensitivity. Already, small amounts of hydrochloric or nitric acid added to the 

sulphite standard yields to a strong increase of CS molecular absorption sensitivity – up to a factor of 

2.7– while the sensitivity of the sulphate standard remains unchanged with the acid concentration. 

In the second striking example, Haraguchi et al. [14, 15] observed that the presence of 

hydrochloric acid significantly reduced the atomic absorption of In atoms compared to the HCl-free 

solution in both the air-acetylene flame and the nitrous oxide-acetylene flame. Replacing the HCl with 

HClO4 lead to a further suppression of the In atomic absorption at identical acid concentrations. In both 

cases, the massive formation of InCl molecules caused the impact of the In atomic absorption. 

Furthermore, flame height distribution profiles showed that the InCl molecular absorption at 267.2 nm 

was higher for the HCl solution than that for the HClO4 solution at a lower flame height, and that this 

effect reverses at a higher flame height positions. The authors explain this behaviour by different 

formation mechanisms of InCl. In HCl solution, the InCl is formed directly by the dehydration and 

pyrolysis of indium-chloro-complexes (InClx(H2O)6-x 3-x). This results in a high formation rate of InCl, 

and the InCl molecular absorption reaches its maximum at a low flame position. The formation of 

chlorine atoms out of the very stable perchlorate ions requires the cleavage of the Cl-O bonds. This 

process is comparably slow and requires a longer residence time in the flame. As a consequence, the 

maximum of InCl molecular absorption is found at a higher flame position. 

The reverse is found in aluminium solutions with and without the addition of hydrofluoric acid 

[16-18]. In the absence of hydrofluoric acid, aluminium atoms are formed in the C2H2/N2O flame via 

the reduction of volatile oxidic and/or carbidic species by the flame gases [19]. The presence of HF 

leads to volatile AlF3, which vastly decomposes into AlF molecules and, subsequently, into Al atoms. 

The cleavage of AlF3 releases Al atoms much faster than by the reduction of the oxidic and/or carbidic 

species. The total quantities of aluminium transported into the flame is almost identical, so the major 

difference between both pathways is a higher rate of Al atom formation by the cleavage of AlF3 

compared to the reduction of the oxidic and/or carbidic species in the absence of hydrofluoric acid. 

The present study reveals that the transport pathway of aluminium into the flame, the pathway 

and flame position of AlF formation, and the molecular absorption of AlF depend on the chemical 

bonding state of the fluorine compounds used. These processes were studied by means of a high-

resolution continuum source atomic absorption spectrometer to record the atomic absorption of Al, B 

and Si; the molecular absorption of AlF, BF, SiF; and the molecular emission of AlO as a function of 

the fluorine concentration; plus the molar Al : F ratio; the flame observation height; and the burner gas 

composition. 
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2 Experimental 

 

2.1 Instrumentation and operating conditions 

 

All measurements were carried out using a model contrAA 300 high resolution continuum 

source flame atomic absorption spectrometer (Analytik Jena, Jena, Germany), whose instrumental 

details are summarized by Welz et al. [2]. The experimental setup is identical to that in [18]. MA data 

of AlF at the wavelength 227.66 nm, of SiO at the wavelength 229.90 nm and of BF at the wavelength 

195.59 nm, as well as AA data of Al at the wavelength 256.798 nm, B at the wavelength 249.77 nm and 

Si at the wavelength 251.61 nm were obtained by means of a reference spectrum to correct unwanted 

flame structures by static (AlF, BF, SiO) or dynamic (Al, B, Si) background correction with reference 

measurement. To record the molecular emission (ME) spectra of AlO at the wavelength of 484.23 nm, 

the light source was shut off by a shutter. Emission intensities are given as Mcts⋅s-1 (Megacounts per 

second), the unit of emission at contrAA 300. A baseline correction of the emission signals was done 

by static background correction. Data processing, background correction and statistics of the absorption 

and emission signals were identical to the detailed description given in [19]. The following operation 

conditions were chosen: a C2H2/N2O flame with a constant 424 L·h-1 N2O flow, 5 cm burner slot length 

and 9 mL·min-1 aspiration flow. Burner height and C2H2 flow are given in the text or figure captions. 

 

2.2 Chemicals 

 

All solutions were made from chemicals of p.a. quality (Al(NO3)3·9 H2O,                                            

HF (w = 40% (m·m-1), CF3COOH (w = 100% (m·m-1) from Merck, HBF4 (w = 50% (m·m-1) from Acros, 

H2SiF6 (w = 40% (m·m-1) from Fluorchemie Dohna GmbH (Dohna, Germany)) and of deionized water 

(18 MΩ·cm resistivity, Seral, Ransbach-Baumbach, Germany). Stock solutions of the reagent (cAl = 17 

g·L-1) were prepared by solving solid Al(NO3)3·9 H2O in deionized water. The concentrations of the 

used HF and H2SiF6 stock solution were determined by frequent titration with 0.5 mol·L-1 NaOH 

(Titrisol® Merck Millipore, Watford, UK) using an automatic potentiometric titration system DL 70 ES 

(Mettler-Toledo, Greifensee, Switzerland). The HBF4 concentration and the aluminium concentration 

in the stock solutions were determined by ICP OES (IRIS Intrepid II XUV, Thermo Fisher Scientific) 

measured in bracketing-mode using acid-matched standards prepared from single element standards 

(Merck). The CF3COOH was taken from a freshly opened bottle.  

 

2.3 Preparation of standards and solutions 

 

All solutions and standards were prepared the same way. A certain amount of the fluorine source 

stock solution was weighed in the volumetric flask and almost filled to the top with deionised water. A 
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defined volume of an aluminium stock solution was added, and finally, the flask was filled up to the 

defined volume. It is necessary that the fluorine source, particularly in the case of HF, is diluted to its 

maximum in the volumetric flask before the Al solution is added. This prevents the precipitation of AlF3 

at fluorine concentrations > 6 g·L-1 or at high aluminium concentrations. The reversal procedure of 

adding HF to an Al solution gives the same insoluble precipitation. 
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3 Results and Discussion 

 

3.1 Background study 

 

As a first step, the background signals in the spectral neighbourhood of the relevant absorption 

and emission signals (see section 2.1) were studied for different flame observation heights and under a 

variation of the C2H2 flow rate for aluminium-free and aluminium-containing (cAl = 1.7 g L-1) solutions, 

each containing either 4 g·L-1 F as HF, HBF4, H2SiF6 or CF3COOH. HF, HBF4 and CF3COOH showed 

no significant background (except for a higher noise at the C2H2 flow rate of 190 L·h-1) and no spectral 

interference with the AlF molecular emission bands. The same was valid in the range of the Al atomic 

absorption and the AlO molecular emission, which are not shown here. Only H2SiF6 caused strong 

background signals due to the SiO molecular absorption [8], which coincided partially with the AlF 

molecular absorption band at 227.66 nm (Fig. 1) and overlapped entirely with the Al atomic absorption 

line at 256.798 nm (Fig. 2). Only the AlO molecular emission at 484.23 nm was unaffected (not shown).  

In spite of these spectral interferences, the mentioned AlF and Al signals can be used for analytical 

purposes because of the following facts: (i) The SiO molecular absorption is independent from the Al 

concentration (not shown). (ii) The SiO molecular absorption signal is quite insensitive and changes 

only weakly with the H2SiF6 concentration (Fig. 2 and section 3.5). In a certain H2SiF6 concentration 

range, the SiO signal can be considered as constant. (iii) At a given H2SiF6 concentration, the SiO signals 

decrease significantly with increasing C2H2 flow rates (Fig. 1). (iv) The Al atomic absorption and the 

AlF molecular absorption increase strongly with increasing C2H2 flow rates (see section 3.4). Therefore, 

the peak area of the SiO molecular absorption bands can be determined in a separate measurement of an 

H2SiF6 solution and used for the background correction of Al + H2SiF6 sample solutions afterwards. 

Keeping these facts in mind, the absorbance of the partially overlapped AlF molecular emission can be 

reasonably determined for a low H2SiF6 concentration, a high C2H2 flow rate and, most significantly, by 

the choice of the limits for peak integration. If integration is done over a width of 5 pixels, the 

contribution of SiO to the AlF absorbance amounts to 17% for a C2H2 flow of 190 L·h-1, to 6% for a 

C2H2 flow of 220 L·h-1 and to 2% for a C2H2 flow of 260 L·h-1.  
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Figure 1: Absorption spectra in the wavelength range of the AlF molecular absorption around 227.66 

nm measured for sample solutions with 4 g·L-1 F as H2SiF6 and either with aluminium (cAl = 1.7 g L-1) 

added (solid line) or without aluminium (empty markers). The spectra were recorded in a C2H2/N2O                      

flame at a flame observation height of 7 mm and at C2H2 flow rates of 190 L·h-1, 220 L·h-1 and                  

260 L·h-1. 
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Figure 2: Absorption spectra of aluminium-free (empty markers) and aluminium-containing solutions 

(solid line), both containing fluorine as H2SiF6, recorded in a C2H2/N2O flame at a flame observation 

height of 7 mm, and a C2H2 flow rate of 190 L·h-1 in the wavelength range of the aluminium atomic 

absorption at 256.798 nm. 
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3.2 Sensitivities of the AlF molecular absorption 

 

Fig. 3 compares the AlF molecular absorption calibration curves using HF, H2SiF6, HBF4 and 

CF3COOH as fluorine sources, measured at a C2H2 flow of 260 L·h-1 and a burner height of 4 mm. The 

fluorine calibration curves of HF, HBF4 and H2SiF6 consist of two linear sections of different slopes – 

the first one steeper compared to the second. The bend is associated with a change in the formation 

mechanism of AlF and is discussed in detail in [18]. In contrast, the fluorine calibration curve using a 

CF3COOH source behaves linearly in the entire range between cF = 0 g·L-1 and cF = 16 g·L-1, and is 

significantly less steep than the calibration curves for the other fluorine sources.  

The calibration curves show the significant dependence of the AlF molecular absorbance from 

the used fluorine source. The highest sensitivity is found for HF, closely followed by the curves for 

HBF4 and H2SiF6 with only a slightly slower sensitivity. The weakest sensitivity is found for CF3COOH 

as a fluorine source.  

0 2 4 6 8 10 12 14 16
0.0
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A
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ba

nc
e

cF / g L-1

0 2 4 6 8 10 12

 HF
 H2SiF6

 HBF4

 CF3COOH
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Figure 3: Calibration curves of the AlF molecular absorption at 227.66 nm of sample solutions 

containing aluminium (cAl = 1.7 g·L-1) and different fluorine sources recorded at a C2H2 flow of 260 

L·h-1 and a flame observation height of 4 mm. 
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3.3 Sensitivities of Al atomic absorption and AlO molecular emission 

 

The atomic absorption of aluminium at 259.80 nm (Fig. 4a) as well as the molecular emission 

of AlO at 484.23 nm (Fig. 4b) were recorded at a flame observation height of 7 mm in a C2H2/N2O flame 

(C2H2 flow of 220 L·h-1) using aluminium solutions of constant concentration (cAl = 1.7 g·L-1) and 

increasing concentrations for each of the fluorine sources used.  
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Figure 4: Al atomic absorption at 259.80 nm as function of the fluorine concentration (a) and AlO 

molecular emission intensity at 484.23 nm (b) as a function of the fluorine concentration generated by 

different fluorine sources, at cAl = 1.7 g·L-1, a C2H2 flow of 220 L·h-1 and recorded at a flame observation 

height of 7 mm.  

 

Fig. 4 shows the widely known effect of increasing Al intensity in the presence of hydrofluoric 

acid. In the case of HF as a fluorine source, the Al atomic absorption at 484.23 nm as well as the AlO 

molecular emission intensity at 484.23 nm increase linearly with the concentration of HF up to a molar 

ratio of F : Al around 3 and remains almost constant at the reached signal level at higher molar ratios. 

As recently shown [18], this behaviour is explained by the mechanism of Al and AlO formation. Below 

a molar F : Al ratio of 3 (i.e., in excess of aluminium), two parallel pathways of aluminium atomization 

occur: (i) a fast pathway via the fractionation of volatile AlF3 via AlF into Al; and (ii) a slow pathway 

suggested by Rubeska [19] via the reduction of the oxidic and/or carbidic species AlOxCy by the flame 

gas constituents. With the increasing molar ratio of F : Al, the quantity of aluminium transported into 

the flame as AlF3 increases, whereas the quantity of aluminium transported as AlOxCy decreases. At a 

molar ratio above 3, Al is entirely transported by fluoride into the flame, presumably as volatile AlF3 

Page 10 of 20Journal of Analytical Atomic Spectrometry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Jo
ur

na
lo

fA
na

ly
tic

al
A

to
m

ic
S

pe
ct

ro
m

et
ry

A
cc

ep
te

d
M

an
us

cr
ip

t



11 von 20 

[18]. In conclusion, the presence of fluorine opens an alternative and faster pathway for Al atomization 

compared to the oxidic and/or carbidic pathway. It is merely a kinetic effect, because the total quantity 

of aluminium introduced into the flame is not changed by the presence of fluoride [18]. 

However, by curves similar in shape, H2SiF6 and HBF4 show a similar effect on Al-containing 

solutions with significantly reduced Al AA absorbance and AlO emission intensities in the slope region 

(Fig 4), and for H2SiF6 in the plateau region. The linear slope regions span for HBF4 and H2SiF6 up to 

molar ratios of 4.7 and 3.3, respectively, until the region of constant Al absorption is reached. For the 

AlO emission, these parameters are almost identical. The deviation from the molar ratio F : Al of 3 for 

HBF4 and H2SiF6 has to be explained by the decomposition pathways of these compounds discussed 

later in this work. 

The most astonishing behaviour exhibits CF3COOH, which is entirely different from that of HF, 

HBF4 and H2SiF6. Fig. 4 indicates a slightly decreasing Al absorption (by a factor of 1.1) until the plateau 

is reached at a molar ratio F : Al around 3. In the case of AlO emission, the intensity slightly increases 

(by a factor of 1.04) and remains constant at a molar ratio of F : Al around 5.4. From Fig. 4, it is 

concluded that CF3COOH has no significant impact either on the transport or on the atomization 

pathway of Al; aluminium solutions with CF3COOH behave practically like a fluorine-free solution.  

 

3.4 Height distribution profiles of the observed Al flame species 

 

Fig. 5 shows the distribution profiles of Al, AlF and AlO recorded as the function of the flame 

observation height in a C2H2-N2O flame for a fluorine-free aluminium solution (cAl = 1.7 g·L-1) as well 

as for identical concentrated aluminium solutions with a fluorine concentration of 2 g·L-1 each added as 

HF, H2SiF6, HBF4 and CF3COOH.  

In the absence of fluoride, aluminium atoms are already present at the lowest flame observation 

height of 4 mm, followed by an increase in their concentration with the observation height up to the 

maximum. Passing the maximum, the absorption lessens significantly for C2H2 flow rates of 190 L·h-1 

and 220 L·h-1. An increasing C2H2 flow rate shifts the maximum absorbance from an observation height 

of 6 mm for 190 L·h-1 and 220 L·h-1 to 10 mm for a C2H2 flow rate of 260 L·h-1. Such a high flow rate 

stabilizes a considerable amount of Al atoms even at 16 mm height due to the low oxygen partial 

pressure in the flame. In the absence of fluoride, the AlO molecule is already present at a height of 4 

mm. The emission intensity increases with the observation height and reaches a stable level at around 

10 mm. Again, as lower the oxygen partial pressure in the flame is as lower is the observed AlO emission 

intensity so that AlO is no longer detectable at a C2H2 flow rate of 260 L·h-1.  

The acids HF, H2SiF6 and HBF4 generate height distributions of identical shapes for Al, AlF and 

AlO. These acids increase the Al atomic absorption and shift their maximum to a lower observation 

height compared to the fluorine-free solution. With the increasing C2H2 flow rate, the maxima are shifted 

to higher observation heights and the Al atom concentration increases due to the lower oxygen partial 

Page 11 of 20 Journal of Analytical Atomic Spectrometry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Jo
ur

na
lo

fA
na

ly
tic

al
A

to
m

ic
S

pe
ct

ro
m

et
ry

A
cc

ep
te

d
M

an
us

cr
ip

t



12 von 20 

pressure. Although the Al and AlF height distributions exhibit the same shape, the AlF profile is always 

slightly shifted to lower observation heights by about 1 mm. The AlF molecules are already formed 

below the minimum observation height of 4 mm so that AlF is the precursor that decomposes under the 

formation of Al atoms. Finally, the highest species concentrations are always found for HF followed by 

H2SiF6 and finally by HBF4, which underlines that, in the case of the latter two acids, other fluorine-

containing species have to be present in the flame. 
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Figure 5: Al atomic absorption at the wavelength 256.798 nm, AlF molecular absorption at the 

wavelength 227.66 nm and AlO molecular emission at the wavelength 484.23 nm measured for cF = 2 

g⋅L-1 and cAl = 1.7 g⋅L-1 (molar ratio F : Al = 1.7) and plotted as a function of the flame observation 

height.   

 

CF3COOH behaves as an exception, compared to the other studied acids, because it seems to 

release only a very low fraction of fluorine. This explains the almost identical curves for the Al atomic 

absorption for the fluorine-free solution and solutions with CF3COOH. The only hint for the presence 

of fluorine in the flame can be derived from the very slight shift of the latter curve to higher 

absorbance’s. The curves for the AlF molecular absorbance originated by the acids HF, H2SiF6 and 

HBF4 are always higher in absorbance and identically shift to a lower observation height compared to 

the curve generated with CF3COOH as the fluorine source. In fact, the curves of the Al atomic absorption 
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height distribution from the fluorine-free solution are almost identical in shape and maximum position 

to the AlF molecular absorption curves generated from CF3COOH. It is concluded that AlF is formed 

by the reaction of Al and F atoms in the flame. 

 

3.5 Spectrochemical behaviour of H2SiF6 

 

As shown in Fig. 5, H2SiF6 increases the concentration of Al atoms and AlF molecules in the 

flame by its fragmentation. To follow the decomposition pathway of H2SiF6 in the presence of 

aluminium, the height distribution of Si atoms and SiO molecules was studied (see Fig. 6).  
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Figure 6: Si atomic absorption at the wavelength 251.61 nm, and SiO molecular absorption at the 

wavelength 229.90 nm recorded of aluminium-free and aluminium-containing (cAl = 1.7 g·L-1) solutions 

without H2SiF6 in different concentrations plotted as a function of the flame observation height. 

 

At the lowest studied C2H2 flow rate of 190 L·h-1, Si atoms were not detected. They were found 

to be present at 220 L·h-1 only at the very low flame observation heights of 4 mm and 5 mm. It requires 

a high C2H2 flow rate of 260 L·h-1 in order to measure a significant Si atomic absorption having its 

maximum at a height around 7 mm. In contrast, the SiO molecular absorption remains almost constant 

within the studied variations in the C2H2 flow rate and the flame observation height. An increase of the 

H2SiF6 concentration in the sample solution does not change the distribution profiles of the studied Si 

(Fig. 6) or Al (Fig. 5) species. However, any attempts failed to detect the SiF molecule in these solutions. 

Page 13 of 20 Journal of Analytical Atomic Spectrometry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Jo
ur

na
lo

fA
na

ly
tic

al
A

to
m

ic
S

pe
ct

ro
m

et
ry

A
cc

ep
te

d
M

an
us

cr
ip

t



14 von 20 

Therefore, the decomposition was studied with a H2SiF6 solution of higher concentrations in the absence 

of Al. 

In agreement with Fig. 6, Fig. 7 shows that Si atoms require a minimum C2H2 flow rate of 220 

L·h-1 and a low flame observation height of 4 mm to be observed. The degree of the total decomposition 

of H2SiF6 into Si atoms increases with the C2H2 flow rate and with the flame observation height; again 

in agreement with Fig. 6. And finally, due to the high concentration, SiF molecules were detected. From 

the curves in Fig. 7, it is concluded that SiF formed subsequently to the appearance of Si atoms; SiF is 

not a precursor for the generation of Si atoms.   
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Figure 7: Si atomic absorption at the wavelength 251.61 nm and SiF molecular absorption at the 

wavelength 436.83 nm as a function of the C2H2 flow rate using a 16%(v/v) H2SiF6 measured at flame 

observation heights of 4 mm and 7 mm. 

 

3.6 Spectrochemical behaviour of HBF4 

 

Fig. 5 has already shown that HBF4 generates distribution functions for the Al and AlF flame 

species of identical shapes and maximum positions as those done by HF and H2SiF6. To study the HBF4 

fragmentation, the flame species B and BF were recorded at 249.773 nm and 195.589 nm, respectively, 

for solutions containing (i) HBF4; (ii) HBF4 and Al; and (iii) H3BO3 and CF3COOH. Fig. 8a shows 

exemplarily for cB = 1.71 g·L-1, cF = 1.70 g·L-1, and a C2H2 flow rate of 260 L·h-1 that the presence of 

Al does not affect the formation of B atoms out of HBF4. The same is valid for the BF molecules as seen 

by the identically shaped absorbance curves in Fig. 8b. Only the lower maximum absorbance of the 

HBF4 + Al solution indicates that less F is bound as BF, although the total F concentration is identical 

to the HBF4 solution without Al. It is difficult to derive the order of appearance of B and BF from Fig. 

8 because of the only slight shift in the curve maxima. It might be interpreted that HBF4 is firstly 

fragmented into BF followed by a very fast fragmentation under the liberation of B atoms. 
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Figure 8: B atomic absorption at the wavelength 249.773 nm (a), BF molecular absorption at the 

wavelength 195.589 nm (b) recorded for solutions containing (i) HBF4; (ii) HBF4 and Al; and (iii) H3BO3 

and CF3COOH and plotted as a function of the flame observation height. (cB = 1.71 g·L-1, cAl = 1.70 

g·L-1, C2H2 flow rate of 260 L·h-1.)  

 

It is useful to compare these results with the formation of B out of an H3BO3 solution of the 

same boron concentration and with or without Al added to it. As shown in Fig. 8a, H3BO3 generates a 

B atomic absorbance that is twice as high as that for HBF4. Furthermore, the maximum B atomic 

absorbance is found at a height between 6 mm and 7 mm; about 2 mm lower than that for HBF4. This is 

consistent with the known high volatility of boron oxides from boiling an aqueous solution of boric acid 

[20-22]. Keeping this in mind, the BF height profile generated by a solution containing H3BO3 and 

CF3COOH (Fig. 8b) gives insight to its formation pathway: with the maximum of the BF molecular 

absorption around 8 mm flame observation height (the same value for AlF from CF3COOH in Fig. 5) it 

is assumed that the decomposition of CF3COOH requires a certain residence time in the flame. These 

fluorine atoms are then released into a flame that already contains B atoms leading to the formation of 

BF by the reaction of B atoms. This example marks the most significant difference regarding the AlF 

formation between CF3COOH and the other studied fluorine sources, which originate from the bonding 

state of fluorine.  

 

3.7 Classification of fluorine sources 

 

The present study reveals that the AlF molecular absorbance depends on the bonding state of 

the used fluorine source. The sensitivity of the AlF molecular absorbance decreases for sample solutions 

with constant fluorine concentration at given aluminium concentration in the following order: HF > 

H2SiF6 > HBF4 >> CF3COOH. According to the presented height distributions of molecules and atoms 

in the flame, the studied fluorine sources can be divided into two major groups.  
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The first group, designated as the HF group, covers compounds in which gaseous HF is the 

major source for the formation of AlF. In the presence of HF, aluminium is transported into the flame 

as a volatile compound with a molar F : Al ratio of 3, presumably as gaseous AlF3, according to the 

stoichiometric ratio derived from Fig. 4. Furthermore, this transport mechanism is characterized by the 

formation of AlF molecules already below the minimum flame observation height [18]. 

H2SiF6 and HBF4 belong to this group because they show the same flame species distribution 

functions as obtained for HF-containing solutions. The key element is the formation of HF during the 

desolvatization of the sample aerosol according to Eq. 1 and Eq. 2 [23]. As a consequence, the formation 

of AlF out of H2SiF6 and HBF4 occurs at the same low observation heights and with the same curve 

shapes as HF. 

 
T

2 6 4H SiF (aq) SiF (g) 2HF(g)→ +  (1) 

T
4 3HBF (aq) BF (g) HF(g)→ +  (2) 

 

The always lower AlF molecular absorbance (Fig. 5) and the shifted bend position in Fig. 4 are 

explained by a lower amount of liberated HF out of H2SiF6 and HBF4 solutions compared to solutions 

containing HF at the identical fluorine content. This behaviour is the consequence of the specific thermal 

behaviour of H2SiF6 and HBF4. Parallel to the H2SiF6 decomposition into HF (g) and SiF4 (g), the 

evaporation of water from the aerosol particles leads to the intermediary crystallization of solid salts of 

H2SiF6, presumably Al2(SiF6)3. For the sake of simplicity, it is assumed that the thermal behaviour of 

those solid salts is identical to that of solid K2SiF6, a very well-studied model compound [24, 25]. K2SiF6 

decomposes thermally always under the liberation of SiF4 (g); however, the reaction behaviour is quite 

complex and depends on the partial pressure of H2O (g) and HF (g) during the reaction. In the case of 

high H2O partial pressures, decomposition into SiO2 (s) and the formation of SiF4 (g), SiF3OH (g) and 

F3SiOSiF3 (g) are observed [24, 25].  

It is assumed that the condition of high H2O partial pressures occurs in the sample introduction 

system. Therefore, a considerable amount of fluorine is bound as SiF4 (g), SiF3OH (g) and F3SiOSiF3 

(g), which leads to the observed shift in the bend positions in Fig. 4. These species decompose under 

flame conditions at higher observation heights and yield to silicon atoms. The observation, that the AlF 

molecular absorption of HF, H2SiF6 and HBF4 becomes closer at high observation heights, may account 

for this. According to Fig. 7, SiF seems not to be a direct decomposition product from the fluorosilanes; 

SiF is presumably formed by the reaction of Si with F atoms in the flame.  

 

HBF4 shows a slightly different behaviour. According to Fig. 8a, B atoms seem to be earlier and 

more efficiently generated in the desolvation process out of a H3BO3 solution compared to HBF4. 

Presumably, this is caused by the high volatility of boron oxides already in boiling boric acid solutions 

and by the high volatility of solid boric acid itself. Derived from the observation of AlF at the same low 
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flame observation height as for HF, the HBF4 solution decomposes to a certain degree into HF during 

the desolvation of the aerosol particles. However, there is no striking evidence that Eq. 3 is not a valid 

model to describe the occurring processes at this stage of reaction; with respect to Fig. 8b one might 

argue that that the transport of B into the flame via the fluorine species seems to be more dominating 

than the pathway via the oxidic boron species: 

 

2 2 2

2 2 2

H O, HF H O, HF H O, HF HF
4 3 2 2 3 3HF, H O HF, H O HF, H O HF

HBF HBF (OH) HBF (OH) HBF(OH) B(OH)+ − + − + − −

+ − + − + − +
→ → → →← ← ← ←  (3) 

 

The decomposition of solid fluoroborates [26, 27] leads to the formation of metal fluorides and 

BF3. Again, this pathway seems to take place in the flame and the B atoms seem to be formed out of 

BF3 via BF molecules as intermediates, according to Fig. 8b. Again, not all fluorine present in HBF4 is 

available for the formation of AlF3 as it is in the case of HF. An incomplete fragmentation of the 

tetrafluoroborate anion (a high volatility of the boron-fluoro compounds) and the existence of BF, 

explain the observed deviation from the expected molar F : Al ratio of 3 in Fig. 4.  

The second group of fluorine sources is represented by CF3COOH, which stands exemplarily 

for organic compounds with stable C-F bonds. Due to its stability, it decomposes to a low degree only 

under the liberation of fluorine atoms. This has no noticeable impact on the transport mechanism of Al 

into the flame and on Al atomization, because the liberation of fluorine and subsequent AlF formation 

reaches its maximum at observation heights higher than that for the HF group compounds. This marks 

the first major difference: the CF3COOH-containing sample solution behaves like the fluorine-free 

solution with respect to the Al atoms; that is, the transport of aluminium seems to be dominated by 

oxidic and/or carbidic aluminium species. The second major difference is found in the pathway that 

leads to AlF molecules: AlF is formed by the reaction of Al and F in the flame gas atmosphere. These 

circumstances of chemical stability of the C-F bond and the gas phase formation of AlF are the origin 

of the lower sensitivity of AlF molecular absorption and the slightly different height distribution 

function.  

 

4 Conclusion 

 

The present study shows how sensitively (i) the formation pathway of the diatomic AlF molecule 

and (ii) the magnitude of the molecular absorption are affected by the bonding state of several fluorine 

compounds. Ionic fluorine sources, as represented by aqueous solutions of HF, H2SiF6 and HBF4, are 

characterized by a fast and complete decomposition that liberates the bound fluorine atoms, which 

immediately react under the formation of AlF molecules. However, depending on the structure of the 

ionic fluorine source, other fluorine-containing species, such as BF or SiF, are formed that slightly 

reduce the available amount of fluorine and, therefore, the flame concentration of AlF. The reaction 

pathway consisting of the transport of gaseous AlF3 into the flame and its subsequent fragmentation to 
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AlF remains unaffected. In contrast, the cleavage of the very stable C-F bond requires a considerably 

longer residence of the organic fluorine compound in the flame; nevertheless, it proceeds only to a small 

extent. Therefore, the AlF molecular absorption is significantly weaker than for ionic fluorine sources, 

and the maximum AlF flame concentrations are found at higher flame observation heights. Organic 

fluorine sources have no impact on the transport pathway of aluminium, because fluorine atoms are 

generated by the C-F bond cleavage only at higher flame positions. Therefore, aluminium is presumably 

transported via the oxidic/carbidic species, and the observed AlF molecules are yielded by a reaction 

between Al and F atoms.  

The presented results point to serious difficulties which can arise if the fluorine content should 

be analysed for samples with unknown total fluorine content and with unknown fluorine species. Such 

quantification would require calibration standards which have to be matched by the type of species and 

their respective fluorine content of that of the unknown sample composition. Such a demand appears 

practically not possible for unknown samples and consequently inaccurate results have to be expected. 

However, for very certain samples with known fluorine species and/or with knowledge about the total 

fluorine content strategies to distinguish between the different types of fluorine sources might be worked 

out based on their different molecular absorbance at a given fluorine concentration (Fig. 3 and Fig. 5) 

and at varying Al : F molecular ratios (Fig. 4).   
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