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“Quality is never an accident. It is always the result of high 
intention, sincere efforts, intelligent direction and skilful 
execution. It represents the wise choice among many 
alternatives.”  

 
William A. Foster. 

 
 
 

“Quality means doing it right when no one is looking.” 
 

Henry Ford 
 
 
 
“The bitterness of poor quality is remembered long after the 
sweetness of low price has faded from memory.” 
 

Aldo Gucci 
 
 
 

“All I know is that I know nothing.” 
 

Socrates 
 
 



 

Abstract 
 

The oscillo – polarographic method reported by Chen[15] for the sensitive determination 
of phosphorus in silicates, iron ores, manganite, carbonates and tea leaves has been thoroughly 
studied and enhanced in view of its application to the determination of P in various steels and 
metals. Together with a carefully selected sample dissolution method, the chromatographic 
separation reported by Hanada et al.[24] for eliminating the matrix has also been examined. The 
results of these investigations allowed finding out a path towards the successful electrochemical 
measurement of P in low alloy ferritic steels without eliminating the matrix. The limit of 
detection is 5.2 µg.g-1 in the metal. The precision ranges between 5 and 15 % relative to the 
mean measured values. The finely tuned method has been successfully validated using five NIST 
standard steels. Results are in excellent agreement with certified values. The chromatographic 
method remains an option for addressing other metals in the future, should they contain 
unacceptable levels of possibly interfering elements. Additionally, an enhanced procedure for the 
sensitive measurement of P in water has been thoroughly studied and validated. Its limit of 
detection is 5 ng.mL-1 in the electrolyte, while its precision ranges also between 5 and 15 % 
relative to the mean measured values. Both methods promise allowing the determination of As 
besides P. Their scope has been outlined, especially regarding species that usually cause 
interferences when measuring phosphorus spectrophotometrically. Detailed experimental 
procedures are given. 
 
 
 
 
Keywords: phosphorus, low-alloy steel, linear scan voltammetry, alternating current 
voltammetry, hanging mercury drop electrode 
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1 Foreword 
 

 
Readers who are interested solely in final procedures can restrict their reading to annexes 

1 and 2. The validation of the technique given under paragraph 6.5 may also be useful for quality 
assurance purposes.  

 
Readers concerned by the physicochemical phenomena governing the system's behaviour 

should read the body of the report, wherein scientific arguments are given to sustain the design 
of the experimental procedures from their first up to their final versions. The text has been 
written with a focus on the complexity of the initial object (i.e. the measurement of P in metals), 
addressing its "many (and often correlated) dimensions" that had to be considered from the 
scratch (pH, concentration ratios, nature and behaviour of the numerous possibly interfering 
species and reagents, time related events (kinetics), reagent's purity and cross – compatibility, 
etc.). Comments are also given on possible relations between the subject (including side results) 
and other scientific and technical fields or applications. 

 
From the early beginning and throughout the whole work, we observed five main rules 

with an equivalent level of severity: 
 

• The quality of the results must be at the top; 
• The ALARA and the waste minimization principles should be observed; 
• The scope of the final method should be as broad as possible; 
• The final procedure should be as simple as possible whatever the complexity of the 

system's behaviour can be because the method should ideally be implemented in routine 
and be carried out efficiently on a cost effective way by any operator with little or ideally 
no risk of failure. 

 
These guidelines helped in making choices during the course of the research.  

 
As is often the case with research work, 80 % of the experiments delivered apparently 

"negative results" (i.e. the ideal conditions were not yet found). Many such results were collected 
that are not explicitly reported here, but the interested reader shall easily imagine that the 
associated efforts were made, otherwise no conclusion could have been derived. 

 
For the sake of clarity, the order of presentation of the results does not exactly match the 

order of their acquisition on the work floor. Therefore, the report does not perfectly reflect the 
complexity of the subject. In the practice, the work progressed according to the following 
scheme: 
 

1. Extended bibliographic study and selection of initial research directions: Literature data 
confirm that measuring P in complex matrices is not an easy task. We chose the wet 
chemistry route, putting an accent on the use of the "electrochemical eye" as a convenient 
alternative to spectrophotometric methods. Indeed, the electrochemical properties of the 
numerous members of the "molybdenum blue" family are likely to be different, while 
their spectral properties are quite similar. Clearly, the incentive was to maximise the 
chances of success, while minimising the risks of facing interferences. The bibliographic 
study was continued throughout the whole research; 
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2. First assessment and tuning of the Chen's method to carry out the measurement in the 
presence of iron and possibly interfering species: at that stage, we succeeded in getting a 
P response. But in the case of certified steels, random results were observed. The 
corresponding apparent P contents were systematically too high. We revised the 
procedure and found experimental conditions that deliver similar sensitivities no matter 
whether iron is present or not. However, the P response was still inadequate for 
quantification purposes: attempts to validate the technique at this stage failed. We 
suspected that severe interferences could result from the presence of other elements in 
some but not all certified steels. The failure could also have been due to the absence of 
some "promoting" elements in some but not all steels. We discovered later that these 
hypotheses were wrong (up to a certain extent); 

 
 

3. Study of a separation step based on ion exchange and revision of the dissolution 
procedure: the initial failure of the Chen's method could have been due to many reasons 
(Kinetics of formation of the hetero – poly acid being possibly impaired by the presence 
of iron or other elements present in steels during the electrochemical measurement? 
Presence of P in the analytical grade reagents used for dissolving steels? Interferences 
due to e.g. V (i.e. formation of phosphovanadomolybdate), or Cr or any other element 
known for its ability to combine with P and Mo as is the case for Bi? Existence of side 
reactions between the phosphate anion and the masking agent?, …). In view of the 
numerous difficulties, we envisaged separating the matrix. Initially, we opted for a 
cationic exchange as recommended by most authors dealing with the subject. Our results 
confirmed that separating phosphate from most elements that are likely to be present in 
the matrix (scope of the method?) would have required multiple steps (simplicity of the 
final procedure?). Therefore, we rapidly abandoned this approach. Meanwhile, the 
dissolution procedure was revised, essentially to ensure that all P is converted into 
phosphate during the dissolution procedure, taking the lack of tolerance of the Chen's 
method with respect to anions (especially nitrates) into account. In parallel with this 
work, further attempts to measure the standard steels without separating the matrix failed 
for steels containing more than 0.011 wt. % of P, but succeeded for lower contents, 
although the uncertainty affecting the results was unacceptably high; 

 
 
4. Study of the separation procedure proposed by Hanada, using a reticulated dextran gel: 

the method appears to be elegant and promises to be efficient. However, our first 
experiments failed in delivering correct results because some analytical grade reagents 
contained too much phosphorus. Verifying such "detail" at the beginning is a must, but 
on one hand, the exact P content (or its upper limit) is not always reported on the 
reagent's certificates and, on the other hand, it is impossible to verify the reagent's purity 
as long as no trustable P measurement is available. We could finally assess the purity of 
most essential reagents after having tuned the Chen's procedure for P measurements in 
the absence of iron. We discovered that several reagents may not be used due to their 
high P content. Further experiments on the separation step allowed sometimes to match 
the certified values in the case of steels with P contents higher than 0.015 wt. % but failed 
for low P contents. In the latter case, we found back only 50 % of the certified P in the 
best circumstances. Switching from stannous chloride to ascorbic acid for the reduction 
of the hetero poly acid adsorbed on the dextran gel delivered even worse results: steels 
containing more than 0.015 wt. % were regularly quoted around 75 % of the certified 
value. We think that the stoichiometry of the complex could change from 1:9 to 1:12 
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during the reduction step on the dextran gel. Such a change could explain the loss of 
25 % of P during the separation step for high P levels, while low-level P measurements 
could yield even lower recovery factors as a result of the low availability of Mo during 
the reduction process carried out on the column. This was the incentive to attempt 
assessing the stoichiometry of both the reduced and the non – reduced forms of the 
phosphomolybdic acid; 

 
 

5. Further investigation of the Chen's method: although the method was tuned for P 
measurements in the absence of iron, some subtle behaviour remained unexplained when 
iron was present, especially regarding the loss of accuracy when the injection of 
ammonium molybdate was delayed after the masking of iron by ascorbic acid. These 
observations, together with results obtained by UV – VIS spectroscopy and by examining 
the separation on the dextran gel led us suspecting that at least one side reaction between 
ascorbic acid (and/or the dehydro ascorbic acid) and phosphoric acid occurs. The 
existence of such reaction(s) running in competition with the formation of the 
phosphomolybdic acid would be compatible with the observed time related UV-VIS 
signature of the Chen's electrolyte. Both the failure of the separation step when reducing 
the complex with ascorbic acid and the sluggish results observed when delaying the 
injection of ammonium phosphomolybdate without control could also find their roots 
here; 

 
 

6. Final tuning of the method: we focussed somewhat more on the reducing agent. Although 
Sn++ is a mild reducing species as compared with ascorbic acid, it operates faster and 
delivers a complex whose stoichiometry is more reproducible. However, replacing 
ascorbic acid by another masking agent in the presence of Sn++ was not possible. A better 
understanding of the role of ascorbic acid in the Chen's electrolyte was the key to 
successfully modify the procedure in order to eliminate most disturbing effects. This 
allowed turning back to a direct measurement requiring no separation step. We switched 
back to the original simplified dissolution procedure as well. This procedure appears to 
be better suited than the oxidative approach in most cases.  
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2 Introduction 
 

In 2004, external as well as internal demands were formulated to design a method allowing 
the sensitive measurement of C, S, Si and P in metallic matrices. Early 2008, an additional 
research project has been proposed through collaboration between Suez – Tractebel – Electrabel 
and the SCK•CEN. The aim is to analyse the perspective of implementing the Laser Induced 
Breakdown Spectroscopy (LIBS) into the Belgian nuclear industry. The method is likely to allow 
practical stand – off, sampling free and panoramic analytical measurements, addressing many 
different matrices. In order to validate the method, alternative analytical measurements have to 
be carried out. In 2004 and 2005, we developed adequate analytical techniques for the 
determination of Si[1], C and S[2] in ferritic steels. In 2006, 2007 and 2008, we focused essentially 
on the more challenging phosphorus issue.  
 

3 Survey of existing methods 
 

3.1 Wet chemistry route 
 

The quantitative determination of low concentrations of phosphorus in steels is not an easy 
task, although the basis of the most common analytical method for P measurements in many 
different matrices is known since more than 80 years. It relies on the (preferably quantitative) 
formation of a hetero poly acid wherein the P:Mo stoichiometric ratio can be 1:12 or 2:18. 
Reaction 1 and 2 illustrate the formation of the 1:12 and the 2:18 (also reported as 1:9) 
complexes respectively, starting from phosphoric acid. Both equations show that high 
concentrations of acid favour the formation of the complexes:  
 
 

(1)          O2H 36  4NH 51  40O12PMo3)4(NH 7  H 51  24O7Mo6)4(NH 12  4PO3H 7 +++→+++  

 

(2)          O2H 54  4NH 66  62O18Mo2P6)4(NH 7  H 66  24O7Mo6)4(NH 18  4PO3H 14 +++→+++  

 
 

The concentration of the complex can be quantified by measuring its absorbance around 
420 nm. But as such, the method suffers from a lot of interferences (e.g. with Si, As, Ge, Ti, Nb, 
Zr, Hf, V, Cr, Bi and many other elements that can form similar complexes with molybdate, or 
combine with phosphorus and molybdenum to yield ternary hetero poly acids, all of them 
absorbing light around the same wavelength). Moreover, the detection limit of the basic method 
(~ 500 ng.mL-1 in the spectrophotometric cell) does not meet present requirements.  

 
In 1962, Murphy and Riley [3] could decrease the detection limit down to around 10 to 

30 ng.mL-1 by chemically reducing the yellow molecule, thereby yielding the so-called 
molybdenum blue complexes. In the case of P, the reduction yields a mixture of species whose 
composition is unclear [4 – 7]. The blue complexes can be quantified through the measurement of 
the absorbance at a wavelength located between 700 and 900 nm, depending on the dissolution 
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and reduction procedures. But much interference with Si (820 nm), As (880 nm), Ge, Ti, Zr, Hf, 
V, Cr, Bi etc. subsists since these elements yield also blue complexes with molybdates after 
reduction, or lead to the formation of ternary compounds containing also P and Mo.  

 
Alternative methods exist. The ICP – MS route suffers from interferences a/o with HNO+ 

whose mass is equal to 31, which interferes with P. The proximity of the O2
+ background 

response is also somewhat problematic. Very careful conventional ICP – MS has a limit of 
detection (LOD) around 80 µg.g-1. 1 µg.g-1 can eventually be detected using a complicated low-
pressure helium environment [8]. The ICP – AES method has also been considered. However, the 
Cu(II) 213.598 nm and 214.901 lines interfere strongly with the P(I) lines located at 213.618 nm 
and 214.94 nm respectively. Fe (214.921 nm) and Cr (214.034) interfere also. As a consequence, 
an elaborated multi-component spectral fitting (multivariate analysis) is required to quantify P in 
the most common cases [45].  

 
The analysis of P by neutron activation has also been reported. Using a tedious multiple step 

separation procedure, Paul [9] reports a theoretical LOD of 5 ng.g-1 (in the steel) but recognises 
that the accuracy is bad for P contents below 100 µg.g-1. After having dissolved the sample, Paul 
eliminates Si by evaporating the solution to dryness in the presence of hydrofluoric acid. In a 
second step, cations are separated on a cationic ion exchange column. The author mentions that a 
full separation of iron from phosphorus requires the preliminary reduction of Fe3+ to Fe2+ due to 
the existence of stable complexes between PO4

3- and Fe3+. Indeed, FePO4.2H2O is characterised 
by pL1 = 15.0. For FePO4, pL = 21.9. To our opinion, the reduction step is also useful for 
eliminating other cations. The further elimination of interferences caused by As and Ta required 
an additional separation step carried out on a tin oxide substrate. All these precautions are 
necessary because 32P is a pure β- emitter (1.71 MeV, T1/2 = 14.3 days) whose discrimination by 
counting from other β- emitters (e.g. 32Si (224 keV, T1/2 ~ 150 years), 59Fe (1.565 MeV, T1/2 = 
44.5 days), 182Ta (1.814 MeV, T1/2 = 114.43 days), 76As (2.965 MeV (53 %), 2.405 MeV (35 %), 
1.748 MeV (6.9 %), T1/2 ~ 26.24 h), etc.) can be problematic, even when using a Cerenkov 
counting.  

 
Atomic absorption spectroscopy [10 - 12] as well as radio – labelled molybdenum [13, 14] has 

ever been used. Very often, these approaches require also the formation of hetero poly acids. The 
liquid – liquid extraction recommended by Hamiti et al. [14] for the radiochemical determination 
of P using 99Mo as radiotracer is not applicable as such to steels due to interferences with 
numerous elements like Nb, Zr, Ti, V, Si etc.  
 
 Tanaka et al.[31] reported an interesting alternative method. By dissolving steels using 
hydrochloric acid under inert atmosphere, these authors determine P as PH3, As as AsH3 and S as 
H2S, using gas chromatography. However, using standard steels, they state clearly that their 
method could not really be validated, the analytical results being significantly lower than the 
certified values. They explain that the conversion yields for P and As respectively into phopshine 
and arsine depend largely on the overall composition of the steel. 
 
 Another approach is to make – up the complex directly after the sample dissolution and 
to separate the phosphomolybdic acid by adsorption on a column loaded with a gel of dextran 
cross – linked with epichlorhydrin2. Such a column is used mainly to carry out gel permeation 
chromatography, but in the present case, we are dealing with a specific adsorption process. 
Hanada et al.[24] use this method to determine Si and P in high purity iron. They dissolve the 
metal with a mixture of HCl and H2O2 for the analysis of Si and with HNO3 for the analysis of P. 

                                                 
1 pL = minus the logarithm (base 10) of the ionic product. 
2 The commercial name of this product is Sephadex™. 
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Both the silicododecamolybdic and the phosphomolybdic acids adsorb on the gel in an acidic 
medium. According to the authors, the measurement of Si is disturbed by the presence of P. 
Therefore, the column was rinsed with a solution containing oxalic acid before eluting the 
silicododecamolybdic acid with a solution containing ammonia. The authors state also that Si 
does not interfere when quantifying P but they do not explain why. They simply mention that the 
reduced form of the phosphomolybdate adsorbs better than the non-reduced form. Hence, when 
addressing P, they reduce the adsorbed P complex using a solution containing Sn++. In the cited 
paper, no details are given on the conditions under which the complexes are being formed. The 
reported LOD’s (in the metal) are 0.05 µg.g-1 for Si and 0.4 µg.g-1 for P. These surprisingly low 
figures result from the favourable chemical stoichiometric amplification factor: as is the case for 
our method devoted to Si[1], the targeted element is being measured indirectly by quantifying the 
molybdenum attached to it into the complex. The authors used ICP – MS to quantify Mo. 
However, it is also possible to make use of a sensitive catalytic electrochemical technique[32], 
provided the oxidation state of the poly acid is reproducible and known. According to the 
authors, Al, Co, Cr, Cu, Mn, Ni, Ti and Si do not interfere when determining P, but nothing is 
known about the mass ratio below which the statement is correct. Nevertheless, the method is 
attractive and appears to be quite promising, although some doubts remain about the exact 
stoichiometry of the reduced phosphomolybdic acid. Any variation of the P:Mo stoichiometry 
resulting either from the conditions used for complex formation or from the particular 
composition of the steel being analysed could yield incorrect results. Interesting details on how 
the adsorption of phosphomolybdic and silicododecamolybdic acids on Sephadex™ was 
discovered are available in the literature[36, 37].  
 
 Yet another method consists in converting P into phosphate, next to separate all cations 
and preferably also most other anions to finally quantify the phosphate by ion chromatography 
(IC). Buldini et al.[33] used this method successfully for the determination of P in detergents. 
However, we agree with Vandevelde[34] who states that in the case of metallic matrices, difficult 
separations would be required, while the LOD of ion chromatography is not as good as the LOD 
of concurrent methods. The method remains an option though, especially if alternative 
approaches appear requiring also tedious separations.            

 
Very few electrochemical methods were found in the literature. This is not surprising 

because pretty much like silicates and sulphates, phosphates do not deliver direct sensitive 
faradic responses. Therefore, indirect routes have to be found. When faradic responses are 
involved (e.g. as was the case for Si [1] for which the molybdenum that is combined to the silicon 
can be selectively addressed even in the presence of a large mass excess (>1000) of ammonium 
heptamolybdate), the discrimination capabilities of the "electrochemical eye", possibly 
augmented by a chemical amplifying factor (the Si:Mo stoichiometry of the silicomolybdate is 
1:12 while the reduction of Mo involves at least 2 and possibly up to 6 electrons) yields a 
sensitive detection method without requiring separations. Conversely, physical current responses 
are sometimes also observable, particularly when potential dependent adsorption processes take 
place at the working electrode. In such cases, current responses are due to the sudden variation of 
the double layer capacitance, as a result of the adsorption process. This corresponds to the 
second term of the right hand side of equation 3 where i is the observed current (A), Q is the total 
electric charge at the surface of the working electrode (C), Cdl is the double layer capacitance 
associated to the working electrode/solution interface (F), E is the potential of the working 
electrode (V) and t is the time (s): 
 
 

(3)          
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E
dt
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Physical current responses are generally characterized by high selectivities, unless several 
species adsorb at very close potentials. If species adsorb sequentially in function of E, the 
physical selectivity is generally much better than the faradic selectivity because adsorption 
phenomena deliver often high and narrow peak current responses compared to faradic processes. 
But adsorptive responses are also likely to suffer from several effects (e.g. the presence of 
surface active species or even electro – active species that cause faradic current to flow 
concurrently through the interface, thereby disturbing the adsorption process). 

 
In the case of P, we found two attractive electrochemical methods, both involving 

physical answers. The first one has been reported by Chen[15] who showed that 
phosphomolybdate adsorbs on a mercury electrode with a clear discrimination with respect to 
arsenomolybdate, both complexes adsorbing at different electrode potentials, and with 
silicomolybdic acid, which does not adsorb at the electrode in the scanned potential window. The 
work was centred on the determination of P in silicate, iron ores, carbonates, natural waters, 
manganite and tea leaves. Apparently, the reduction of the phosphomolybdate is not necessary. 
But surprisingly, the author mentions that in the presence of iron, ascorbic acid can be used as 
masking agent. Ascorbic acid is a handy reagent to mask iron, but Murphy and Riley[3] 
recommend it also for the reduction of phosphomolybdic acid. So, this reagent will yield a 
mixture of blue compounds, whose composition and reduction state depend on both the acidity 
and the nature of the reducing species[4]. This tends indicating that the adsorptive current is 
observed at the same potential for both the non – reduced yellow and the reduced blue 
phosphomolybdate species, although the statement is unsure for now since the kinetics of 
phosphomolybdate reduction can play a major role, especially when using ascorbic acid. Chen 
examined also several possibly interfering species. He concludes that a hundred fold mass ratio 
of Zn2+, Cd2+, Co2+, Ni2+, Mn2+, Cr3+, WVI, VV, Al3+, SiO3

2-, NO3
-, Br- and SO4

2-, as well as a 
twenty fold mass ratio of SnII, IV , FeII, III  and Cu2+ do not interfere. According to the author, Pb2+ 
does neither interfere at a tenfold mass ratio. The reported LOD is around 2 ng.g-1 (based on P in 
the electrolyte), with a standard deviation located around 10 % relative to the mean value for the 
lowest concentrations. This is typical for sensitive electrochemical methods. 

 
The second interesting electrochemical technique has been reported by Guanghan et 

al.[16]. It relies on a carbon paste working electrode adequately modified by cycling its potential 
between 0.6 and 0.1 V (versus SCE; 7 scans at 100 mV.s-1) when immersed into an electrolyte 
containing 10 ppm P as well as 3 mM ammonium heptamolybdate, 0.5 M sulphuric acid and 
16 v/v % acetone. The reported LOD is 40 ng.g-1 (based on P) with a relative standard deviation 
of 4.69 % (deg. of freedom = 3). The authors mention that most cations and anions do not 
interfere but keep silent about iron, vanadium, tungsten and bismuth. They report that 500 – fold 
Na+, K+, SO4

2-, NO3
-, 100 – fold AsO4

3-, TeO4
3-, and 5 – fold Pb2+ mass ratios do not interfere for 

the determination of 2 ppm of P in the electrolyte. 
     

3.2 Direct spectral methods 
 
 For more than 50 years, the spark source optical emission spectroscopy (SSOES) has 
been used in the metallurgical industry as a royal method to determine minute amounts of 
impurities into metals [17, 18]. Still now, the method is not completely obsolete. Modern 
techniques based on ICP, although offering much better detection limits, could not fully replace 
the SSOES, because the latter has the advantage of operating directly on the metal with little 
sample preparation. To some extent, SSOES is also less prone to disturbances by matrix effects, 
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since the method has undergone lots of improvements over years, especially regarding numerous 
data treatments developed to cope with interferences. It remains competitive in many industrial 
routine cases. It offers low detection limits (in the ppm range), although sometimes at the edge 
with respect to present needs. This spectral method is panoramic. Almost all elements can be 
addressed. For P, the LOD in ferritic steels is better than 50 ppm. Some authors argue that laser 
ablation coupled to ICP techniques could become the successor of SSOES. To our opinion, this 
is not sure because LA – ICP techniques involve two steps: the laser is used for local micro 
sampling while the ICP is the emission source. This configuration is not portable. We believe 
that the future will belong to the exploitation of the plasma generated by the laser as optical 
source. This is the case with the recently developed Laser Induced Breakdown Spectroscopy 
(LIBS). Doucet et al.[18] defend the same point of view. Sustaining arguments are not only 
scientific and technical, but also financial: a complete LIBS configuration is much less expensive 
than a LA – ICP system. Even more, the perspective offered by LIBS to carry out stand – off 
measurements promises to reduce the doses to the workers, which is of primary importance from 
the safety point of view. Presently, the LOD offered by LIBS for the measurement of C, S, Si 
and P in steels are 1 to 5 ppm, 8 ppm, 11 to 80 ppm and 6 ppm respectively [19]. However, neither 
SSOES nor LIBS are available at the SCK•CEN.  
 

4 Research strategy 
 

Several guidelines oriented the research: 
 

1. The method should allow addressing not only the present but also the expected future 
requirements, especially in terms of LOD, accuracy, precision and overall scope3. If this 
was not the case, the expected lifetime of the method would be short, thereby impairing 
the amortization of the research efforts; 

2. The method should remain as simple as possible and allow maximizing results with 
minimum efforts in routine. Although this may require more research work, it is expected 
that routine measurements will rapidly allow amortizing the man – hour investment 
devoted to R&D. The statement justifies that we prefer exploring routes where the 
masking of possibly interfering species promises avoiding tedious separations4, although 
the latter cannot always be avoided; 

3. The method should be competitive and sufficiently general with respect to concurrent 
alternatives. This is intimately related to the last two points, but the statement is more 
general. In particular, using heavy infrastructures, even if the figures of merit are 
attractive, may turn out into a total loss of profitability due to operating time and cost. 
Another conclusion derived from this guideline is that we prefer developing a method 
which does neither require nuclear safety precautions nor generate nuclear waste if the 
samples to be measured are not originally radioactive (ALARA principle); 

4. The quality of the results remains the very first objective.  
 

Based on this, we opted for the wet chemistry route involving the formation of 
phosphomolybdate and its subsequent quantification by electrochemistry. We started exploring 
the method recommended by Chen [15]. Incentives to do so are as follows: 

 

                                                 
3 In particular, we favour methods that can address different matrices if possible. 
4 See reference 1 for a successful application of this guideline. The low level selective measurement of down to 
1 ppm Si in ferritic steels requires no separation at all in most cases, thereby shortening considerably the time 
required to carry out an analysis. 
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1. The author showed that speciation is achieved between P and As, the latter being one of 
the recognized interfering species for the determination of P[4, 9, 10, 13, 17]. Additionally, 
silicon does not interfere as long as it does not exhaust the molybdate reagent; 

2. A priori, the technique seems delivering a response, no matter whether the 
phosphomolybdate has been reduced or not. Chen did not focus on this particular issue 
and we expect that the sensitivity may depend on the oxidation state of the complex, but 
such flexibility is an incentive to examine the proposed method in more details; 

3. The original paper addresses a/o iron ores, while we will also face the presence of iron. 
Chen gives some recommendations for masking iron; 

4. The recommended method is known to be sensitive, even if the potential scan does not 
use potential pulses. This is because currents required for charging an electrochemical 
double layer can flow fast when adsorption is the kinetically limiting factor: neither 
electron transfer nor diffusion can slow down the process; 

5. The author has carried out a study of possibly interfering species. Many elements were 
addressed, although the reported mass ratios appear to be low with respect to what can be 
expected in the case of ferritic steels; 

6. Electrochemistry is part of our own professional skills. 
 

Before discussing the results gained through successive research steps, we give some details 
about the equipment, the sample dissolution procedures, the electrochemical set – ups and the 
treatment of the data. Readers who are essentially interested in the discussion of the results may 
skip paragraph 5 and come back to it whenever needed to clarify any practical aspect of interest.  

 

5 Experimentals 

5.1 Equipment, chemicals and solutions 

5.1.1 Equipment 

 
Common analytical glassware is used. PTFE is strictly excluded for any container or for the 

electrolytic cell5. Stock solutions are stored in polyethylene bottles. Glass polarographic cells are 
used for all electrochemical measurements. All flasks are washed thoroughly before use, 
avoiding any surface-active agent, even if they do not contain phosphorus. They are rinsed three 
times either with ultra pure water or with an adequate solution each time their content is 
changed. Various regularly re – calibrated pipettes are used for volumetric operations (range: 
from 10 µL up to 10 mL). All pipette tips are discarded after use. The polarographic stand is a 
PARC model 303 from EG&G, loaded with ultra pure mercury. The potentiostats are Autolab 
model PGSTAT30 and PGSTAT12 from Ecochemie, connected to personal computers along 
dedicated USB ports. We use the General Purpose Electrochemical Software (GPES) version 4.9 
from Ecochemie to pilot the potentiostats. The pHmeter is a Metrohm model 713 equipped with 
a Metrohm pH electrode (ref. 6.0238.000). A MilliQ Direct Q 5 from Millipore is used for water 
purification. Reagents are weighed on an analytical balance model AG204 from Mettler Toledo. 
Whenever needed, solutions are cooled down using a thermo – stated bath (type C41P, IP20) 
from Thermo Haake, equipped with a Phoenix type P2 re – circulator and a DC50 temperature 
control unit. Heating plates with combined magnetic stirrers type RCT-Basic from IKA Werke 
were used to heat – up and/or evaporate  or boiling off the liquids when needed. UV-VIS 
spectrums were collected with a spectrophotometer type Cary 100 Bio from Varian. 

                                                 
5 For the measurement of both Si and P in the same sample liquor, alternative materials should be used. See § 6.1 for 
suggestions. 
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5.1.2 Chemicals and solutions 

 
A thorough description of chemicals and solutions is given in annex 1. The ID numbers 

associated to reagents and solutions are also defined in this annex. 

5.2 Detailed procedures 

5.2.1 Sampling 

 
The sampling of the metals is carried out according to the ASTM recommendations[35]. The 

amount of metal needed to perform the measurement depends on the expected P concentration in 
the steel. Addressing a range from 5 µg to 2 mg of P per gram of alloy, we work with ~100 to 
300 mg of metal. The shape of the sample has little importance, but we prefer chips sampled 
with a tungsten carbide drill. Generally, the volume of metal in one sample is approximately 12 – 
40 mm3. 

5.2.2 Dissolution of the metal 

 
Two dissolution procedures are described. The first one makes use of HCl and H2O2. 

This straightforward method is fast and can be used as long as P does not remain encapsulated 
into refractory residues. The second procedure is more aggressive and can be used when it is 
suspected that some P is still present into residues. It uses aqua regia for the dissolution but 
requires an additional step to eliminate the nitrates. See point 6.1 for detailed explanations.   

5.2.2.1 The HCl – H2O2 method6 

 
Weigh precisely between 200 and 300 mg of steel in a 100 mL beaker. Transfer a 

magnetic rod into the beaker, cover and mix gently. Add 2 mL of ultra pure water, next 1 mL of 
ultra pure concentrated H2O2 (reagent 7). Add 3 mL of concentrated ultra pure HCl (reagent 11). 
While keeping the beaker covered, observe the decomposition of both the metal and the 
hydrogen peroxide. Gas bubbles should develop quite soon. Add regular aliquots (100 µL) of 
ultra pure H2O2 (reagent 7) in order to sustain the formation of gas bubbles as long as the metal 
has not yet been completely dissolved. If necessary, heat – up gently, but avoid excessive heating 
to prevent accelerating too much the decomposition of the hydrogen peroxide. Once the 
dissolution is complete, heat – up the mixture to boiling, thereby eliminating the excess of 
hydrogen peroxide. Continue boiling to eliminate most of the HCl as well. Avoid going to 
dryness. If necessary, add regularly a few mL of ultra pure water. Verify the presence of acid in 
the vapour phase using a wetted pH paper strip until the pH appears to be higher than 1. 
Continue boiling to reduce the volume to about 5 to 10 mL. Allow cooling down. Transfer the 
liquid quantitatively into a clean and well-rinsed 25 mL volumetric flask and make – up with 
ultra pure water. Mix thoroughly and transfer the liquid into a polyethylene bottle. Mark the 
latter adequately (weight and nature of the steel, date, operator's name). This liquor will be 
referred to as "the sample liquor".   
 

                                                 
6 We use to call this dissolution technique "the Vampirella method", due to the fact that the excess of H2O2 has to be 
eliminated, which is easily done by boiling it off the liquid. But although not advisable for the present application, 
H2O2 could also be decomposed by an enzyme, namely the catalase. This feature is used in the medical sector to 
detect traces of blood.  
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5.2.2.2 The HNO3 – HCl – H2SO4 method7 

 
Weigh precisely between 200 and 300 mg of steel in a 100 mL beaker. Transfer a 

magnetic rod into the beaker. Cover the beaker and mix gently. Add 5 mL of ultra pure HNO3 
6M (solution 1) and 3 mL of ultra pure water. Alternatively, one may add 2 mL of concentrated 
ultra pure HNO3 (reagent 9) and 6 mL ultra pure water. While mixing, heat up the mixture to 
slightly below its boiling point. If the dissolution proceeds slowly8, add 1 mL ultra pure HCl 6 M 
(solution 2). If and only if much residues are still visible when all the metal has been dissolved, 
add 500 µL of solution 3 containing 3 wt. % KMnO4. Let the mixture react during one minute. 
An abundant precipitate should appear (MnO2). Next, add carefully 100 µL of solution 4 
containing ultra pure H2O2 10 % v:v. Observe the precipitate and continue adding carefully small 
fractions (100 to 200 µL) of solution 4 (H2O2) until the precipitate has been re – dissolved. Next, 
boil the excess of H2O2 off. Add carefully 200 µL of ultra pure concentrated sulphuric acid, 
taking care avoiding any loss of liquid. Keep boiling until abundant white fumes appear. Heat – 
up to dryness and let the white fumes develop during at least 2 minutes if possible. Let the 
medium cool down and add carefully a few mL of ultra pure water. Heat – up and mix gently 
until complete re – dissolution. If the re – dissolution appears to be slow or difficult, add 1 mL of 
ultra pure HCl 6 M (solution 2). Once the re – dissolution is complete, let the mixture boil, 
reducing its volume to less than 10 mL (preferably 5 mL). Ensure that most of the HCl has been 
eliminated, using a wetted pH paper strip. Transfer quantitatively into a clean and well-rinsed 
25 mL volumetric flask and make – up using ultra pure water. Transfer into a polyethylene 
bottle. Mark the latter adequately (weight and nature of the steel, date, operator's name). This 
liquor will be referred to as "the sample liquor".     

5.2.3 Make – up of the electrolyte (modified Chen’s method) 

 
Caution: The order for mixing reagents and the recommended timing must be strictly respected. 
 

The make – up of the electrolyte depends on whether or not a large amount of iron is present 
into the sample. 

5.2.3.1 Procedure for measuring P in the absence of large amounts of Fe+++ 

 
Preliminary notes: Figures given below are valid for a final total cell volume equal to 12.55 mL. 
If organic species are known to be present in the original sample, they should be destroyed e.g. 
by submitting the sample to UV radiations, eventually in the presence of ultra pure hydrogen 
peroxide. In particular, surface-active agents should be completely and radically eliminated. 
The acidity of the sample should be known. If necessary, a titration must be carried out. If non-
negligible amounts of acids other than HCl are present, they should be eliminated by an adequate 
pre – treatment. Even if only HCl is present, the total acidity of the sample should be low enough 
to cope with the maximum allowed amount of H+ into the electrolytic cell. 
 

• Step 1: Prepare a polarographic cell and clean it thoroughly using ultra pure HCl 6M 
(solution 2). Rinse with ultra pure water. Prepare a timer; 

• Step 2: Transfer 0.5 to maximum 6 mL of the sample into the cell. Let Vs be the volume 
of the sample (mL). Vs will depend on the P content. For calibration data, the sample 
shall be replaced by a known volume (typically 10 to 100 µL) of a standard phosphate 
solution containing around 20 µg of phosphorus per mL. The total amount of P should 

                                                 
7 This technique will be referred to as the oxidative dissolution method. 
8 Especially for alloys containing a non-negligible amount of chromium. 
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range between 180 and 2000 ng. Note that Vs is upper bounded to ensure that the volume 
of water to be added to the cell at step 4 will remain ≥ 0; 

• Step 3: Depending on the acidity of the sample (to be preliminary determined by 
titration), add a controlled volume of ultra pure HCl 6M (solution 2). The total amount of 
H+ into the cell (i.e. sample + added acid) should be 5.9 mmole for a total cell volume of 
12.55 mL, which yields [H+] = 0.47 M. For alkaline samples, the amount of acid has to 
be increased in order to cope with the necessary neutralisation. Let Va be the volume of 
HCl added (mL). In the practice, Va will be the volume closest to the computed value (by 
excess) that can be added with the adjustable pipette, whose resolution should be 5 µL or 
better. The HCl concentration of solution 2 must be known precisely in order to introduce 
the exact amount of acid; 

• Step 4: Add Vw = (7.4 – Vs – Va) mL of ultra pure water into the cell. The volume of the 
sample should have been chosen in such a way that Vw ≥ 0; 

• Step 5: Add 5 mL of a 1:1 v/v mixture of acetone and butanone (solution 11), install the 
cell on the electrode stand and launch the purge by pressing the purge knob on the front 
panel. While the system is purging, prepare 150 µL of ammonium heptamolybdate 
solution (solution 8); 

• Step 5: Once the purge stops, inject the heptamolybdate into the cell, start the timer and 
push again on the purge knob in order to homogenise the solution during 30 s; 

• Step 6: Following the recommended electrochemical procedures, record the required 
voltammogram several times until the peak height stabilises. Use the GPES peak height 
measurement feature to appreciate the evolution of the response. Note that a dispersion 
between 5 to 10 % relative to the mean is acceptable. For P cell concentrations 
< 100 ng.mL-1, the peak height should stabilise within 12 to 15 minutes. For higher P 
concentrations, the stabilisation may require more than 20 minutes;  

• Record at least five measurements after the peak height has stabilised. If the dispersion 
appears to be high, carry out at least five additional scans. It is also advisable to carry out 
at least two experiments involving separate complex formations; 

• Step 7: Export all data under Excel® and treat them using the home – made code. 
Compute the mean value of the stabilised peak height and derive the corresponding P 
concentration from the calibration curve.  

 

5.2.3.2 Procedure for measuring P in the presence of large amounts of Fe+++ 

 
Preliminary notes: Figures given below are valid for a final total cell volume equal to 12.55 mL. 
If organic species are known to be present in the original sample, they should be destroyed e.g. 
by submitting the sample to UV radiations, eventually in the presence of ultra pure hydrogen 
peroxide. In particular, surface-active agents should be completely and radically eliminated. 
The acidity of the sample should be known. If necessary, a titration must be carried out. If non-
negligible amounts of acids other than HCl are present, they should be eliminated by an adequate 
pre – treatment. Even if only HCl is present, the total acidity of the sample should be low enough 
to cope with the maximum allowed amount of H+ into the electrolytic cell. 
 

• Step 1: Prepare a polarographic cell and clean it thoroughly using ultra pure HCl 6M 
(solution 2). Rinse with ultra pure water. Prepare a timer;  

• Step 2: Transfer 0.5 to maximum 6 mL of the sample into the cell. Let Vs be the volume 
of the sample (mL). Vs will depend on the P content. For calibration data, the sample 
shall be replaced by a known volume (typically 10 to 100 µL) of a standard phosphate 
solution containing around 20 µg of phosphorus per mL. The total amount of P should 
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range between 180 and 2000 ng. Note that Vs is upper bounded to ensure that the volume 
of water to be added to the cell at step 7 will remain ≥ 0; 

• Step 3: From the dissolution procedure, derive the amount of Fe+++ present in the sample. 
Compute the volume VFe (mL) of solution 13 to be added to the cell in order to get a final 
total cell concentration of Fe+++ equal to 3 mg.mL-1. Inject VFe mL of solution 13 into the 
cell. In the case of a dissolved steel, the iron content of the sample may be either 
estimated from the overall composition if known (e.g. for low alloy ferritic steel 
containing more than 95 wt. % of iron, the weighted metal may be considered as being 
100 % iron. For other cases, the iron content should be derived by subtracting e.g. the 
percentage of Cr and Ni if these figures are known, or measured by an alternative 
method). If both Fe3+ and Fe2+ are present, only Fe3+ has to be taken into account. In such 
a case, a speciation of iron should be carried out, or adequate measures should be taken to 
convert all the iron into one of its ionic forms (preferably Fe2+, in which case no 
correction for iron is needed). One elegant way of converting iron into Fe+++ is to add an 
excess of ultra pure H2O2 (reagent 7) and to eliminate the excess by boiling; 

• Step 4: Based on the acidities and the injected volumes of both the sample and the 
standard Fe+++ solution, derive the number of millimoles of H+ already present in the cell. 
Compute the volume Va (mL) of ultra pure HCl 6M (solution 2) to be added to the cell in 
order to reach 5.9 millimole of H+ in total (for a total cell volume of 12.55 mL). Inject 
Va mL of solution 2 into the cell; 

• Step 5: Add 5 mL of acetone – butanone mixture (solution 11) to the cell; 
• Step 6: Compute: 

o VAA (mL): volume of ascorbic acid solution (solution 10) to be added later in 
order to mask iron. For a total cell volume of 12.55 mL and the recommended 
total concentration of Fe+++, VAA = 1.484 mL. VAA  will be the volume closest to 
the computed value (by excess) that can be added with the adjustable pipette, 
whose resolution should be 5 µL or better; 

o VNaOH (mL): volume of solution 14 to be added for compensating the H+ liberated 
by the masking of iron (equation 4).  

 
(4)          22 2 2

666686
3 +++ ++→+ FeHOHCOHCFe  

 
Under the recommended experimental conditions, VNaOH = 0.335 mL. VNaOH will 
be the volume closest to the computed value (by excess) that can be added with 
the adjustable pipette, whose resolution should be 5 µL or better; 

• Step 7: Add Vw = (7.4 – Vs – VFe – Va – VAA – VNaOH) mL of ultra pure water to the cell; 
• Step 8: Add 150 µL of ammonium heptamolybdate (solution 8), mix and start the timer; 
• Step 9: Let the mixture react during 60 minutes. Ensure the potentiostat is on and the 

GPES is ready to run the electrochemical experiment. Check the connections with the 
PARC model 303 electrode. Adjust the purge time to 30 s on the front panel of the 
electrode; 

• Step 10: Add VAA mL of solution 7, next VNaOH mL of solution 14. Reset the timer, 
install the cell on the electrode stand and launch the purge by pressing the purge knob on 
the front panel. Start the timer; 

• Step 11: Following the recommended LSV procedure, record the required voltammogram 
several times until the peak height stabilises. Use the GPES peak height measurement 
feature to appreciate the evolution of the response. Note that a dispersion between 5 to 
10 % relative to the mean is acceptable. For P cell concentrations < 100 ng.mL-1, the peak 
height should stabilise within 2 to 5 minutes. For higher P concentrations, the 
stabilisation may require more than 8 minutes. In general, the first scans deliver peaks 
that are too small. Additionally, successive measurements can cause a progressive 
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decrease of the cell temperature, which in turns causes a continuous increase of the peak 
height. This is due to the out gassing of the electrolyte, which forces the evaporation of 
the acetone and the butanone. Care must be taken to record the data in the same 
conditions as calibration data. 

 

5.2.4 Electrochemical measurements 

 
We consider that the potentiostat is on and that the GPES software is running. Under 

"Methods", select "Cyclic voltammetry (staircase)", next "Normal" for LSV measurements or 
"Voltammetric analysis", next "AC voltammetry" for alternating current measurements. The 
corresponding set – up should be prepared as explained below. Turn the cell off using the button 
located on the right end of the front panel of the potentiostat and check the connections of each 
electrode. Once the connections have been found to be correct, turn the cell back on. Ensure that 
the interface driving the Model 303 is on (the red light on the PARC model 303 electrode stand 
should be on). Ensure that the argon cylinder is open. Rinse and dry partially the electrodes using 
an absorbing paper (make use of capillarity; avoid touching the electrodes). Once the electrolyte 
has been transferred into the electrochemical cell according to the recommendations given in the 
previous paragraph, proceed to the measurement by clicking on the start button (GPES).  

 

5.2.4.1 The linear sweep voltammetric set – up 

 
The electrochemical variables should be adjusted as follows: 
 

1. The scan rate, expressed in mV.s-1: this is the slope of the linear relation between the 
working electrode potential and time. We work with 250 mV.s-1;  

2. The initial potential: It is the potential at which the device will start the scan. In our case, 
we fix it always at –0.2 V with respect to the Ag/AgCl (KCl 3M) electrode; 

3. The vertex potential: It is the potential at which the scan will be reverted for a back scan 
towards the initial potential. We fix it at  -0.5 V with respect to the Ag/AgCl (KCl 3M) 
electrode;  

 
Besides these variables, we find also: 
 

1. The purge time: 30s; 
2. Two conditioning potentials: both fixed at –0.2 V; 
3. The duration of each conditioning: all fixed at 0 s; 
4. The equilibrium time: 2 s; 
5. The stirrer option: OFF; 
6. The "cell-off after measurement" option: ON; 
7. The current range: it should be 10 µA full scale. The corresponding option box (and only 

this one) should be checked and the green indicator should be bright; 
8. The Potentiostat / Galvanostat option: it should read "Potentiostat"; 
9. The High Sense option: it should be turned off 
10. The High Stability / High Speed option: it should read "High Speed"; 
11. The IR-Compensation: it should be turned off. 
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5.2.4.2 The alternating current voltammetry set – up 

 
The electrochemical variables should be adjusted as follows: 
 

1. The initial potential:  –0.2 V with respect to the Ag/AgCl (KCl 3M) electrode; 
2. The end potential: It is the potential at which the scan will be stopped. We fix it at  -0.5 V 

with respect to the Ag/AgCl (KCl 3M) electrode; 
3. The step potential: This is the amplitude of the successive voltage steps. It should be 

adjusted to 0.003 V; 
4. The modulation time: This is the duration of the voltage steps. It is adjusted to 1 s;  
5. The interval time: 1.46 s. Combining this value with the step potential allows calculating 

the overall scan rate, namely 2.05 mV.s-1. The total duration for a full scan is 2 min 26 s; 
6. The frequency: 19.93 Hz; 
7. The "Phase sensitive" option: it should be turned ON; 
8. The phase: -90 °; 
9. The amplitude: 0.05 Vrms; 
  

 
Besides these variables, we find also: 
 

1. The purge time: 2 s; 
2. The conditioning and deposition potentials: both fixed at -0.2 V; 
3. The duration of the conditioning and the deposition steps: both fixed at 1 s; 
4. The stand-by potential: -0.2 V; 
5. The number of scans: 1; 
6. The equilibration time: 1 s; 
7. The stirrer options: OFF; 
8. The "cell-off after measurement" option: ON; 
9. The current range: 10 µA full scale. The corresponding option box (and only this one) 

should be checked and the green indicator should be bright; 
10. The Potentiostat / Galvanostat option: it should read "Potentiostat"; 
11. The High Sense option: it should read "High sense off"; 
12. The High Stability / High Speed option: it should read "High Stability"; 
13. The IR-Compensation: it should read "off". 

  

5.2.5 Data treatment and transfer 

 
The files generated by the GPE software are treated numerically under Excel®, using a code 

specifically designed to discriminate the peak from the baseline9. After measurement of the 
corrected peak heights, the latter are plotted versus the concentration in the electrolyte to yield 
calibration data. 

 
Once a measurement has been taken, save it on the hard disk along "File", "Save data as..." 

(AC) or "Save scan as …" (LSV). Choose a filename that allows quickly identifying to which 
measurement the files correspond. Ideally, the filename should contain the following 
information: 
 

                                                 
9 For measurements in the presence of iron, the home – made code has not yet been adapted to the particular 
baseline. Therefore, all data involving iron have been treated using the GPES peak height measurement feature. 
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1. A sample identification: either the mnemonic used to name the steel, or the type of 
standard that has been measured (volume and concentration of the P standard); 

2. The volume of the aliquot taken from the dissolved sample (if dealing with a steel); 
3. A number associated to the replicate; 
4. The date. 

 
Note that any characteristic relevant to the electrochemical set – up can always be retrieved 

by re – loading the file with the GPE software or by simply transferring the data under Excel® 
using the home – made code. Therefore, it makes little sense to memorise any of these variables 
by incorporating them into the filename. Only the characteristics of the electrolyte should be 
considered for this. 
  
Use well structured directories to store the files. 
 

When saving the results, the computer generates three files, using specific file extensions. 
Keep all these files under the same directory and take care to always transfer all three files for 
further data treatment under Excel®.  
 

5.2.6 Formation of the complex for the separation of the matrix 

 
Preliminary note:  
 

The separation of the matrix is not needed in the case of low alloy steels that can be 
measured directly. Furthermore, we describe the most severe version of the procedure (i.e. using 
cold solutions to favour adsorption processes and to limit the risks of hydrolysis of the substrate). 
Several variations of the procedure were used (e.g. at room temperature, or using Sn++ as 
reductive species). Any departure from the version given here will be mentioned in the 
corresponding paragraphs as needed. 
 
Procedure: 
 

At least one day before the complex is being made – up, Sephadex™ PD-10 columns are to 
be prepared as follows: 
 

• Remove the top cap from the top of the column and discard the biocide. Rinse the top of 
the column with ultra pure water; 

• Using a sharp knife, cut off the tip at the bottom of the column and install the latter 
vertically using an adequate supporting frame. Install a funnel on the top of the column 
and place a beaker under the column; 

• Let 30 mL of ultra pure water pass through the column; 
• Remove the column from its supporting frame, remove the funnel, place the down cap on 

the tip at the bottom end of the column, place the top cap back on the top and store the 
column and its funnel into a refrigerator adjusted to 5 °C; 

• Store also polyethylene bottles into the same refrigerator, one containing solution 7 
(ascorbic acid in ultra pure HCl 5 % v:v), one containing ultra pure water, one containing 
solution 6 (ultra pure HCl 5 % v:v), one containing solution 5 (ultra pure HNO3 1M) and 
one containing solution 8 (acidified ammonium heptamolybdate and potassium antimonyl 
tartrate); 
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The make – up of the complex should be immediately followed by the separation. One 
should proceed as follows: 
 
 

• Transfer 5 mL of the sample liquor into a clean 100 mL beaker. Add a magnetic rod 
(coated with PTFE); 

• Add the necessary amount of HCl (solution 6) to ensure that the total acid normality is 
comprised between 0.2 and 0.5 N. The acidity of the sample should have been checked 
by titration to allow doing so;  

• Turn the magnetic stirrer on and heat – up the mixture gently to around 30 to 40 °C. Add 
1 mL of solution 8 containing ammonium heptamolybdate and potassium antimonyl 
tartrate. Let the mixture react during ~15 minutes. Allow to cool down spontaneously to 
room temperature (at least 30 minutes); 

• Place the beaker into ice cooled water or into a water bath thermostatically maintained at 
5 °C. Allow the mixture to equilibrate thermally; 

• Get the column and its funnel out of the refrigerator. Remove all caps, re – install the 
funnel and install the column back on its supporting frame. Place a beaker under the 
column. Next, let 30 mL of (cold) ultra pure HNO3 1M (solution 5) flow through the 
column; 

• Remove the magnetic rod from the mixture and rinse it with not more than 1 mL of cold 
ultra pure water. Collect the rinsing water into the beaker containing the mixture; 

• Load the mixture into the funnel and rinse the beaker with not more than 2 mL of cold 
solution 6. Collect the rinsing solution into the funnel. Allow the liquid passing through 
the column; 

• Once the mixture is loaded, let 15 mL of the (cold) solution 7 (ascorbic acid in ultra pure 
HCl 5 % v:v) flow through the column. A blue ring should develop in the upper part of 
the column, while a yellow liquid should progress towards the bottom of the column; 

• Once the ascorbic acid has passed through the column, rinse the column immediately 
with 15 mL of the cold solution 6 containing ultra pure HCl 5 % v:v. Collect all liquids 
into the same beaker; 

• Once the column has been rinsed, replace the beaker under the column and discard the 
liquid eluted so far; 

• Let 15 mL of solution 9 (containing ultra pure NH3 5 % v:v) pass through the column. 
The blue complex should move down in the column. Repeat this operation as often as 
needed (at least twice, the maximum total volume being reasonably fixed at ~ 150 mL) 
and collect the liquid into the beaker; 

• Once the previous operation is terminated, place a magnetic rod into the beaker, cover it 
and let the liquid boil until the volume is clearly less than 20 mL; 

• Let the liquid cool down, transfer into a clean 25 mL volumetric flask and adjust the 
volume. Transfer the liquid into a polyethylene bottle and mark it adequately (steel, date, 
operator). 

 
 
The phosphate present in the liquid recovered so far should be further quantified by the 

modified Chen method (LSV or AC set – up, depending on the expected P concentration) 
devoted to the measurement of P in the absence of iron. 
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6 Results and discussion 
 

6.1 Sample dissolution  
 

When addressing P in steels, the dissolution of the sample is particularly critical. On one 
hand, one must ensure that all P is dissolved but does not escape from the liquid. On the other 
hand, chemicals used to dissolve the sample may neither contain nor generate species that can 
impair the further quantification of the element (e.g. by introducing parasitic phosphorus or by 
disturbing either the formation or the adsorption of the hetero poly acid). For iron ores, Chen [15] 
dissolves the sample in sodium hydroxide at 650 – 700 °C and leaches the melt with water and 
hydrochloric acid. Whenever needed, he uses HCl to lower the pH of the solutions, with one 
exception in the case of P determinations in tea leaves where sulphuric acid is used to leach the 
carbonised sample. Further steps largely eliminate this acid and hydrochloric acid is being used 
again for the make – up of the complex to be quantified by adsorptive LSV. Chen cites nitrates in 
the list of possibly interfering species and mentions that a hundred – fold NO3

-/P mass ratio does 
not disturb the measurement. In agreement with this approach, Gupta and Ramchandran [10, 20] 
recommend eliminating nitric acid after dissolution of the sample. Guanghan et al. [16] do not 
address steels, but they use sulphuric acid for adjusting the pH and cite also the nitrates in a list 
of possibly interfering anions. In contrast with this, Alexéev [21, 38] acidifies the ammonium 
molybdate solution with nitric acid. However, his method is not spectrophotometric but 
gravimetric, as is also the case for Duyckaerts et al. [22] who even recommend eliminating the 
chloride ions before precipitating the complex. Vogel [23] uses sulphuric acid for the 
spectrophotometric determination of phosphomolybdates, but nitric acid when addressing the 
phosphovanadomolybdate. Hanada et al.[24] dissolve their steels in a mixture of HCl and H2O2 
for the determination of Si, but they use HNO3 for phosphorus. Kannan et al.[25]  use nitric acid 
for both P and Si, although not addressing steels. As to Aller [26], he recommends nitric acid for 
the colour development of the phosphomolybdate. For Si determinations[1], we use a 
straightforward dissolution procedure based on HCl and H2O2. Few residues are left provided the 
percentage of C is lower than 0.5 wt.%. However, we add nitric acid in the mixture, prior to form 
the silicododecamolybdate. This is compatible with the procedure originally recommended by 
Ishiyama et al.[27] for the determination of Si. This element can be measured in steels with high C 
content by dissolving the metal in aqua regia.     

 
Regarding all these relatively contradictory points of view, we tested several different sample 

dissolution procedures in the course of the research. Basically, two main approaches were 
selected: 

 
 

1. The hydrochloric acid and hydrogen peroxide method ("Vampirella" method): 
 

Here, the chloride anions act as complexing agents, while hydrogen peroxide is the oxidising 
species. Several consequences are that: 
 

• Cr is oxidized up to Cr3+. The dichromate anions do not survive since: 
o (5)     55 2122222722 OHOCrHOHOCrH +→+  is followed by: 

o (6)   81226  8 22
3

221222 ↑++→++ ++ OOHCrHOHOCrH ; 

• Mn is oxidized to Mn2+. The permanganate anions do not survive in the medium as a 
result of reaction 7: 

o )7(     582652 22
2

224 ↑++→++ ++− OOHMnHOHMnO ; 
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• Fe is oxidized to Fe3+ (Fenton's reaction); 
• Ni is oxidized to Ni2+; 
• P ends up into H3PO4, but part of the phosphate anions may be engaged into complexes, 

especially with Fe3+. Without using H2O2, some authors recommend nitric acid[26] or 
even nitric acid and potassium permanganate[22] to ensure the full oxidation of P (as well 
as carbides). Note that the simultaneous addition of hydrogen peroxide and potassium 
permanganate makes no sense. If permanganate is used, it must be added once hydrogen 
peroxide has been eliminated. Next, the excess of permanganate has to be eliminated by 
adding hydrogen peroxide again; 

• Si dissolves quantitatively in most cases, delivering H2SiCl6
[1, 24]. Some SiC might 

subsist though; 
• Nb, Zr, Ti, W, V and some carbides may not dissolve completely. The dissolved fraction 

of V is converted into VO2
+. If iron is being reduced during further operations, VO2+ and 

V3+ may be present. 
 
The method has the following attractive features: 

 
• It is easy and straightforward. The medium heats up spontaneously, thereby ensuring 

a fast dissolution; 
• As long as chlorides do not disturb further operations, no other treatment is required, 

except boiling off the excess of hydrogen peroxide; 
• If the acidity has to be precisely controlled, a titration of the final liquor can be 

carried out, the end point being identified using a pH indicator. Eventually, part of the 
hydrochloric acid may be boiled off if needed; 

• After elimination of the excess of hydrogen peroxide, the reduction of Fe3+ to Fe2+ is 
easy since HCl does not interfere. The reduction of iron may be required if phosphate 
anions are to be separated from iron (e.g. using a cationic exchange[9]); 

• When no SiC is present in the residues and provided suitable laboratory equipment is 
used for the dissolution10, the sample liquor can be used for the measurement of 
silicon for which a similar but less severe procedure has been described elsewhere [1]. 

  
The method has also drawbacks, especially when addressing P in metals: 
 

• In metals, P is generally engaged as phosphides. A lack in oxidative properties of the 
dissolving reagents may cause P losses along the gas phase (phosphine; see e.g. ref. 
31). Therefore, it is essential to ensure that the hydrogen peroxide concentration 
remains high enough as long as the metal has not been completely dissolved. This 
requires very careful attention, because both the Fenton reaction and the spontaneous 
increase of the temperature by self – heating contributes to rapidly consume or 
eliminate the hydrogen peroxide. Consequently, successive regular additions of the 
oxidative species are necessary as stated in the detailed procedure; 

• Contradictory information is found in the literature concerning the stability of 
phosphomolybdates with respect to anions. At least, if chloride are being considered, 
they may not be ideal regarding either the long term stability or the kinetics of 
formation of the targeted hetero poly acid;    

• Since the medium heats – up spontaneously, adding too much hydrogen peroxide in 
one shot may lead to an excessive production of oxygen, eventually causing the loss 
of product and the failure of the whole procedure; 

                                                 
10  See the next paragraph for suggestions. 
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• Although straightforward, the method is not very aggressive. Carbides as well as 
residual carbon can be left as residues, especially when the C content of the steel is 
high. When addressing Si, the technique is convenient for steels containing less than 
0.5 wt. % of C. Above this limit, an alternative dissolution technique must be used. 
For P though, we do not expect such limitations, but too much residues could also be 
disturbing, either because phosphates could be adsorbed, or because further eventual 
separation steps using resins or Sephadex™ could require a preliminary filtration; 

• Both the equipment and the reagents have to be compatible with the targeted element 
to be analysed. For silicon determinations, glassware must be avoided. In the case of 
phosphorus, experiments carried out using PTFE bottles or beakers failed regularly, 
presumably because fluorides have an adverse effect on the stability of 
phosphomolybdates. Therefore, glassware is recommended for all manipulations, 
while polyethylene bottles are used for the storage of reagents. For the determination 
of both Si and P using the same sample liquor, we recommend using non-porous 
Al 2O3 or ZrO2 crucibles for the dissolution of the steel11. Additionally, the analytical 
grade hydrogen peroxide originally available in our laboratory contains too much P 
(up to 25 ppm!) to allow carrying out decent analytical work (see paragraph 6.2.2.1). 
Ultra pure H2O2 was finally found on the market, but in contrast with most acids of 
the same quality, this product is not common.      

 
Among the above – mentioned drawbacks, the first two ones were incentives to consider 

also an alternative dissolution procedure, although the Vampirella method remains recommended 
due to its straightforward character and its perfect compatibility with further analytical steps, 
especially regarding the bad tolerance of the Chen’s method with respect to anions other than 
chlorides.  

 
 

2. The nitric acid, hydrochloric acid and sulphuric acid method:  
 

This more classical method relies on nitric acid as oxidative species and chloride anions 
as complexing agent. The mixture of acids (aqua regia) is known to be a strong oxidant, 
especially when boiling the medium. Very few residues are left, even when the C content is high. 
For steels containing non-negligible amounts of refractory metals, adding potassium 
permanganate, next using ultra pure H2O2 to eliminate the MnO2 precipitate is particularly 
efficient[22], although not recommended if not absolutely necessary to avoid possible 
interferences resulting from the presence of an uncontrolled excess of Mn++ during the 
electrochemical measurement. The advantages of the method can be listed as follows: 
 

• P is fully converted into phosphate with no loss in the gas phase; 
• Very few residues are left after dissolution. 

 
However, the following drawbacks may be cited: 

 
• Nitrates impair the electrochemical measurement. They should be eliminated, which 

requires adding sulphuric acid and boiling off the solution until white fumes are 
produced; 

                                                 
11  Any material that can withstand the hot chemicals while not causing interferences and neither releasing nor 
retaining P or Si species can be considered. Some noble metals can certainly be considered, but to our opinion, 
several less expensive refractory oxides should also be suitable. However, further tests are needed to demonstrate 
that the proposed materials do not disturb the measurements.  
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• Sulphates have also an adverse effect on the electrochemical baseline. Therefore, one has 
to severely limit the amount of sulphuric acid added to the mixture when eliminating the 
nitrate anion. It would even be advisable not to add sulphuric acid at all, giving the 
preference to the elimination of nitrates by overheating the residues. However, this 
method is tedious. The re – dissolution of the residue can be difficult. Our results indicate 
that using sulphuric acid with lots of precaution is possible but quite difficult;  

• The oxidation state of possibly interfering species may impair their further separation 
from the medium. For instance, Cr is converted into Cr2O7

2-, which cannot be separated 
easily from phosphates using a cationic exchange. Even an anionic exchange would be 
inefficient due to the high concentration of HCl required to complex the iron: under such 
circumstances, both chromic and phosphoric acids are present under their neutral form. 
Both acids pass freely through the exchange column. CrVI might also impair the 
electrochemical measurement, while to some extent, CrIII  does not.  

 
 

Nevertheless, we selected this second dissolution method as an acceptable alternative to the 
Vampirella technique, thereby potentially broadening the overall scope of the method at the cost 
of a slight additional workload in routine operation. 
 

6.2 Tuning the electrochemical measurement  
 

This general task covered the following topics: 
 

• The study of the make – up of the electrolyte, which is intimately related to the 
formation of the hetero poly acid adsorbing at the working electrode; 

• The final tuning of the method addressing P in water in the absence of iron; 
• The characterisation of reagents; 
• The study of the system’s response when iron is present; 
• The final tuning of the method addressing P in steels; 
• The study of possibly interfering species. 

 

6.2.1 The formation of the complex for the electrochemical measurement 

 
For the make – up of the electrolyte, Chen[15] mixes the reagents in the following order: 

 
1. 5 mL of sample solution or P standard solution; 
2. HCl 6M drop wise to neutralize the leachate (originally obtained from ore by melting 

with NaOH); 
3. 1 mL of a solution being: 

a. 7.12 mM in ammonium heptamolybdate ([Mo]' = 0.0499 M); 
b. 1.0 mM in potassium antimonyl tartrate ([Sb]' = 0.002 M); 
c. 4.06 M HCl; 

4. 1 mL of an aqueous solution 0.284 M in ascorbic acid; 
5. 4 mL of a 1:1 v/v mixture of acetone and butanone. 

 
The final volume is made up to 25 mL with water. The analytical concentrations12 in the 

electrolyte submitted to the measurement are: 

                                                 
12  Before any reaction occur. Analytical concentrations will be noted [concerned species]’. 
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• 2.85 10-4 M in ammonium heptamolybdate; 
• 8.4 10-5 M in potassium antimonyl tartrate; 
• 1.14 10-2 M in ascorbic acid; 
• 0.162 M in HCl. 

 
10 – 12 mL of this mixture are transferred into the electrochemical cell and submitted to the 
electrochemical measurement. 
 
 
 However, attempts to carry out this procedure in the presence of large quantities of iron 
failed in delivering acceptable results for several reasons. A long experimental campaign was 
necessary to tune the different variables. Throughout these studies, we used the LSV technique. 
The AC method has been examined only after having tuned the make – up of the complex, 
thereby opening the route towards even better LOD’s with no further modification of the 
chemical procedure. 
 

6.2.1.1 Mo, Sb and acetone – butanone 

 
Carrying out the original procedure as described by Chen delivers a response that is 

suitable for the measurement of P in water. But addressing P in steels implies the presence of a 
large amount of Fe3+. On one hand, ferric ions disturb the measurement, as stated by Chen. On 
the other hand, we hoped getting control on the interference by adding an excess of Fe3+, while 
masking it by using ascorbic acid as recommended by Chen. As was the case for the 
measurement of silicon[1], this approach would have the advantage of delivering a result with 
limited experimental efforts. Unfortunately, when using the original Chen procedure in the 
presence of a realistic but huge excess of Fe3+, the P response either disappears or fades or is not 
reproducible, even when masking iron with ascorbic acid. Note that Chen[15] does not mention 
any attention to be paid to the timing for the make – up of the mixture. Chen states that in the 
presence of iron, the molybdate addition may simply be followed by the addition of ascorbic 
acid. Our original experiments were performed as indicated by Chen, except that we sometimes 
added the ascorbic acid first, next the molybdate, with similar discrepancies on the results. In 
both cases, these reagents are added quasi simultaneously.  

At that point, no clear conclusions could be derived regarding the method proposed by 
Chen because there was still too much incertitude, especially regarding the purity of our 
reagents. Moreover, several physicochemical effects of importance (kinetics, side reactions etc.) 
were still unknown by the time we carried out this work. However, we were convinced that the 
experimental conditions specified by Chen might not be ideal to perform a correct measurement 
of P in the presence of a large amount of iron. Therefore, we carried out an experimental 
campaign with the hope to get a more stable P signature when iron is present. By trial and error, 
we observed that the concentrations in the electrochemical cell should be adjusted. When 
increasing [Mo]’ (1.73 mM instead of 0.285 mM), while slightly decreasing [Sb]’ (75.2 µM 
instead of 84µM) with respect to the recommendations of Chen, and increasing the volume 
percentage of acetone – butanone from 16 to 40 %, a somewhat more acceptable P response is 
obtained in the presence of a large excess of Fe3+ provided we use more acid ([HCl] = ~ 0.25 to 
0.7 M instead of 0.162 M). In these circumstances, P delivers a response, with or without Fe3+ 
(up to 8 mg Fe3+ per mL of electrolyte in the cell for a P concentration as low as 30 ppb). These 
results were validated using standard solutions. However, a serious lack of reproducibility was 
still noted when carrying out the measurement in the presence of iron, unless we add ascorbic 
acid before the ammonium heptamolybdate, while severely controlling the time elapsed between 
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both injections. Exerting a severe control on the timing yielded a better but still insufficient 
reproducibility. The situation was even worse when using standard steels13.  
 

So far, we concluded the following: 
 

1. P delivers an electrochemical response in the presence of a large excess of Fe3+ provided 
the latter is masked by ascorbic acid; 

2. The effect of iron remains unclear. On one hand, due to its colour, Fe+++ is known to 
interfere when measuring P in steels spectrophotometrically, but little is known 
concerning the possible effect of Fe+++ on the formation of the complex, although some 
authors claim that such effect exist[20]. On the other hand, the presence of free Fe+++ 
impairs definitively the electrochemical responses, which obliges us to mask this species. 
The pending questions are: "Do we keep ascorbic acid as masking agent or do we try 
alternative reagents?" and "Should we mask iron first, next initiate the formation of 
phosphomolybdate, or should we tolerate the presence of Fe+++  during the formation of 
phosphomolybdate, next mask the interfering species just before proceeding to the 
electrochemical measurement?" In fact, it all depends on whether or not Fe+++ plays an 
adverse role on the formation of the targeted hetero poly acid. So far, we based our 
experiments on the fact that Fe+++ could possibly interfere with the formation of the 
hetero poly acid. Hence, we preferred masking iron first, next forming the complex14; 

3. The peak heights are linearly correlated to the P concentrations in the measuring cell if 
iron is absent. When iron is present, a strict control of the timing is required. But even so, 
the reproducibility is not good enough, which is an incentive to further examine the 
behaviour of ascorbic acid besides its masking function with respect to iron15; 

4. The bad results collected so far in the case of real steels tend indicating that some other 
species may interfere. 

 
 

A rough examination of the composition of the standard steels did not allow deriving clear 
conclusions about which element(s) could be responsible for the somewhat chaotic responses 
obtained in the case of standard steels. Many possible causes could be suspected: either the 
dissolution procedure (mainly the Vampirella method was used so far) failed in converting all P 
into phosphate or ternary hetero poly acids were formed that do not behave like the 
phosphomolybdic acid during the electrochemical measurement, or parasitic binary hetero poly 
acids impaired the electrochemical process, or side reactions exist etc. Nevertheless, we decided 
to freeze definitively the experimental procedure devoted to the electrochemical measurement of 
P in the absence of iron, while still keeping an eye on the behaviour of the system when iron is 
present. For this purpose, further examination of the method was required, especially regarding 
the influence of the pH. Possibly interfering species were also studied in the absence of iron.  
 

6.2.1.2 Tuning the acid concentration 

 
In the absence of iron and having fixed the molybdenum concentration, the antimony 

concentration as well as the volume ratio of acetone – butanone, the concentration of HCl has 
been studied. The literature mentions indeed that the formation of the phosphomolybdate 
complex is strongly dependent on the pH[40]. Figure 1 summarises our results, which confirm that 

                                                 
13 We will see later that this resulted from the use of a reagent of poor quality during the dissolution process. 
14 We will see later that this is the wrong approach. Iron does not heavily impair the formation of the complex. It 
may eventually slow down the reaction a little bit.  
15 This will reveal to be the key issue. 
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the concentration of the acid has to be severely controlled if the maximal sensitivity has to be 
achieved. At first glance and despite the lower sensitivity, the zone located below 0.4 M seems 
attractive, but at relatively low acid concentrations, we observed that the ammonium molybdate 
becomes quite unstable when using a reducing agent. 
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Figure 1: Dependence of the LSV peak height (± 1 σ) with respect to the concentration of HCl in the 

electrolytic cell. [P]’cell = 78.95 ng.mL-1 for all points.  

 
Next to this, the kinetics of formation of the complex depends also on the nature and the 

concentration of the acid. Our observations confirm literature data[29] indicating that the kinetics 
is slowed down at higher acid concentrations. Nevertheless, considering also the sensitivity, we 
decided to freeze the acid concentration in the cell to 0.47 M. Since the first derivative of the 
peak height is relatively poorly constant in this region (Figure 1), the acid concentration has to be 
severely controlled in order to get reproducible results. Further, we verified that the chosen 
conditions still deliver a P signature in the presence of iron masked by ascorbic acid.  

 
At this stage of the research, we were able to measure P in water with a detection limit 

located around 15 ng of P per mL into the electrolysis cell. This allowed us to a/o examine the 
purity of several reagents. 

6.2.2 Quality of the reagents 

 
While tuning the Chen method, several difficulties resulted from the presence of too 

much phosphorus or eventually interfering species into some analytical grade reagents. As long 
as no validated P measurement method was available, multiple interpretations of the results were 
possible. Theoretically, the reagent’s certificates help in discriminating between different sources 
of errors, but not all certificates are sufficiently explicit. Adapting the method and solving the 
question of reagent’s purity were carried out in parallel through a tedious iterative process, but 
the qualification of the reagents could finally be verified only once a validated measurement 
method was available to determine P correctly in the absence of a disturbing matrix.  
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Using the modified Chen method in the absence of iron, P can be easily and directly 
measured in reagents that can be boiled off from their aqueous solutions. For such chemicals, a 
known volume of the pure reagent is transferred into a clean beaker containing a magnetic rod. If 
needed, a few mL of ultra pure water are added. Next, the beaker is covered and the liquid is 
heated up to boiling until dryness. The beaker is allowed to cool down and a known volume of 
ultra pure water is transferred into the beaker. After mixing during 15 minutes, the liquid is ready 
for P measurement. For chemicals that cannot be boiled off their aqueous solutions, the 
measurement of the P content can be made only if the main reagent does not impair the 
measurement (Fe2+) or if it can be masked adequately (e.g. Fe3+). In such cases, the method 
consists in measuring P in a blank wherein an aqueous solution containing a known 
concentration of the reagent has been added, together with the eventual masking agents. A non – 
zero response is attributed to P that accompanies the reagent under examination, although the P 
content of the masking agents must also be taken into account.  
 

6.2.2.1 Hydrogen peroxide 

 
Reagent 6 (table A1, annex 1) was examined. We found that it contains 25 µg P per mL. 

This makes it totally unsuitable for the low level analysis of P in steels. All results acquired so 
far using this reagent (a/o tests with steels dissolved by the Vampirella method) had to be 
discarded16. 
Reagent 7 was also tested and showed not more P than the certified value (< 25 ppb PO4

3-). 
 

6.2.2.2 Sulphurous acid 

 
Reagent 21 (table A1, annex 1) was examined. We found that it contains 2.1 µg P per 

mL. This makes it unsuitable for the low level analysis of P in steels, unless the final result is 
corrected to take the parasitic P into account. We do not recommend this approach. 
 

6.2.2.3 Hydrochloric acid 

 
Reagent 10 (table A1, annex 1) was examined. We found no detectable P. This result 

confirms the possibility to carry out the modified Chen method using analytical grade HCl 
instead of ultra pure HCl. However, since the quality of the reagent may vary between different 
lots, we recommend carrying out the check on each bottle before using the reagent. 
 
 

6.2.2.4 Sodium metabisulphite 

 
Reagent 16 (table A1, annex 1) was examined. We found 0.63 ppm in the solid product. 

Too much SO3
2- (i.e. ~ 20 mg.mL-1 in the electrolytic cell) impairs also the P measurement, 

essentially by distorting the baseline. 
 
 

                                                 
16 The poor quality of this product is responsible for many misleading results. However, using ultra pure hydrogen 
peroxide does not solve the whole problem at all, the key issue remaining the behaviour of ascorbic acid in the 
electrolyte. 
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6.2.2.5 Iron trichloride 

 
Merck do not mention details about the P content of their iron trichloride (reagent 22, 

table A1, annex 1), but FLUKA certifies that their own product contains less than 100 µg of P 
per gram. Using the FLUKA iron trichloride, we carried out blank in the presence of iron and 
obtained a non – zero P response.  Therefore, a home – made standard Fe+++ solution obtained by 
dissolving pure iron (reagent 26) by the Vampirella technique was used for all measurements of 
P in the presence of iron. 
 

6.2.2.6 Iron II chloride 

 
Reagent 23 (table A1, annex 1) was examined. We found no detectable P as indicated by 

the perfect blank measurement shown on Figure 2. Remarkably, large Fe++/P mass ratios 
(~ 35000) cause only a slight decrease of the sensitivity of the P response as shown on the same 
figure. At a low mass ratio (~ 35), Fe2+ does not affect the measurement at all (see Table 2).  
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Figure 2: Measurement of P in the presence of Fe++. Cell concentrations: [P]’ = 236.8 ng.mL-1 (if present), 
[Fe++]’ = 8.22 µg.mL-1 (if present), [HCl]’ = 0.47 M  

 
 

6.2.3 Attempts to replace HCl by another acid 

 
We assessed whether the Chen method still works when replacing HCl by another acid. 

The purpose of these tests is to eventually simplify the dissolution technique, recalling that we 
were considering avoiding any loss of P during the dissolution of the steel. We tested H2SO4, 
HNO3 and HClO4. Our results demonstrate that HCl cannot be replaced by another acid without 
impairing the P measurement. When using nitric acid, the P signature is completely masked by 
the faradic reduction of nitrates. When using perchloric acid, the baseline is heavily distorted, 
bringing the current out of any decent scale to detect minute amounts of P. A huge peak 
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attributed to the perchlorate anion is located very close to the expected P response, bringing the 
background current to ~ – 25 µA, where the signal to be detected may be as low as – 0.2 µA 
(Figure 3). In the case of sulphuric acid, exceeding a mass ratio of 1000 causes also some 
distortion of the baseline (see paragraph 6.2.6). We conclude that whatever the dissolution can be 
or whatever the nature of the sample, all acids should be eliminated, the final measurement of P 
being carried out by using essentially HCl. This justifies the dissolution technique advised by 
Chen as well as our preference for the Vampirella dissolution technique.  
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Figure 3: Response delivered by the modified Chen method in the absence of P and Fe when replacing HCl by 

HClO 4. The blank corresponds to a classical LSV scan obtained when using only HCl. 

 

6.2.4 Further analysis of the system's response in the presence of iron 

 
As already stated, several authors report that Fe3+ interferes when determining P in steels 

spectrophotometrically. However, little is said about any direct influence of iron on the 
formation and the long-term stability of the complex. Besides the purely spectrophotometric 
effects, iron could eventually interfere chemically, as mentioned by Gupta et al.[20]. From the 
very beginning of the research, we constantly tried controlling the possible interference by 
working with a fixed total ballast of iron, masking it preferably before the injection of 
ammonium heptamolybdate to prevent any disturbance of both the formation of the complex and 
the subsequent electrochemical determination. However, selecting a suitable masking agent is 
not easy. There is much controversy about the possible effect(s) of particular ligands on the 
formation and the stability of the phosphomolybdate. For instance, most authors agree that 
fluoride ions or oxalic acid or citric acid impair heavily the formation of phosphomolybdates[24, 

29, 30]. In the case of tartrates, the situation is less clear: Alexéev[21, 38] mentions that tartaric acid 
does not disturb the formation of phosphomolybdate, but hinders the formation of 
arsenomolybdate and silicomolybdate. On the contrary, Bogdanova claims that tartaric acid does 
not disturb the formation of arsenomolybdate[28], while Jimenez – Prieto and Silva[29] recommend 
tartaric or oxalic acid to destroy the phosphomolybdate. Our own experience is that tartrate at 
pH = 10 does not destroy the silicododecamolybdate and that in such conditions, 
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phosphomolybdate does not interfere in the electrochemical determination of silicon[1]. 
Nevertheless, we are convinced that neither tartaric acid, nor citric acid nor hydrofluoric acid can 
mask iron efficiently at the low pH at which the phosphomolybdate complex is being measured 
according to the Chen method. Moreover, these chemicals react directly with molybdic acid, a 
feature that has also been exploited for Si measurements. Note that a limited amount of tartaric 
acid does not impair the measurement of P. To promote the formation of the phosphomolybdate, 
Sb+++ is even introduced into the medium under the form of potassium antimonyl tartrate by 
most authors dealing with the subject17. Our experimental investigations confirm that when 
addressing P, the best way to mask iron is to reduce it, using ascorbic acid (as also indicated by 
Chen). However, besides many other reagents (e.g. hydrazine sulphate, stannous chloride, 
hydroquinon, 1 – amino – 2 – naphthalene – sulphonic acid, 4 – methylaminophenol sulphate 
etc.), ascorbic acid reduces also the phosphomolybdate, the rate of reduction being quite slow[5, 

6]. One of the pending questions concerns the possible impact of an eventual change in the 
oxidation state of the complex (after having masked Fe3+) on the response of the electrochemical 
system. On one hand, the Chen method being operational essentially when no reducing species 
has been added, the non – reduced (yellow) form of the complex is evidently responsible for the 
adsorptive signature. On the other hand, the partially reduced form of the complex could adsorb 
at a different potential, or it could eventually not adsorb at all, thereby impairing the 
measurement. If the reduced form adsorbs, it may also affect the capacitance of the double layer 
differently, which would cause a change in sensitivity. Our experimental results indicate that for 
short time experiments (i.e. the measurement is carried out a few minutes after the make – up of 
the electrolyte), the peak shape does not change when ascorbic acid is used to mask iron and that 
no additional peak is observed in the scanned potential window. UV – VIS measurements 
performed on the iron free electrolyte, but using ascorbic acid to reduce the hetero poly acid  
confirm that the increase of absorbance in the blue region (750 to 840 nm) is slow and delayed 
by about 35 minutes.  
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Figure 4: Successive UV-VIS spectrums of the electrolyte in the absence of iron.  Characteristics of the 

solution: [P]’ = 157.9 ng.mL-1; [HCl]’ = 4.7 M; [C 6H8O6]’ = 124 mM. Total volume = 12.4 mL 
(including 150 µL of solution 8 (annex 1) injected at t = 0 minute). Volumic percentage of acetone – butanone 

mixture = 40.3 %  

                                                 
17 Sb+++ catalyses the formation of the phosphomolybdate. 
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Figure 5: Evolution of the raw (non – corrected) absorbance at 790 nm in function of time. The 

characteristics of the solution are the same as for Figure 2 

 
The absorbance increases significantly only after 35 to 50 minutes (Figure 4 and Figure 

5), thereby indicating that  the reduction is slow. Although taken in the absence of iron, these 
results are consistent with the fact that a short time electrochemical response is still observed 
when ascorbic acid is used to mask iron. At a sufficiently short time scale (i.e. less than say 35 to 
50 minutes), the reduction has not sufficiently progressed and the observed response corresponds 
to the progressive formation of the non – reduced yellow complex.    

 
Figure 5 shows that no real steady state is reached even after 200 minutes. But a sudden 

change in the slope of the curve occurs after 80 minutes.  
 
The other key result previously stated is illustrated by Figure 6: we observed that when 

elaborating the electrolyte to carry out the modified Chen measurements in the presence of iron, 
the time elapsed between the injection of the ascorbic acid and the ammonium heptamolybdate 
influences the result strongly. Injecting the molybdate not later than 30 s after the injection of the 
ascorbic acid as recommended by our former procedure yielded somewhat "classical" results (i.e. 
a P signature is immediately observable, although not sufficiently reproducible). But the longer 
the molybdate injection is delayed, the longer it lasts to stabilise the peak. The related time scale 
is short: a huge effect is already observed when delaying the injection of ammonium 
heptamolybdate by 2 to 5 minutes. If delaying the injection by more than 100 minutes, the peak 
requires several hours to stabilise as can also be derived from Figure 6. Delaying the injection of 
ascorbic acid together with the molybdate with respect to the injection of acetone – butanone 
does not retard the peak stabilisation. Delaying the injection of iron together with the injection of 
molybdate with respect to the injection of ascorbic acid retards the peak stabilisation again, 
which tends indicating that iron is not responsible for the observed effect.  
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Figure 6: Behaviour of the system when delaying the injection of ammonium heptamolybdate by 110 minutes 
with respect to the injection of ascorbic acid. The different curves correspond to measurements taken after 
the time specified in the legend. Concentrations in cell: [P]’ = 78.95 ng.mL-1, [HCl]’ = 0.47 M. Volumic ratio 

of acetone – butanone = 0.4 

 
 
These key results, together with the UV – VIS observations led us formulating the 

following hypotheses: 
 

 
• Most probably, a reaction between ascorbic acid and phosphoric acid exists. Since the 

peak stabilisation is retarded no matter whether the injection of iron is delayed or not, we 
suspect that the dehydro ascorbic acid18 could also react with phosphoric acid, since the 
peak stabilisation is considerably retarded even when practically no excess of ascorbic 
acid is used with respect to the concentration of iron to be masked, the masking reaction 
operating quite fast. Since the stabilisation of the peak is considerably retarded when only 
the molybdate injection is delayed, an eventual interaction between the ascorbic acid and 
the molybdate cannot explain the observed results; 

• The suspected reactions are most probably reversible, i.e. the phosphate combined with 
the ascorbic acid (or the dehydro ascorbic acid) can still be converted into 
phosphomolybdate, but the corresponding reactions are by far slower than the direct 
reaction between the free phosphoric acid and the ammonium heptamolybdate, most 
probably for mechanistic reasons. This could partly explain the slow kinetics reported in 
the literature for the reduction of phosphomolybdate when using ascorbic acid instead of 
Sn++ [5]. In fact, we have no absolute clue about the rate of reduction of the hetero poly 
acid by ascorbic acid. This reaction is most probably slow, again for mechanistic reasons 
as reported in the literature. But to our opinion, adding ascorbic acid too early to the 
medium causes an apparent but considerable decrease of the rate of formation of the 

                                                 
18 This form is the oxidation product of ascorbic acid (see equation 4). Its overall formula is C6H6O6. It possesses 
three carbonyl groups inside the ring. To our opinion, a reaction between dehydro ascorbic acid and phosphoric acid 
is not at all excluded. See annex 4 for further discussion. 
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yellow phosphomolybdate due to side reactions mobilising the phosphoric acid. If 
correct, this hypothesis could explain an apparent “slow reduction” in all cases where the 
ascorbic acid is added before the yellow phosphomolybdate is completely formed; 

• When injecting the ascorbic acid and the molybdate reagent at the same time in the 
absence of iron as was the case for UV – VIS measurements, the phosphoric acid 
undergoes two (or more) reactions in parallel. One reaction happens with the molybdate, 
yielding the non – reduced form of the complex. This reaction is followed by the partial 
reduction of the complex caused by the ascorbic acid. This explains the initial slope of 
the absorbance in function of time observed on Figure 5: the molybdenum blue is clearly 
formed at a non – negligible rate. At least one second reaction happens with the ascorbic 
acid. When all reactions have exhausted the free phosphoric acid, the further formation of 
phosphomolybdate continues exclusively by a reaction between the molybdate and 
(supposedly) the phospho ascorbic acid. As stated above, the latter reaction is much 
slower. This explains the final slope of the absorbance in function of time observed on 
Figure 5.   

 
 

Thereby, the order for mixing reagents and the timing recommended in the final procedure 
are fully justified: in the presence of iron, the ammonium heptamolybdate has to be injected first. 
Doing so delivers much more consistent results, which indicates that Fe+++ does not appear to 
interfere heavily with the formation of phosphomolybdate, in agreement with Duyckaerts et 
al.[22] and Hanada et al.[24], but not with Gupta et al.[20]. Whether iron participates to the 
complex, yielding a non – reduced ternary poly acid being further reduced into a bi poly acid, or 
behaves simply as a catalyst remains unclear. But it becomes evident that the masking of iron by 
ascorbic acid should only happen after the reaction between the phosphoric acid and the 
ammonium heptamolybdate has been completed. The possible interaction(s) between ascorbic 
acid and phosphoric acid are further discussed in annex 4. 

 
  
Extending the reasoning led us proposing a way for accelerating the peak stabilisation. 

Besides the use of Sb+++, several attempts to catalyse the complex formation in the presence of 
iron were carried out. We tested the effect of VO2

+, Cd++, Hg, Hg++, Zn++ and Ni++ but without 
success. Sn++ reduces the complex faster than ascorbic acid[5]. Therefore, introducing Sn++ into 
the electrolyte might have helped favouring the reaction between the molybdate and the 
phosphoric acid by quickly converting the yellow complex into the reduced blue form. A mass 
effect could be favourable. However, this can work only if: 
 
 

1. Neither Sn++ nor Sn++++ interfere with the electrochemical measurement; 
2. The reduced form of the phosphomolybdate still delivers an acceptable answer, while we 

known that the basic Chen's method addresses the non – reduced form of the complex. 
 
 

From Figure 6, we can conclude that the second condition is fulfilled, since a clear P 
signature is observed after 24 h in the presence of ascorbic acid. In these conditions, the blue 
complex is formed. Furthermore, the peak recovered after 24 hours is well shaped. Its height 
corresponds also to the expected value, although the complex has been reduced after such a long 
contact with ascorbic acid. The peak shifted somewhat to more cathodic values, but this may be 
due to the ageing of the reference. However, further results collected with steels show that the 
recovery of the peak is not reproducible. One possible enhancement could be to use Sn++ for 
reducing the complex during e.g. 24 hours (or less), next to mask iron before the measurement. 
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This requires again that tin does not impair the electrochemical measurement. This particular 
aspect should be further examined. 

 
 
Nevertheless, introducing Sn++ into our electrolyte at a Sn/P mass ratio equal to 3 did not 

deliver any change in the response.  
 

6.2.5 Final tuning of the P measurement in the presence of iron 

 
The final tuning of the method occurred in 3 steps. 
 

6.2.5.1 Timed injections of ammonium heptamolybdate and ascorbic acid  

 
 
In order to eliminate the disturbances caused by the interaction between ascorbic acid and 

phosphoric acid, we decided to form the hetero poly acid in the presence of free Fe+++, reserving 
ascorbic acid for masking purposes only. We decided also to switch back to the original idea of 
using a constant ballast of iron into the electrolyte. The analytical concentration of Fe+++ has 
been fixed at 3 mg Fe per mL. The first tests were carried out using standard steels dissolved by 
the strongly oxidative method. An aliquot of a phosphorus free solution containing Fe+++ 
(solution 13) is added to the sample in order to reach the specified final concentration of iron.  

 
 
A few tests were performed in order to tune the timing for the formation of the complex. A 

test carried out with a certified steel and with a reaction time limited to 7 minutes showed that 
less than 40 % of P had been converted into phosphomolybdate. Other tests performed with a 
reaction time of 15 minutes yielded correct results provided the calibration is carried out using 
also 15 minutes as reaction time, thereby indicating that the reaction might not yet be fully 
completed. According to our results, it is advisable to foresee at least 45 minutes of reaction time 
to ensure the complete formation of the complex, although 30 minutes are enough in many cases. 
Taking into account the perspective of facing high P contents, we fixed the delay at 60 minutes 
in the final procedure.  

 

6.2.5.2 Switching back to the Vampirella method  

 
 

We submitted the sample liquors to the electrochemical measurement. Using adequate 
calibration data (see paragraph 6.4.2) and the GPES peak height measurement feature, we quoted 
the P content of the steels correctly, their certified values being located inside the confidence 
intervals associated to our measurements. However, difficulties in identifying the baseline were 
still noted for some (but not all) steels. These difficulties are illustrated on Figure 7.  
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Figure 7: LSV scans obtained after further correction of the modified Chen procedure. The 363 scan shows 
well - separated signatures for As (peak at ~ – 0.35 V) and P (peak at ~ – 0.40 V). All measurements carried 

out according to the final procedure except that 400 to 800 µL of concentrated sulphuric acid were used 
during the oxidative dissolution process. Weights: 288.9 mg for 363 and 267.8 mg for 361. Sample volumes: 

1.5 mL for both steels.   

 
The 363 standard steel delivers a clear response, the P signature being easily identified 

and extracted from the raw data. A further calculation in this specific case yields 
(0.029 ± 0.004) wt. % for this steel, which is in perfect agreement with the certified value, 
namely (0.029 ± 0.005) wt. %. However, the situation is less encouraging in the case of the 361 
standard steel. The corresponding scan still shows a P response, but the baseline is bad. Treating 
the data shown on Figure 7 yields (0.0137 ± 0.00099) wt. %, which is also in excellent 
agreement with the certified value, namely (0.014 ± 0.001) wt. %.  However, extracting the peak 
from the raw data requires a long experience of the system’s behaviour in various circumstances. 
In such cases, the method is not handy and can hardly be correctly carried out by an 
inexperienced operator. 

 
At first glance, four main reasons could possibly explain the observations: 

 
1. Residual nitrates could be present in some (but not all) sample liquors: specific 

measurements (e.g. using the catalytic Mo wave presented in annex 3) are needed to 
assess this. As will be reported under paragraph 6.2.6, the baseline is influenced when 
nitrates are present. In the absence of iron, the mass ratio NO3

-/P may not be greater than 
~ 450, otherwise the peak extraction becomes difficult (see Table 2). However, we do not 
believe that nitrates could survive the chemical treatment applied to the steels since we 
took care producing abundant white fumes during the last step of the dissolution 
procedure, going even nearly to dryness; 

2. Cr2O7
 - - could interfere with the electrochemical measurement: One disadvantage of the 

oxidative dissolution method is that chromium is being oxidised up to its VI state. Large 
amounts of chromium could impair the electrochemical measurement. However, and 
although the Cr issue should be further examined especially to broaden the scope of the 
method, we do not believe that Cr2O7

 - - causes the degradation of the baseline observed 
here. One reason for this is that the 363 certified steel contains 1.33 wt. % of chromium 
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and 0.029 wt. % of P, while the 361 steel contains only 0.694 wt. % of chromium and 
0.014 wt. % of P. A second reason is that adding absolute ethanol to the electrolyte to 
reduce Cr2O7

 - - does not have any effect on the distorted baseline, which remains very 
bad; 

3. Sulphates could be responsible for the distortion of the LSV baseline: In fact, when 
dissolving the steels by the oxidative method, we used from 400 up to 800 µ L of 
concentrated sulphuric acid. Although we took care heating the medium until dryness, 
while white fumes where abundantly produced, we also worried about being able to re – 
dissolve the solid easily using ultra pure water only. Even if we assume that only 10 % of 
the dissolved iron subsists as sulphate after the elimination of nitrates, the SO4

 - - /P mass 
ratio can be as high as 20000 or even more for low P contents. From Table 2, this ratio 
should ideally be kept below 1000 in the absence of iron; otherwise the extraction of the 
peak becomes difficult. This was the incentive to review the final procedure for the 
oxidative dissolution of the steel: we advise using a very limited amount of sulphuric acid 
and we reinforced the heating during the nitrate elimination step in order to decompose as 
much H2SO4 as possible. To cope with the resulting drawback, we advise adding a 
controlled amount of HCl for re – dissolving the solid; 

4. The distortion of the baseline could be caused by the presence of other interfering species 
or elements: this issue remains open, especially for other steels to be further submitted to 
the procedure. However, examining both the certificates and the results available so far 
still does not allow deriving clear conclusions.    

 
We decided to switch back to the Vampirella dissolution method. Doing so allows radically 

excluding the first three possible causes for the observed distortion of the baseline since neither 
HNO3 nor H2SO4 are being used, while chromium ends – up into Cr+++ in the sample liquor 
when using this dissolution technique. Figure 8 shows five LSV scans, one for each certified 
steel after dissolution by the Vampirella technique.  
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Figure 8: LSV scans on Vampirella sample liquors. All measurements carried out according to the final 
procedure Weights: 30f: 291 mg; 291: 245 mg; 361: 267 mg; 362: 200 mg; 363: 317 mg. Sample volumes: 

1 mL for all steels.    
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Although located at different places in the current scale, all baselines settle down acceptably 
after the adsorption of the phosphomolybdate. All scans show also a quasi-linear section of 
limited slope, located before the adsorption peak attributed to As. These features facilitate 
greatly the extraction of the peaks from the raw data. The gathered results demonstrate also that 
even when the P content is low, the measurement remains possible. For the sake of comparison, 
Figure 9 shows one scan taken as calibration data in the presence of iron.  
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Figure 9: LSV scan used for calibration purposes (in the presence of iron). All experimental conditions are as 

prescribed by the final procedure. Cell concentrations: [P]' = 118.4 ng.mL-1, [As]' = 0 

 
 
The shape of the scan is very similar to the shape observed when measuring steels. In 

particular, the change in the slope located around – 0.45 V is also present. This behaviour is 
attributed to the presence of iron. Note also that the position of the peak is slightly different. The 
calibration scan was recorded before the measurement of the steels. We are dealing here with a 
reference electrode that  should be replaced soon,  the  P  signature  approaching  progressively  
– 0.42 V. 

 
 
One additional point is that some species that are present in 362 but not in 363 may affect the 

shape of the P response, the latter being broader on the 362 scan. Comparing with the scan given 
on Figure 9 indicates that the disturbance shows up essentially on the left part of the P signature. 
However, the peak height measured at the correct potential remains acceptably correlated to the 
P content. Examining the certificates allows deriving a list of possibly interfering elements (see 
Table 1). Conversely, Cr and Mn are both present at relatively high levels in both 291 and 363, 
whose responses are particularly well shaped. Therefore, a possible positive effect of Cr+++ or 
Mn++ (or both) should be further verified, although such effect would be surprising.  
 

Nevertheless, the final procedure allows the measurement of P in ferritic steels. 
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Table 1: List of elements suspected to broaden the LSV response 

Element 362 certified content (wt. %) 363 certified content (wt. %) 
Cu 0.5 0.1 
Co 0.3 0.048 
Nb 0.29 0.049 
Ta 0.2 Unknown 
W 0.2 0.046 

 

6.2.5.3 Comments and suggestions regarding the electrochemical measurements 

 
While carrying out the electrochemical measurements for validation purposes, besides the 

importance of the reaction time for the make – up of the complex, we noted a slight evolution of 
the peak heights in function of time. Generally, the first measurements are a few percents too 
low. They should be discarded. The peak stabilises quite fast (~ 5 to 15 minutes), but after a 
while, a slight increase can be observed, especially when numerous successive scans are 
recorded. Looking at the cell revealed that the electrolyte cools down progressively in these 
circumstances (Figure 10).  
 
 
 

 
Figure 10: Electrolytic cell submitted to fast successive scans. Condensation is clearly visible on the outer wall 

of the cell, indicating a decrease of the temperature of the electrolyte. 

 
 

This is attributed to the forced evaporation of acetone and butanone as a result of 
successive out gassing sequences. Carrying out the measurement under thermostatic conditions 
should ideally circumvent the temperature effect. We would advice working around 10 °C or 
slightly below. This can also have a possibly favourable effect on the adsorptive response.  
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Figure 11: Evolution of the peak height during the measurement of the 363 certified steel. Total weight of 

metal = 317 mg; Sample volume: 1 mL. All other variables as prescribed by the final procedure (total volume 
of sample liquor = 25 mL; total cell volume = 12.55 mL). Expected P concentration (in the cell): 293 ng.mL-1; 

Observed P concentration (derived from the mean peak height observed for t > 200 s): 297.9 ng.mL-1; 
Certified P content (steel): 0.029 wt. %; Predicted P content (steel): 0.0295 wt. %   

 
 
 

The evolution of the peak height with time during the recording of LSV responses is 
further illustrated on Figure 11 in the case of a real measurement (certified NIST steel ref. 363). 
The trend line is a polynomial fitting of the third order. Its tendency to increase on the right end 
of the graph is somewhat artificial though, because in that specific case, care was taken to avoid 
taking successive records too fast. 

 
 
 

6.2.6 Study of the interferences 

 
The Chen method suffers from several interferences and limitations. Table 2 summarizes 

the results gathered throughout a detailed experimental campaign in the absence of iron. All 
experiments were carried out according to the modified Chen procedure (LSV method). In 
particular, the acid concentration in the cell was kept equal to 0.47 M and the cell volume was 
always 12.4 mL19. Unless otherwise specified, the P concentration in the electrochemical cell 
was equal to 78.95 ng.mL-1, and the data were treated by the GPE software. These experiments 
were carried out before the final tuning of the Chen method in the presence of iron. Additional 
measurements are needed to further check the effect of Cu, Co, Nb, Ta, W, Cr+++ and Mn++.   
 
 

                                                 
19 In the final procedure, this volume is equal to 12.55 mL.  
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Table 2: Summary of the interferences observed in the absence of iron 

Species Chemicals1 Ratio tested2 Result3 Remarks 
Si (IV) Na2SiO4 Si/P = 1021.5 / 

1126.6 
No influence  

Si (IV) Na2SiO4 Si/P = 5107.4 / 
5632.6 

P measurement failed Mo reagent exhausted by Si to 
form molybdosilicic acid  

Fe3+ FeCl3 (Fe 
dissolved by 
ultra pure 
HCl/H2O2) 

Fe/P = 180.3 / 100 P measurement failed. 
The P signature is 
depressed for all 
concentrations of non – 
masked Fe3+ 

Without masking agent 

Fe2+ FeCl2 Fe/P = 34.7 / 19.2 No influence Measured at P = 236.8 ng.mL-1 
VO2+ VOSO4 V/P = 514.8 / 

313.0 
No influence  

Cr3+ CrCl3 Cr/P = 513.2 / 
305.7 

No influence Checking higher ratios is 
advisable 

Mn2+ MnCl2 Mn/P = 512.0 / 
288.7 

No influence Checking higher ratios is 
advisable 

NH4
+ NH4Cl (NH4

+)/P = 15960 
/ 27500 (at CP = 
78.95 ng.mL-1) 

Slight decrease in 
sensitivity 

The calibration (from ~ 15 to ~ 
230 ng.mL-1) remains linear. P 
can still be measured accurately 

     
SO4

2- Na2SO4 (SO4
2-)/P = 1011.8 

/ 326.5  
Influence on the 
baseline 

The home – made code could 
overcome the changes on the 
baseline up to the specified 
ratios 

NO3
- NaNO3 (NO3

-)/P = 464.6 / 
1013.8 

Influence on the 
baseline 

The home – made code could 
overcome the changes on the 
baseline up to the specified 
ratios 

ClO- NaClO (ClO-)/P = 4251.5 
/ 2584.3 

Slight influence on the 
baseline 

 

(1) These chemicals were used to introduce the possibly interfering species 
(2) Given as XXXX / YYYY, where XXXX stands for the mass ratio and YYYY for the molar 
ratio 
(3) "No influence" means that P remains measurable using the usual calibration data. A 
modification of the baseline is not excluded as long as it does not impair the data treatment. "P 
measurement failed" means that P could not be accurately measured, either because the peak 
height was seriously affected, or because the baseline was so distorted that the automatic data 
treatment failed to identify the right peak height. The latter case occurs rarely without any real 
(i.e. physicochemical) impact on the peak height itself. 
 
 
 

Table 3 summarises our best present knowledge concerning the tolerance of the method 
with respect to possibly interfering elements as derived from the certificates[41] accompanying 
NIST steels whose measurements were all successful (see paragraph 6.5) as well as from own 
observations. Again, additional measurements are needed to further check the effect of Cu, Co, 
Nb, Ta, W, Cr+++ and Mn++.  
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Table 3: Tolerance to interfering species in the presence of iron. The specified mass ratios (element/P) do not 
interfere with the measurement. 

Species or 
element Mass ratios 

Remarks 

Fe 120000 Provided Fe+++ is masked as prescribed. 
Si 1000 For a mass ratio above 5000, silicon exhausts the molybdate reagent.  

As 15 

Arsenic can be measured simultaneously with phosphorus, although with a 
lower sensitivity. If too much arsenic is present, the correct measurement of 
the peak height may require particular attention. 

Ni++ 143  

Cr+++ 166 
An even better tolerance is expected for this species. Checking higher ratios is 
advisable. 

Cr2O7
- - 15.2 The exact effect of this species should be further investigated. 

Co++ 7 The ratio indicated could be the upper limit. 
Cu++ 12 The ratio indicated could be the upper limit. 

Mn++ 72 

According to our observations (using the strongly oxidative dissolution 
procedure), a better tolerance is to be expected, but the exact mass ratio has 
not yet been exactly measured. Checking higher ratios is advisable. 

Mo 66 
High Mo contents can eventually be dealt with by adapting the injection of 
molybdate if necessary. 

VO2
+ 28  

Al+++ 8 
The upper limit of the ratio should be assessed and found acceptable before 
using Al2O3 crucibles to measure both Si and P in the same sample liquor. 

Sn 4  
Ti 2  
Ta 5 The ratio indicated could be the upper limit. 
Nb 7 The ratio indicated could be the upper limit. 

Zr 5 
The upper limit of the ratio should be assessed and found acceptable before 
using ZrO2 crucibles to measure both Si and P in the same sample liquor. 

W 5 The ratio indicated could be the upper limit. 

C  45 
C remains in the residues or is eliminated as carbon dioxide, depending on 
the dissolution technique. 

SO4
-- 9 No effect on the baseline at this level of concentration. 

 
 

6.3 ACV measurements 
 

Considering the double layer capacitance in series with the resistance offered by the 
solution, the adsorptive current response is ahead the voltage stimulus by a phase angle that 
depends on both the resistance of the solution and the chosen frequency. Since the electrolyte has 
a good conductivity, the phase angle is close to + π/2. In contrast with this, faradic currents are 
ahead the voltage by + π/4 for a reversible couple. Since we address an adsorptive process that 
generates a negative physical current peak, the faradic part of the current is of no interest and 
may be better discriminated by applying an AC voltage stimulus, while measuring the current at 
the ideal phase angle (φ). Accessorily, such a phase sensitive measurement allows also switching 
the currents back into the positive scale. To do so, we choose φ = - π/2. The usual input 
variables, such as the scan rate, the amplitude and the frequency of the super imposed AC 
voltage stimulus etc. have all to be chosen in order to optimise the response.  
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   An exploratory experimental campaign has been carried out using the modified Chen 
electrolyte in the absence of iron. The outcome of this session translates into the set of practical 
variables given in Table 4. Facilitating the further numerical extraction of the peak from the raw 
response was also a criterion guiding the selection of adequate values for the input variables. 
Figure 12 shows an example of raw data, while Figure 13 depicts the system’s response at 
different frequencies after extraction of the peak from the raw data, using our home – made code 
written in VBA for Excel®.  
 

Table 4: Selected values for ACV set – up input variables. The data are valid for P measurements in the 
absence of iron. 

Input variable Selected value Remarks 
Initial potential (V) - 0.2 Same as for LSV experiments 
Final potential (V) - 0.5 Same as for LSV experiments 
Scan rate (mV.s-1) 2.05 Closely related to other input variables. The 

GPE software recalculates this figure to meet 
the demanded variable values within the limits 
of the equipment 

Phase (radians) - π/2 Affects the sensitivity, the selectivity and the 
shape of the baseline. This is the key variable 
for discriminating the parasitic faradic 
contribution(s) to the current responses 

Frequency (Hz) 19.96 Governs a/o the overall sensitivity as well as the 
selectivity. See Figure 13.  The real frequency is 
adjusted by the GPE software as closest to the 
value specified by the operator (20 Hz) 

AC voltage amplitude (Vrms) 50 Affects the sensitivity  
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Figure 12:  Example of ACV response and associated data treatment.  Cell concentrations:  
[P]’ = 78.95 ng.mL-1, [HCl]’ = 0.47 M, [Fe]’ = 0   
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Figure 13: ACV current response of phosphomolybdate as a function of the frequency, after numerical 
extraction from the raw data. Cell concentrations: [P]’ = 110.53 ng.mL-1, [HCl]’ = 0.47 M, [Fe]’ = 0  

 
As expected, the ACV current response is more sensitive than the LSV response (by a 

factor ~ 8. Compare Figure 13 with Figure 2, taking the corresponding experimental 
concentrations into account). Another particularity is that the input variables were clearly 
selected to maximise the sensitivity, but not the selectivity: the peak is broad and as such, the 
method may suffer from the presence of e.g. As. Under the chosen experimental conditions, the 
treatment of the baseline is much easier than in the case of LSV. However, adsorptive responses 
are more prone to disturbances caused by the electrolyte itself. This results from the dependence 
of the capacitance of the double layer on both the ionic strength and the nature of the electrolyte. 
In particular, the presence of surface-active agents may completely rule out the perspective of 
measuring P. This statement applies to LSV and even more to ACV. This is why we advise 
eliminating organic species before proceeding to the measurement of P in e.g. surface water. The 
use of detergent(s) for cleaning glass vessels must also be avoided. The dependence of the 
response on the characteristics of the electrolyte is further illustrated on Figure 14, which shows 
the ACV signal recorded in the presence of iron. Although a similarly shaped P response is still 
present in the raw data, the signal is displaced and the baseline is clearly different when iron is 
present. Further efforts including the revision of the set – up, the elaboration of an adapted data 
treatment algorithm and the assessment of the influence of iron on the response and its relations 
with the P concentrations are required prior being able using the AC voltammetry for 
determining P in steels. Such work, if successful, would open the route towards better detection 
limits, and possibly towards an enhanced precision.  
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Figure 14: ACV response in the presence of iron. Cell concentrations: [P]’ = 63.16 ng.mL-1, [HCl]’ = 0.47 M, 

[Fe]’ = 53.7 µM, [C6H8O6]’ = 26.9 µM. 

 
 

So far, we recommend using the ACV technique in the ultra low concentration range 
only, where the half – wave widths remain acceptable regarding the desired selectivity. In its 
present status, the method has proven to be particularly suitable for the sensitive analysis of P in 
water. But the LSV method remains indeed satisfactory in the high concentration range. It offers 
better chances to remain selective if e.g. As is present. It can also be applied in the presence of 
iron.    
 

6.4 Calibration data and figures of merit 
 

Calibration data as well as any other experimental result depend strongly on the 
instrumentation (area of the working electrode, status of the reference electrode) and on the 
practical implementation of the electrochemical technique, especially in the case of AC 
Voltammetry20. Therefore, calibration should always be collected on the same instrument for 
each experimental campaign. Additionally, we recommend taking regular calibration data to 
cope with any potential shift resulting from the ageing of the reference electrode. Nonetheless, 
although absolute figures will not apply on other instruments, our calibration results help in 
assessing the analytical figures of merits and may serve as a basis for a comparison with future 
results. 

 
All calibration data were collected at ambient temperature, using standard P solutions, in 

the absence of interfering species other than iron. Data were exported under Excel® and further 
treated using our home – made code except for experiments carried out in the presence of iron 
for which we used the GPES features. A non-linear regression code[39] running under DOS was 
used for the fittings and the computation of all statistics.  

 

                                                 
20 See the Autolab instructions for the particular implementation of ACV in GPES. 
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6.4.1 Calibration of the modified Chen’s method in the absence of iron 

 
 
Important note: All results discussed in this paragraph where obtained in the absence of iron. 
 

6.4.1.1 LSV method 

 
 
14 couples (peak height (µA) / cell concentration (ng P per mL)) were collected and 

submitted to a short statistical analysis. The P concentration in the electrochemical cell ranged 
from 0 to 250 ng.mL-1. A linear relationship between the peak height and the cell concentration 
is observed. Figure 15 to Figure 17 illustrate the results. Table 5 summarizes the statistical 
results.   
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Figure 15: LSV calibration data: red dots are experimental points. The black line corresponds to the linear 

model (predicted values).  
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Figure 16: LSV calibration data: Distribution of th e residues after fitting. No residual correlation is observed. 

See also Table 5 for a further assessment of the quality of the model. 
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Figure 17: LSV calibration data: Predicted versus observed values. The data are located along the bisector of 

the angle formed by the reference axes.  
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Table 5: Statistics and figures of merit derived from calibration data (LSV measurements; 0 to 250 ng.mL -1) 

Data Value Unit Remark 
Slope 93 ng.mL-1.(µA)-1 Reciprocal of the sensitivity 
Intercept -1 ng.mL-1 Statistically equal to 0 
RCI(1) (slope) 4 ng.mL-1.(µA)-1 90 % confidence 
RCI (intercept) 5 ng.mL-1 90 % confidence 
Deg. Freedom 12  14 data points, 2 parameters 
PVE(2) 99.19 %  
Average deviation 4.12 ng.mL-1  
Maximum deviation 13 ng.mL-1 for C = 144 ng.mL-1 

Durbin-Watson 1.655  Assessment of residual correlation(s) 
Residual variance 5.5 ng.mL-1  
LOD(3) (3 σ) 16.5 ng.mL-1  
Relative precision 4.3 %  
Conc. Range 15 to 250 ng.mL-1  

(1) RCI: Radius of the confidence interval 
 (2) PVE: Percentage of variance explained 
 (3) LOD: L imit of detection 
 

As previously stated, only stabilized peak heights should be retained. In the present case, 
and although only 14 different concentrations were examined, a total of 63 scans were recorded, 
among which 50 were retained. A rough examination of the system’s behaviour allows defining 
the following tips and recommendations: 
 

• By "stabilized peak height", one should understand that the observed variation is 
acceptable, taking into account the normal dispersion associated to LSV measurements 
carried out on renewed electrodes. Based on our observations, we recommend 
considering that the peak height is stabilized when the standard deviation computed on at 
least five peaks is less than 70 nA; 

• According to our observations, the stabilization of the peak requires a duration that 
depends on the concentration of P into the cell. As an empirical guide (but not a rule), the 
stabilization is generally obtained when the elapsed time (in s) is ≥ 430*H2, where H is 
the peak height expressed in µA; 

• All 63 measurements were used to assess the position of the P response in the potential 
scale. It appears that when using a freshly installed reference electrode, the peak position 
remained at (–0.380 ± 0.012) V during the whole experimental campaign, which 
comprised even more measurements since we carried out the ACV experiments in 
parallel. Taking care of the reference electrode allows carrying out 100 or more 
measurements without difficulty. The ageing of the reference electrode translates into a 
peak shift towards more negative values. If the peak is located below – 0.43 to – 0.45 V, 
the reference electrode should be refreshed. To avoid having to do so too often, the 
electrodes should not remain in contact with the electrolyte for longer than necessary to 
collect the results. In stand – by condition, the electrodes should be kept immersed in 
ultra pure water, or a low concentration (e.g. 0.01 M) of HCl. Sometimes, an aged 
electrode can also recover when staying a while into diluted HNO3 or aqua regia 
(0.01 M).    
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6.4.1.2 ACV method 

 
Since the AC voltammetry is more sensitive than the LS voltammetry, we carried out two 

different calibration campaigns. The first one addresses the same range of concentrations as the 
LSV method. It yields approximately the same LOD (~ 15 ng.mL-1). The second one was carried 
out using lower concentrations. The associated LOD is 5 ng.mL-1.  
 
 

6.4.1.2.1 High concentration range 
 
 
8 couples (peak height (µA) / cell concentration (ng P per mL)) were collected and 

submitted to a short statistical analysis. The P concentration in the electrochemical cell ranged 
from 0 to ~ 120 ng.mL-1. A linear relationship between the peak height and the cell concentration 
is observed. Figure 18 to Figure 20 illustrate the fitting. Table 6 summarizes the statistical 
results.   
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Figure 18: ACV calibration data (0 to ~ 120 ng.mL-1): red dots are experimental points. The black line 

corresponds to the linear model (predicted values). 
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Figure 19: ACV calibration data (0 to ~ 120 ng.mL-1): Distribution of the residues after fitting. A slight 

residual correlation could be suspected, although replicates are needed to further assess this behaviour. See 
also Table 6 for further examination of the quality of the model. 
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Figure 20: ACV calibration data (0 to ~ 120 ng.mL-1):  Predicted versus observed values. The data are located 

along the bisector of the angle formed by the reference axes. 
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Table 6: Statistics and figures of merits derived from calibration data (ACV measurements; 0 to 120 ng.mL -1) 

Data Value Unit Remark 
Slope 12 ng.mL-1.(µA)-1 Reciprocal of the sensitivity 
Intercept 0 ng.mL-1 Statistically equal to 0 
RCI(1) (slope) 1 ng.mL-1.(µA)-1 90 % confidence 
RCI (intercept) 7 ng.mL-1 90 % confidence 
Deg. freedom 6  8 data points, 2 parameters; 

one point outside the range 
of the independent variable 

PVE(2) 98.51 %  
Average deviation 4.18 ng.mL-1  
Maximum 
deviation 

9 ng.mL-1 for C = 125 ng.mL-1 

Durbin-Watson 1.663  Assessment of residual 
correlation(s) 

Residual variance 5.0 ng.mL-1  
LOD(3) (3 σ) 15 ng.mL-1  
Relative precision 8.3 %  
Conc. Range 15 to 120 ng.mL-1  
(1) RCI: Radius of the confidence interval 

 (2) PVE: Percentage of variance explained 
 (3) LOD: L imit of detection 
 
 
 

In total, 30 scans were recorded among which 16 were retained. From all measurements, 
we noted that the peak is located at (-0.297 ± 0.005) V with respect to a healthy reference 
electrode. Most measurements were carried out sequentially after having collected the 
corresponding LSV results. Nonetheless, a slight peak increase in function of time was observed. 
We suspect that in the case of LSV, a lack of discrimination of the faradic contribution may 
mask a slight evolution involving e.g. the achievement of an equilibrium between forms of 
different stoichiometry. However, this statement remains a hypothesis until suitable experimental 
investigations have clarified the issue. In order to limit the effect of this on the results, we simply 
collected successive results as quickly as possible and rejected only the outliers (i.e. those 
seldom peaks whose discrepancy was clearly due to an artefact like e.g. the size of the mercury 
drop electrode, which may incidentally differ from its normal value, depending on the status of 
the capillary and the provisional presence of mercury oxide in the mercury column). The mean 
dispersion on the peak heights was 215 nA, a value that was considered as acceptable in view of 
the observed responses (up to ~ 10 µA for 125 ng.mL-1). The dispersion was much less (~ 120 
nA) at lower concentrations. 
 
 

6.4.1.2.2 Low concentration range 
 

6 couples (peak height (µA) / cell concentration (ng P per mL)) were collected and 
submitted to a short statistical analysis. The P concentration in the electrochemical cell ranged 
from 0 to ~ 30 ng.mL-1. A linear relationship between the peak height and the cell concentration 
is observed. Figure 21 to Figure 23 illustrate the fitting. Table 7 summarizes the statistical 
results.   
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Figure 21: ACV calibration data (0 to ~ 30 ng.mL-1): red dots are experimental points. The black line 

corresponds to the linear model (predicted values). 
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Figure 22: ACV calibration data (0 to ~ 30 ng.mL-1): Distribution of the residues after fitting. No residual 

correlation is observed. See also Table 7 for a further assessment of the quality of the model. 
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Figure 23: ACV calibration data (0 to ~ 30 ng.mL-1):  Predicted versus observed values. The data are located 

along the bisector of the angle formed by the reference axes. 

 

Table 7: Statistics and figures of merits derived from calibration data (ACV measurements; 0 to 30 ng.mL -1) 

Data Value Unit Remark 
Slope 10 ng.mL-1.(µA)-1 Reciprocal of the sensitivity 
Intercept 2 ng.mL-1 Statistically equal to 0 
RCI(1) (slope) 3 ng.mL-1.(µA)-1 90 % confidence 
RCI (intercept) 3 ng.mL-1 90 % confidence 
Deg. freedom 4  6 data points, 2 parameters 
PVE(2) 94.76 %  
Average deviation 1.41 ng.mL-1  
Maximum deviation 3 ng.mL-1 for C = 11 ng.mL-1 

Durbin-Watson 2.442  Assessment of residual correlation(s) 
Residual variance 1.7 ng.mL-1  
LOD(3) (3 σ) 5 ng.mL-1  
Relative precision 30 %  
Conc. Range 5 to 30 ng.mL-1  

(1) RCI: Radius of the confidence interval 
 (2) PVE: Percentage of variance explained 
 (3) LOD: L imit of detection 
 
 

In total, 22 experimental scans were recorded, among which 20 were retained. The mean 
dispersion on the peak height was ~ 120 nA. The peaks were located at (-0.306 ± 0.007) V with 
respect to a healthy reference electrode. This figure is statistically equal to the one given for 
ACV measurements at higher concentrations. The sensitivity remains also statistically 
unchanged when addressing high or low concentrations. However, the LOD has been improved 
by a factor 3.  
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6.4.2 Calibration of the modified Chen’s method in the presence of iron  

 
 

The LSV method has been applied to collect the calibration data in the presence of iron. 
The peak heights were measured using the GPE software. 16 scans were recorded at five 
different P concentrations. The P concentration in the electrochemical cell ranged from 0 to 
190 ng.mL-1. A linear relationship between the peak height and the cell concentration is 
observed. Figure 24 to Figure 26 illustrate the results.   
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Figure 24: LSV calibration data in the presence of iron. Green dots are experimental points. Red dots 

correspond to the mean value of the recorded peak height. The red and green lines and data illustrate the 
fitting on the raw and the mean data respectively (predicted values).  

 
  

 
Two fittings were performed, using a dedicated software[39]. The first fitting addressed all 

scans, while the second one was performed using the local mean peak heights. Both fittings 
deliver statistically identical parameters. All validation data were treated using the fitting on the 
local mean peak heights. The statistics corresponding to this fitting are given in Table 8. The 
pooled standard deviation on the peak height was found to be 54 nA. The mean relative 
incertitude on the cell concentrations due to the spreading of the peak heights was roughly 
estimated to be 10.2 %.  
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Figure 25: LSV calibration data in the presence of iron. Distribution of the residues after fitting. No residual 

correlation is observed. See also Table 8 for a further assessment of the quality of the model. 
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Figure 26: LSV calibration data in the presence of iron. Predicted versus observed values. The data are 

located along the bisector of the angle formed by the reference axes.  
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Table 8: Statistics and figures of merits derived from calibration data (LSV measurements in the presence of 
iron; 0 to 190 ng.mL-1) 

Data Value Unit Remark 
Slope 135 ng.mL-1.(µA)-1 Reciprocal of the sensitivity 
Intercept 1.85 ng.mL-1 Statistically equal to 0 
RCI(1) (slope) 9 ng.mL-1.(µA)-1 90 % confidence 
RCI (intercept) 7 ng.mL-1 90 % confidence 
Deg. Freedom 3  5 data points, 2 parameters 
PVE(2) 99.76 %  
Average deviation 2.79 ng.mL-1  
Maximum deviation 5.13 ng.mL-1 for C = 117 ng.mL-1 

Durbin-Watson 2.882  Assessment of residual correlation(s) 
Residual variance 10 ng.mL-1  
LOD(3) (3 σ) 30 ng.mL-1 In the electrolyte 
LOD 5.2 µg.g-1 In the steel (Based on 6 mL sample, 

300 mg of steel in 25 mL of sample 
liquor and 30 ng.mL-1 in an 
electrolytic cell containing 12.55 mL)  

Relative precision 6.7 %  
Conc. Range 30 to 190 ng.mL-1  

(1) RCI: Radius of the confidence interval 
 (2) PVE: Percentage of variance explained  
 (3) LOD: L imit of detection 
 
 

6.4.3 Remarks concerning the arsenic response 

 
As previously stated, arsenic delivers an adsorptive signature when using the Chen 

method. The As peak appears at ~ -0.32 V with respect to a healthy reference electrode. Dealing 
with adsorptive responses has the following consequences: 
 

• Adsorptive peaks are often narrower than faradic responses. Therefore, the proximity of 
the P and As signatures does not impair too much the simultaneous determination of both 
elements, provided the ratio of the highest to the lowest concentrations is less than ~ 10; 

• The exact physicochemical behaviour of the system has to be carefully taken into 
account. Indeed, adsorption processes depend strongly on the electro – active substrate, 
as well as on the ionic strength as previously mentioned. Since the arsenomolybdic acid 
adsorbs before the phosphomolybdic acid, it is not excluded that the calibration for P 
becomes dependent on the As concentration. We did not investigate this issue. Our 
experience indicates that traces of As do not influence the P calibration. But if both 
species had to be quantified, a two – dimensional calibration should be considered, unless 
adequate experimental results indicate that no correlation exist between the P and the As 
answers. Particular attention should be devoted to the ACV measurements, especially 
regarding the fact that this method discriminates the faradic current from the charging 
current. For this reason, this technique may be more sensitive to a cross – correlation 
between P and As; 

• Yet another more prosaic difficulty that may result from the presence of As is related to 
the data treatment. In its present stage of development, the code for data treatment can 
only be used for the measurement of phosphorus in the absence of iron. Moreover, it 
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identifies the baseline assuming that no As is present. If both elements had to be 
measured in broad ranges of concentrations, the code should be revised in order to 
ascertain that no bias exists.   

 
 

6.5 Overall validation of the method 
  

A total of 65 scans were recorded in order to validate the technique using five different 
NIST certified steels. From 3 to 10 scans were taken for each measurement. The peak heights 
were measured using the GPE software. Calibration data allowed deriving estimates of the P 
content for each measurement. The mean values and their associated standard deviations are 
reported in Table 9 together with the certified values. The agreement is excellent for all steels.  
 
 

Table 9: Validation results for 5 certified NIST steels. 

Steel Certificate[41] (wt. %) Observed (wt. %) St. dev. (wt. %) Nr. of measurements Nr. of scans 
30f (0.011 ± 0.001) 0.0109 0.0001 2 10 
291 0.008 to 0.009 0.0084 0.0005 4 16 
361 (0.014 ± 0.001) 0.0141 0.0005 3 10 
362 (0.041 ± 0.001) 0.0415 0.0009 3 11 
363 (0.029 ± 0.005) 0.0293 0.0004 3 18 
 
 

6.6 Separation of the matrix 
 

As stated by Aller[26], interferences require extractions in most instances. In particular, 
silicon interferes with the measurement of P when using spectrophotometry[20], or neutron 
activation[9], or a radio reagent[13]. Arsenic is the second most disturbing element, requiring also 
suitable separations in most cases[9, 20, 26]. Neither of these elements disturb the selected 
electrochemical method, but other elements or species like V, Ge, W, Bi, and Fe+++[20] are also 
known to potentially affect the formation of the phosphomolybdic acid, either by entering the 
complex to yield hetero poly acids (like V[23] and Bi[10]), or by affecting or impairing the 
formation of the phosphomolybdic acid (like Fe+++ as reported by Gupta et al.[20]). Therefore, we 
envisaged separating the matrix to eliminate most interference. We still prefer masking possibly 
interfering species when possible in order to avoid long and tedious manipulations, but extending 
the scope of the method in the future may anyway require the elimination of the matrix. 

Several methods have been reported in the literature for the separation of the matrix. 
Mihajlović et al.[ 4], Macháček  et al.[7], Hamiti et al.[14] and Aller[26] studied the liquid – liquid 
extraction of the phosphomolybdic acid. Paul[9] eliminates Si as H2SiF6 in the gas phase and uses 
a cationic exchange to separate iron after reduction. He carries out an additional step on a tin 
dioxide substrate to eliminate As and Ta. Tanaka et al.[ 31] propose a smart approach consisting in 
separating S, P and As respectively as H2S, PH3 and AsH3 during the dissolution step, but they 
report low recovery factors even when proceeding under inert atmosphere. In 1971, attempting to 
estimate the size of phosphomolybdic acid by gel chromatography, Yoza et al.[36] discovered that 
phosphomolybdic acid adsorbs on a reticulated dextran gel, a feature that prevented them to 
achieve their original objective but that they recognized as being of primary importance. Further 
studies showed that silicododecamolybdate adsorbs also on the reticulated gel and confirmed that 
the partially reduced complexes adsorb much better than the non-reduced forms. In 1984, 
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Yoshimura et al.[37] could take benefit from these observations to propose a method for the 
quantification of silicon. More recently (1998), Hanada et al.[24] suggested the use of a 
reticulated dextran gel for the simultaneous determination of Si and P in steels, although they 
refer incorrectly to a “gel chromatographic separation”, while the basic process is adsorptive in 
nature. As indicated when possible, Hanada et al. took benefit of the amplification factor offered 
by the technique, measuring Mo and deriving the P content from the stoichiometry of the 
complex. Such amplification factor has been beneficial in other circumstances, especially when 
using 99Mo as radiotracer[13] or, even better, when addressing selectively the molybdenum 
engaged into the complex in the presence of an excess of molybdate, using electrochemical 
techniques[1, 27].  

In the course of selecting a method to separate the matrix, we kept in mind that the final 
procedure has to be efficiently exploited in routine operation, giving the preference to 
separations that eliminate most potentially interfering species without requiring too many steps.  

6.6.1 Ionic exchange 

 
In agreement with Paul[9], we think that a cationic exchange is preferable. This is because 

it offers a low selectivity: we aim to separate most elements from phosphoric acid, preferably in 
a one shot operation. The separation of cations by anionic exchange in the presence of 
complexing agents (e.g. Cl-) is better suited for the selective elution of elements by families[22], 
not for the radical elimination of most disturbing elements. Even when [HCl] = 10 M, Al+++, 
Ni++, Mn++, Cr+++ and most probably VO2

+ pass through an anionic exchange column. 
 
For all tests discussed here, we used a glass column loaded with a slurry containing 

~ 16 g of dry cationic exchange resin (Dowex 50WX8-200). The height of the column was 
approximately 20 cm. The resin has been preliminary protonated by passing 50 mL of 
concentrated ultra pure HCl, next 50 mL of ultra pure HCl 6M and finally rinsed by passing 
100 mL of ultra pure water. Besides the known fact that both Fe++ and Fe+++ are very well 
retained on such column for [HCl] < 1.5 M into the eluent, we verified under which conditions 
VO2

+ and Cr+++ would be eluted. We found that the concentration in HCl into the eluent should 
be kept preferably below 0.2 M to maintain the vanadyl ion on the resin, while Cr+++ was 
retained for [HCl] < 1 M. Both species are eluted by HCl 6M.  

 
Further tests confirmed that the phosphate anion does not separate quantitatively from 

Fe+++, even when increasing the concentration of HCl above 1 M. One attempt to quantify P in 
the 30f certified steel ended up finding back only 45 % of the expected phosphorus content. 
Therefore, using adequate solutions of sodium metabisulphite (reagent 16) and sulphurous acid 
(reagent 21), we envisaged the reduction of iron after dissolution of the steel. High quality 
phosphorus free reagents are needed for this approach to succeed. Additionally, if the oxidative 
dissolution technique has been used, the reduction of iron can occur only after the elimination of 
nitric acid. Finally, and even if it has excellent chances to succeed, we abandoned the ionic 
exchange because the reduction of iron using either Na2S2O5 or H2SO3 would introduce 
sulphates into the eluent. The correct measurement of P by the modified Chen’s method would 
have required eliminating this species, which is possible but also tedious. A further incentive to 
abandon the ionic exchange is that the separation on a reticulated dextran gel promises to be 
more efficient, while requiring less manipulation.  
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6.6.2 Separation of phosphomolybdate on a reticulated dextran gel substrate 

 
For these experiments, we used pre – packed columns (product 19)[42, 43, 44]. Some tests 

that are not reported here were also performed on home – made columns.  
 
A first series of experiments carried out following the procedure recommended by 

Hanada et al.[24] (i.e. at room temperature and using solution 16 for the reduction of the adsorbed 
complex) revealed that the separation can be quantitative when using steels with relatively high 
P content (i.e. the 36X series), but not when addressing steels whose P content is ≤ 0.015 wt. %. 
In the latter case, less than 60 % of the expected P could be recovered, even when rinsing 
abundantly the column after having downloaded the complex. In the former case, it was also 
necessary to rinse the column abundantly (~ 100 to 150 mL of solution 9) to recover all P. 
Attempts to discharge the complex using either NaOH or a more concentrated solution of NH3 
failed in increasing the P recovery factor. These trials showed also that the gel suffers in a high 
pH environment: hydrolysis products are eluted that have an adverse effect on the 
electrochemical baseline, thereby impairing the measurement of P.  

We attributed the loss of P to the fact that the non – reduced complex does not adsorb 
strongly enough on the gel, as reported also by Hanada. One possibility to circumvent this 
question is to dissolve more metal when addressing steels with low P content. However, this 
would not necessarily yield better results because iron could also be responsible for disturbing 
the adsorption of the complex on the gel. Another possibility is to load the partially reduced 
complex. This, however, requires again serious manipulations. Apparently, Sn++ can reduce the 
complex in the presence of Fe+++ but further investigations are needed to assess this route. Nitric 
acid, if present, should however be eliminated. Another difficulty would show up when 
switching to ascorbic acid: not only nitric acid should again be eliminated, but also the formation 
of the blue complex would become extremely slow. The parasitic reaction with phosphoric acid 
could also contribute to slow down the process even more if the yellow complex has not been 
completely formed before ascorbic acid is injected into the mixture. Trials with ascorbic acid 
confirmed this fact and helped us identifying the effect of injecting ascorbic acid too early into 
the medium. The situation became even more tricky when we observed that ketones (which are 
known to stabilise the complexes) are not compatible with the substrate. They destroy the gel, 
thereby hindering also the electrochemical measurement by again distorting the baseline. This 
makes it impossible to prepare the complex within 60 minutes as described for the direct 
electrochemical measurement, next mask iron, reduce the complex by ascorbic acid and proceed 
to the separation. Without the stabilising effect of ketones, the formation of the complex would 
probably take a very long time. Therefore, we focussed somewhat more on the adsorption 
process. 

We mixed 4 mL of HNO3 1M with 500 µL of a standard solution containing 19.6 µg P 
per mL (solution 15) and 5 mL ammonium molybdate containing antimony tartrate (solution 8). 
After 45 minutes of reaction time, we loaded the yellow complex on a PD-10 column (product 
19) conditioned with water at room temperature. We observed the following surprising facts: 
 

• The complex in the solution is effectively yellow (non – reduced form), but as soon as 
it is loaded on the column, it turns blue: in the absence of iron, the dextran gel is 
perfectly able to reduce the complex, which is not surprising in the sense that we are 
dealing with an aldehyde, but this fact is not reported in the literature at hand; 

• The blue complex does not move at all during rinsing operations with HCl 5 % v:v 
(solution 6), which was expected; 

• The elution using only 40 mL of NH3 5 % v:v is quantitative: we found 9.791 µg P 
back from the 9.8 µg originally loaded on the column. This was unexpected, regarding 
the difficult elution encountered when working with steels. 
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Next, we mixed 2 mL of a HCl 0.09 M solution containing 10 mg of Fe+++ per mL with 

1 mL of the standard solution containing 19.6 µg of P per mL (solution 15), 5 mL of ultra pure 
HNO3 1M and 5 mL ammonium molybdate containing antimony tartrate (solution 8). After 45 
minutes of reaction time, we loaded the liquid on the column and observed the following: 
 

• In contrast with the previous test, the solution was somewhat turbid before loading. This 
tends indicating that iron interferes with the formation of the complex as reported by 
Gupta et al.[20], although these authors worked with the partially reduced complex and 
with Fe++; 

• The complex is adsorbed in its non reduced form on the column: in the presence of Fe+++, 
the dextran gel cannot reduce the complex anymore; 

• Rinsing with HCl 5 % v:v (solution 6) seems not to affect the adsorbed complex:  the 
yellow ring located at the top of the column did not move. Rinsing with water causes the 
complex to slowly move down the column; 

• Reducing the complex by passing 10 mL of a solution containing ascorbic acid (solution 
10) was successful: the adsorbed complex turned blue. We observed a dark blue colour at 
the top of the column, but also a slight blue colour down to the bottom. This tends 
indicating that part of the complex could already have been lost; 

• Eluting with ammoniac as usual after a short rinsing with HCl 5% v:v yielded a recovery 
factor of 76.5 %. 

 
These results were the incentive to lower the temperature during the adsorption of the non – 

reduced complex as well as during all rinsing operations until the complex has been reduced. 
Tests carried out at room temperature, next at 5°C on columns conditioned with HNO3 1M but 
using sample liquors elaborated by dissolving certified steels by the oxidative method yielded the 
results reported in Table 10.  
 

Table 10: Attempts to quantify the P content of two certified steels after separation on a reticulated dextran 
gel column. P was measured by the modified Chen’s method in the absence of iron 

Steel ID Temperature Certified P content (wt. %) Measured value (wt. %) Ratio (measured/certified) 
361 Room 0.014 0.01149 0.82 
363 Room 0.029 0.0224 0.77 
361 5 °C 0.014 0.011 0.79 
363 5 °C 0.029 0.022 0.76 

 
One possible explanation is that part of the yellow complex is lost during rinsing operations. 
However, regarding the difference of P content of the examined steels and taking the 
experimental errors into account, the P recovery factor is surprisingly constant. All values are 
close to 80 %. This led us think that we might be dealing with a change in the stoichiometry of 
the complex during the reduction process. Assuming that the non – reduced form has the 1:9 
stoichiometry as stated by Hanada et al.[24], if the reduced form has the stoichiometry 1:12 as 
frequently reported in the literature[13, 14, 16], and if the participation of Sb into the complex does 
not modify the ratio Mo:P21, a change from the stoichiometry 1:9 to the stoichiometry 1:12 
during the reduction could release 25 % of free phosphate from the complex. If this is the case, 
one should retrieve 75 %, which is close to our results. The fact that we find slightly more could 
be due to a sieving effect, phosphoric acid (or the phosphate anion) being retarded in the column, 
this time by a true gel chromatographic effect. 

                                                 
21 Some authors claim that Sb has only a catalytic effect on the formation of the phosphomolybdic acid. Others 
claim that Sb participate in the complex with a stoichiometry P:Sb = 1:2. 



BLG-1055 

 

58 

 
Besides these results, we observed also that no matter whether we use Sn++ or ascorbic 

acid for the reduction, when iron is present, a coloured eluent leaves the top of the column during 
the reduction process when iron is present. This is illustrated on Figure 27. 
 
 

 
Figure 27: During the reduction step, a coloured eluent leaves the top of the column where the complex is 

adsorbed. 

Using the additional method explained in annex 3, we attempted to identify iron in this 
fraction. We found no iron, but our results are unsure due to the presence of a huge amount of 
Sn++ in the tested electrolyte. 

Tests carried out at 5 °C using Sn++ as reductive agent still yielded low P recovery factors 
for steel containing less than 0.015 wt. %. 

 
All these results were incentives to examine the stoichiometry of the complexes. 

 

6.6.2.1 Study of the stoichiometry of the complex 

 
 

Two experiments were carried out, one with the non – reduced complex and the second 
one with the complex reduced by ascorbic acid. The first experiment failed completely because 
we rinsed too much before discharging the complex, thereby loosing a lot of P. The residue was 
not measurable with enough precision to conclude. But the second one succeeded. The results 
are given in Table 11. 

 
From these observations, we conclude that: 

 
 

• The stoichiometry of the partially reduced complex is close to 1:12; 
• Sb seems not to participate into the complex. If it was the case, the stoichiometry would 

be P:Sb = 8:1. We rather think that the measured Sb has probably been retarded in the 
column by a sieving effect, as is the case for some molybdenum, which could explain the 
slight excess measured for the Mo:P molar ratio; 

• The speciation of molybdenum has been carried out by the additional method explained 
in annex 3 (catalytic Mo – NO3

- wave). This method addresses MoVI only. The value 
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found tends indicating that only one Mo has been reduced to a lower oxidation stage, in 
relative contradiction with some data reported in the literature[5]; 

• Although not excluded, we do not believe that Fe participates to the reduced form of the 
complex. If it was the case, the P:Fe ratio would be 3:2. We think rather that some Fe has 
also been retarded in the column by a sieving effect. This should be clarified by further 
experimental work. 

 
 

Table 11: Stoichiometric ratios derived from the characterisation of the eluent discharged from the dextran 
gel column after reduction of the phosphomolybdic acid by ascorbic acid at room temperature.  

Data Value Remark 
P concentration  (µM) 5.3 Modified Chen's method (LSV) 
Total Mo concentration (µM) 67.8 ICP - MS 

MoVI concentration (µM) 58.0 Catalytic wave 
Total Sb concentration (µM) 0.6 ICP - MS 
Total Fe concentration (µM) 3.5 ICP - MS 
Expected total Mo concentration (µM) 63.3 Based on 1:12 stoichiometry 
 (Total Mo)/P molar ratio 12.8   

12*Molar MoVI/Total Mo ratio 10.3   
12*Molar MoVI/Expected Mo ratio 11.0   
Molar Fe/P ratio 0.65   

Molar Sb/P ratio 0.12   

 
 

6.6.3  Behaviour of the silicododecamolybdate 

 
Tests carried out with steels confirmed that the silicododecamolybdate adsorbs also on 

the dextran gel. We observed that this complex adsorbs better than the phosphomolybdic acid. 
However, under the experimental conditions specified by Hanada et al.[24], separating both 
complexes appears to be difficult, because the quantitative recovery of P requires passing a large 
volume of NH3 5% v:v through the column, which unloads forcedly part of the 
silicododecamolybdate too. In these circumstances, one can hardly rely on the measurement of 
Mo to quantify P exactly.  

6.6.4 Provisional conclusions regarding the separation of the matrix 

 
 

The separation of the matrix by selective adsorption of the complex on a dextran gel 
column is promising. However, additional efforts are required before the method can be used in 
routine operation: 
 

1. Our results tend indicating that when reducing the complex on the substrate by ascorbic 
acid, unloading the complex is fast and easy, while when reducing with Sn++, unloading 
becomes more difficult. Contradictory points of view are reported on the nature of the 
products obtained when reducing with Sn++ or with ascorbic acid[4, 5]. Further simulation 
tests in the presence of iron are necessary to clarify this issue. If confirmed, a better 
recovery factor at the cost of a longer unloading step when using Sn++ can be the route to 
successful separations in all cases, provided low P contents are quantitatively recovered 
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too. We noted also that the total sample volume loaded on the column should not exceed 
~10 mL otherwise losses can occur during the subsequent operations; 

2. Efforts should be made in order to find out the best conditions to fix the complex strongly 
when loading. Many routes can be explored e.g.: 

a. Focussing on the enhancement of the adsorption of the non – reduced complex; 
b. Trying to force the immediate reduction at loading by using a different column 

conditioning; 
c. Further examining the preliminary reduction of the complex before loading, 

keeping in mind that the number of manipulations in routine operation should 
remain limited. 

3. Alternatively, further clarifying the question of the stoichiometry can possibly help 
finding an elegant route to the successful quantification of P in practically any kind of 
matrix. Assume indeed that a change in the stoichiometry during the reduction process is 
confirmed and that one demonstrates that 75 % of the total P content should forcedly be 
found in the eluent. This would also open one route towards the quantification of P. 
Considering the assumption as being provisionally true and using our results would allow 
quoting the 361 steel (0.014 wt. % certified) once at 0.0153 wt. % and once at 
0.0147 wt. %. The 363 steel (0.029 wt. % certified) would be quoted once at 
0.0299 wt. % and once at 0.0293 wt. %. Taking the possible sieving effects into account, 
the slight excess could eventually be suppressed by rinsing somewhat more before 
unloading the complexes. Evidently, such approach requires a strong justification relying 
on scientifically proven facts, which requires additional research work. 

 
 

7 Conclusions and recommendations 
 
 

An electrochemical method devoted to the sensitive measurement of phosphorus in low 
alloy ferritic steels has been finely tuned and validated, using NIST certified standard materials. 
Together with other techniques developed and validated in the past for the measurement of Si, C 
and S, this method can be used for the further validation of a new panoramic stand – off 
analytical tool of interest for the nuclear industry: the Laser Induced Breakdown Spectroscopy.  
 
 

While developing and adapting the method, several breakthroughs allowed progressing 
toward success: 
 
 

1. A method published by Chen[15] in 1992 for the electrochemical measurement of P in tea 
leaves, iron ores and some other matrices has been thoroughly studied and modified. 
Input variables have been adapted in order to both stabilise the response in the absence of 
iron and obtain a P signature in the presence of large amounts of Fe+++; 

2. The method has been used in the absence of iron for successfully qualifying chemicals 
and reagents; 

3. The measurement of P in water by the modified Chen’s method has been further 
enhanced by introducing the alternating current voltammetry, thereby lowering the LOD 
by a factor 3; 

4. An extended study of the system’s behaviour in the presence of an excess of iron led us 
postulating that a chemical interaction exists between phosphoric acid and either ascorbic 
acid or dehydro ascorbic acid or both. Although further investigation of this is required to 
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validate the hypothesis, taking counter – measures to avoid the postulated interaction(s) 
allowed stabilising the P response in the presence of a huge excess of iron; 

5. Further tuning of the steel dissolution procedures allowed finally to validate the 
measurement of P in ferritic steels, using 5 NIST certified standards; 

6. The scope of the method has been outlined and detailed procedures are made available to 
the attention of future operators; 

7. A promising technique published by Hanada et al.[24] for the separation of the matrix has 
been examined in view of extending the scope of the whole method in the future. Our 
results tend indicating that the partially reduced phosphomolybdic acid adsorbs 
differently on a dextran gel substrate, depending on the reductive species that has been 
used. This is in contradiction with some literature data[4] and to a limited extent in 
agreement with others[5]. We found also that when reducing the adsorbed hetero poly acid 
by ascorbic acid, the P:Mo stoichiometry is close to 1:12 and that one single Mo appears 
to have been reduced to an oxidation state lower than VI. Further work is required to 
consolidate these results, but several routes have been identified that promise broadening 
the scope of the method by eliminating the matrix.     

 
 
Throughout the research, an accent has been put on the practical feasibility and cost 

efficiency of the measurement in routine operation. The final procedure requires care as well as a 
sufficiently profound understanding of the physicochemical aspects, but it is quite 
straightforward: once the metallic samples have been carefully dissolved, the sample liquors are 
directly used to make – up the electrolyte in which the phosphorus can be selectively measured. 
In the present status of the method, no separation is required. If such separation had to be carried 
out to broaden the scope by addressing even more difficult matrices, the same philosophy could 
be applied by using the one shot separation method proposed, once it has been finely tuned. 

 
 
The method has been validated in the case of low alloy ferritic steels. If ever needed, further 

enhancements are possible by focussing on the following suggested aspects: 
 
 

 
• A further study of the tolerance of the electrochemical measurement with respect to 

sulphuric acid when iron is present could facilitate the data treatment when using the 
oxidative dissolution method. This may require further experiments in view of better 
discriminating the possible effects of sulphate, chromate and nitrate ions; 

• The electrochemical measurement can be carried out more comfortably using a thermo 
stated cell (at e.g. 10 °C); 

• The home – made code should ideally be adapted to allow a more systematic treatment of 
the data collected in electrolytes containing iron. Adapting the code to cope with any shift 
of the reference electrode potential would also be a plus. A further adaptation of both the 
code and the electrochemical set – up to allow using the AC voltammetry in such cases 
promises to yield enhanced LOD’s; 

• Further assessing the influence of tin, especially at larger Sn:P ratios could eventually 
speed – up the measurement; 

• The further development of the proposed separation method would open the route 
towards a very large scope, as well as towards a better understanding of the behaviour of 
phosphomolybdic acid with respect to the reductive agents; 

• Verifying the possible interference caused by Cu, Co, Ta, Nb, W as well as further 
examining the effect of Cr and Mn would be a plus. 
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Besides the measurement of P, we hope having contributed somewhat to opening the route 
for clarifying some aspects of the chemistry of phosphomolybdic acid. Many interesting 
observations collected during this research were not reported in the literature so far. To our 
opinion, the related physicochemical observations and their associated interpretations could lead 
to applications in other fields. It would be worth to spend more time for studying them in more 
details. We think especially at the stoichiometry of the complexes, but also at particular aspects 
related to the chemistry of hetero poly acids involving molybdenum. This could possibly have 
some relations with nano – structured dissolved species. Another key suggestion formulated by 
A. Campsteyn is to further examine the chemical interaction between ascorbic acid and 
phosphoric acid, with or without iron, with the perspective of measuring P by a secondary 
indirect method. According to A. Rahier, this could also possibly open the route towards 
discoveries of interest for both the medical and the food sectors. 
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11 Annex 1: Chemicals and solutions 
 
 
 
 

11.1 Chemicals 
 
 
 
 

Table A1 gives a list of chemicals that were used throughout the whole research sessions. 
All reagents that are used to make-up the electrolyte to be measured by LSV or ACV must be at 
least of analytical grade. All operations should be carried out in fume hoods. Note that the list of 
reagents necessary to carry out the final procedures is only a subset of the given product list.   
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Table A1: List of chemicals required for tuning the measurement of P in steels 
Reagent ID Name Formula /(molecular weight 

(g.mol-1)) 
Requirements Origin 

1 Ammonium 
heptamolybdate 

(NH4)6Mo7O24.4H2O / 
(1235.86) 

Analytical grade VWR ref. 
MERC1.01180.111 

2 Potassium Antimony(III) 
tartrate hydrate  

C8H4K2O12Sb2.3H2O/ 
(667.69) 

Analytical grade VWR ref. 
MERC1.08092.1000 

3 Phosphorus standard  1000 mg PO4
3-  Analytical grade FLUKA ref.  03366 

4 Ammoniac 25 wt. % NH3 / (17.03); d = 0.91 Analytical grade VWR ref. 
MERC1.05432.2500 

5 Ammoniac ≥ 25 wt. % NH3 / (17.03); d = 0.91 TraceSelect® FLUKA ref. 09857 
6 Hydrogen peroxide 35 

wt. % 
H2O2 / (34.01); sp.gr. = 1.13 Analytical grade VWR ref. 

MERC1.08600.1000 
7 Hydrogen peroxide ≥ 30 

wt. % 
H2O2 / (34.01); sp.gr. = 1.11 TraceSelectUltra® FLUKA ref. 16911 

8 Nitric acid 65 wt. % HNO3 / (63.01); sp.gr. = 1.4 Analytical grade VWR   ref.     Prolabo  
20.252.291 

9 Nitric acid ≥ 69.5 wt. % HNO3 / (63.01); sp.gr. = 1.4 TraceSelect® FLUKA ref. 84385 
10 Hydrochloric acid  37 

wt. % 
HCl / (36.46); sp.gr. = 1.19 Analytical grade VWR   ref.     Prolabo  

20.252.290 
11 Hydrochloric acid  ≥ 37 

wt. % 
HCl / (36.46); sp.gr. = 1.18 TraceSelect® FLUKA ref. 84415 

12 Acetone C3H6O / (59.04); sp.gr. = 0.79 Analytical grade VWR ref. 
MERC1.00014.1000 

13 Butanone C4H8O  / (72.11); sp.gr. = 0.8 Analytical grade VWR     ref.  BDH103176S 
14 Water H2O / (18.02); sp.gr. = 1 MilliQ quality Direct Q 5 unit from 

Millipore 
15 Mercury Hg / (200.59); sp.gr. = 13.6 > 99.999995 wt. % Ref. Alfa (Johnson Matthey) 

#010634 
16 Sodium metabisulphite  Na2S2O5  /     (190.10) Analytical grade VWR ref. 

MERC1.06528.0500 
17 Ascorbic acid C6H8O6 / (176.13) Analytical grade Acros organic ref. 

401475000 
18 Tin chloride > 98 wt. % SnCl2.2H2O / (225.63) Analytical grade FLUKA ref. 96528 
19 Disposable PD-10 

Sephadex™ column22 
Dextran cross linked with 
epichlorhydrin; conditioned 
with 0.15 % Kathon®23 

DNA grade GE Healthcare ref. 17-0851-
01 

20 Potassium permanganate KMnO4 / (158.03) Analytical grade FLUKA ref. 60458 
21 Sulphurous acid (min. 

6.0 % SO2 in water) 
H2SO3 / (82.074) ~ 0.7 M Analytical grade Alfa Aesar ref. 033275 

22 Iron III chloride FeCl3.6H2O / (270.33) Analytical grade VWR ref. 
MERC1.03946.1000 or 
FLUKA ref. 44944 

23 Iron II Chloride  FeCl2.4H2O / (198.81) Analytical grade FLUKA ref. 44939 
24 Perchloric acid 67-71 

wt.% 
HClO4 / (100.46); sp.gr. = 1.68 TraceSelect® FLUKA ref. 77227 

25 Sulphuric acid ≥ 95 wt.% H2SO4 / (98.08); sp.gr. = 1.83 TraceSelect® FLUKA ref. 84716 
26 Iron powder 22 mesh 

(99.998 %) 
Fe / (55.845); density 7.874 
g.cm-3 

Puratronic® Alfa Aesar ref. 10621 

27 Phosphate standard 1000 
mg PO4

3-  (H3PO4 in 
H2O)  

H3PO4
3-  / (97.995) Analytical grade FLUKA ref. 03366 

28 Standard ampoule for the 
make – up of 1 L of 
NaOH 1M 

NaOH / (39.996) Titrisol® Merck ref. 1099560001 

 
 
 

                                                 
22 For easy operation, we recommend using the LabMate PD-10 Buffer Reservoir, GE Healthcare ref. 18-3216-03. 
23 Kathon® is a mixture of 5-chloro-2-methyl-thiazol-3-one and 2-methylthiazol-3-one. The CAS number of this 
biocide is 96118-96-6. It does not contain phosphorus.  
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11.2 Solutions 
 

Table A2 lists the solutions to be prepared. The list of solutions to be prepared for 
applying the final procedures is a subset of the given list. 
 

Table A2: Solutions to be prepared for tuning the measurement of P in steels 
ID Description Advisable stock volume (L) 
1 Ultra pure HNO3 ~ 6 M 1 
2 Ultra pure HCl ~ 6 M 1 
3 Aqueous solution of KMnO4 3 wt. % 0.1 
4 Ultra pure H2O2 10 % v:v 0.1 
5 Ultra pure HNO3 ~ 1 M 1 
6 Ultra pure hydrochloric acid ~ 5 % v:v 1 
7 Aqueous solution of ascorbic acid ~ 0.040 g.mL-1 in 

ultra pure HCl 5 % v:v 
0.25 

8 Ammonium molybdate ~ 20 mM / Potassium 
antimonyl tartrate ~ 3.15 mM 

1 

9 Ultra pure ammoniac solution ~ 5 % v:v 1 
10 Aqueous solution of ascorbic acid ~ 0.040 g.mL-1 

without acid 
0.25 

11 Acetone / Butanone ~ 1:1 v:v (Analytical grade) 1 
12 Acidified solution of SnCl2 containing ~ 0.5 mg Sn per 

mL  
0.5 

13 Acidified solution of FeCl3 containing ~ 25 mg Fe per 
mL 

0.1 

14 Aqueous solution of NaOH 2 M 0.5 
15 Phosphorus standard ~ 20 µg/mL 0.1 
16 Solution of SnCl2 containing ~ 3 w:v % Sn++ in HCl 

10 % v:v 
0.1 

 
These solutions can be prepared as described below. Ultra pure water should be used for all 

operations. Reagent ID's (see table A2) are indicated as superscripts between brackets. Note that 
all bottles containing the solutions should be adequately marked with: 
 

• Date; 
• Either a code or preferably the details of the make – up of the content of the bottle, in 

order to keep track of the composition; 
• Name of the operator, or a mnemonic allowing identifying the operator with certitude 
• Eventually, the concentration(s) of some dissolved species. 

 
Solution 1: 
 
 Prepare a 1 L volumetric flask. Clean it thoroughly and rinse it at least three times with 
ultra pure water[14]. Transfer about 500 mL of ultra pure water[14] into the flask. Add 428.6 mL of 
concentrated ultra pure HNO3 (~ 14 M)[9], taking care to let the mixture cool down by allowing 
tap water flowing around the flask. Make up with ultra pure water[14], mix thoroughly and 
transfer into a polyethylene bottle. 
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Solution 2: 
 
Prepare a 1 L volumetric flask. Clean it thoroughly and rinse it at least three times with 

ultra pure water[14]. Transfer about 400 mL of ultra pure water[14] into the flask. Add 500 mL of 
concentrated ultra pure HCl (~ 12 M)[11], taking care to let the mixture cool down by allowing 
tap water flowing around the flask. Make up with ultra pure water[14], mix thoroughly and 
transfer into a polyethylene bottle. 
 
Solution 3: 
 

Prepare a 100 mL volumetric flask. Clean it thoroughly and rinse it at least three times 
with ultra pure water[14]. Weigh precisely about 3 g of KMnO4 (analytical grade[20]) and transfer 
them quantitatively into the flask using ultra pure water[14]. Add ultra pure water[14] progressively 
and make sure that the solid dissolves completely. Make up with ultra pure water[14], mix 
thoroughly and transfer into a polyethylene bottle. 
 
Solution 4: 
 

Prepare a 100 mL volumetric flask. Clean it thoroughly and rinse it at least three times 
with ultra pure water[14]. Transfer 10 mL of ultra pure concentrated hydrogen peroxide[7] into the 
flask. Make up with ultra pure water[14], mix thoroughly and transfer into a polyethylene bottle. 
 
Solution 5: 
 

Prepare a 1 L volumetric flask. Clean it thoroughly and rinse it at least three times with 
ultra pure water[14]. Transfer about 800 mL of ultra pure water[14] into the flask. Add 71.4 mL of 
concentrated ultra pure HNO3 (~ 14 M)[9], taking care to let the mixture cool down by allowing 
tap water flowing around the flask. Make up with ultra pure water[14], mix thoroughly and 
transfer into a polyethylene bottle. 
 
Solution 6: 
 

Prepare a 1 L volumetric flask. Clean it thoroughly and rinse it at least three times with 
ultra pure water[14]. Transfer about 900 mL of ultra pure water[14] into the flask. Add 50 mL of 
concentrated ultra pure HCl (~ 12 M)[11]. Make up with ultra pure water[14], mix thoroughly and 
transfer into a polyethylene bottle. 
 
Solution 7: 
 

Prepare a 250 mL volumetric flask. Clean it thoroughly and rinse it at least three times 
with ultra pure water[14]. Weigh about 10 g of ascorbic acid[17] accurately and transfer them into 
the flask using ultra pure water[14]. Fill the flask with ultra pure water[14] up to about 200 mL and 
allow the solid to dissolve. Add 12.5 mL of ultra pure HCl (~ 12 M)[11]. Make up with ultra pure 
water[14], mix thoroughly and transfer into a polyethylene bottle. 
 
Solution 8: 
 

Prepare a 1 L volumetric flask. Clean it thoroughly and rinse it at least three times with 
ultra pure water[14]. Weigh accurately ~ 25.5 g (NH4)6Mo7O24.4H2O

[1] in a small PE beaker. Note 
the exact weight W1 (g) and add ultra pure water[14] to wet the powder. Transfer the slurry 
quantitatively into the volumetric flask using a clean funnel and ultra pure water[14]. Rinse the PE 
beaker and the funnel abundantly and transfer the rinsing water into the flask. Repeat the same 
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operation with 2.1 g of C8H4K2O12Sb2.3H2O
[2]. Note the exact weight W2 (g), next add ultra pure 

water[14] to the powder and transfer the slurry quantitatively with all the rinsing solution in the 
flask. Add about 500 mL of ultra pure water[14] to the flask, cork it and mix thoroughly until 
complete dissolution. As soon as the solid is dissolved, add 1 mL of ultra pure hydrochloric acid 
12 M[11], cork it and mix thoroughly. Open the flask, rinse the cork (transferring the rinsing water 
into the flask through the funnel), rinse the funnel and make up to 1 L with ultra pure water. Mix 
thoroughly and transfer into a clean polyethylene bottle. Cork back and store the bottle 
preferably in the dark. The concentrations CMo and CSb (mol.L-1) to be written on the bottle are 
calculated by: 

 
CMo= W1 / 176.5514      

 
CSb = W2 / 333.85  
 
Solution 9: 
 

Prepare a 1 L volumetric flask. Clean it thoroughly and rinse it at least three times with 
ultra pure water[14]. Transfer about 800 mL of ultra pure water[14] into the flask. Add 50 mL of 
concentrated ultra pure NH3 (≥ 25 wt. %)[5]. Make up with Ultra pure water[14], mix thoroughly 
and transfer into a polyethylene bottle. 
 
Solution 10: 
 

Prepare a 250 mL volumetric flask. Clean it thoroughly and rinse it at least three times 
with ultra pure water[14]. Weigh about 10 g of ascorbic acid[17] accurately and transfer them into 
the flask using ultra pure water[14]. Fill the flask with ultra pure water[14] up to about 200 mL and 
allow the reagent to dissolve. Make up with ultra pure water[14], mix thoroughly and transfer into 
a polyethylene bottle. 
 
Solution 11: 
 

This solution is prepared by mixing equal volumes of acetone[12] and butanone[13]. Rinse 
all materials thoroughly as usual.  
 
Solution 12: 

 
Prepare a 500 mL volumetric flask. Clean it thoroughly and rinse it at least three times 

with ultra pure water[14]. Weigh about 475 mg of SnCl2.2H2O
[18] accurately and transfer them 

into the flask using ultra pure water[14]. Add 400 µL of ultra pure concentrated HCl[11]. Make up 
with ultra pure water[14]. Mix thoroughly and transfer into a marked polyethylene bottle. 
 
Solution 13:  
 

Prepare a 100 mL volumetric flask. Clean it thoroughly and rinse it at least three times 
with ultra pure water[14]. Weigh about 2.5 g of pure iron[26] accurately and transfer them into a 
clean 100 mL beaker. Note the exact weight W3 (g). Dissolve the iron by the Vampirella method 
(see paragraph 5.2.2.1). Once the iron has been dissolved and boiling has eliminated the excess 
hydrogen peroxide, let the mixture cool down and transfer it quantitatively into the volumetric 
flask. Make – up with ultra pure water[14]. Mix thoroughly and transfer into a marked 
polyethylene bottle. The concentration of iron to be marked on the bottle is given by: 
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[Fe]’ = W3*10 mg.mL-1 
 
Solution 14: 

 
Prepare a 500 mL volumetric flask. Clean it thoroughly and rinse it at least three times 

with ultra pure water[14]. Transfer quantitatively the content of one ampoule containing 1 mole of 
NaOH in water[28] into the flask. Make up with ultra pure water. Transfer into a marked 
polyethylene bottle. The concentration to be written on the bottle is [NaOH] = 2 M. 
 
Solution 15: 

 
Prepare a 1 L volumetric flask. Clean it thoroughly and rinse it at least three times with 

ultra pure water[14]. Transfer quantitatively the content of one ampoule containing 1000 mg of 
PO4

3- [27] into the flask. Make up with ultra pure water. Prepare a 100 mL volumetric flask. Clean 
it thoroughly and rinse it at least three times with ultra pure water[14]. Transfer 6 mL of the 
solution (as prepared above) into the volumetric flask. Make up with ultra pure water[14]. 
Transfer into a marked polyethylene bottle. This standard solution contains 19.568 µg of P per 
mL. 
 
 
Solution 16 : 
 

 
Prepare a 100 mL volumetric flask. Clean it thoroughly and rinse it at least three times 

with ultra pure water[14]. Weigh about 5.7 g of SnCl2.2H2O
[18] accurately and transfer them into 

the flask using ultra pure water[14]. Add 10 mL of ultra pure concentrated HCl[11]. Make up with 
ultra pure water[14]. Mix thoroughly and transfer into a marked polyethylene bottle. Note that the 
solution is not optically clear. Let the solid settle down and use the supernatant liquid for 
experiments. 
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12 Annex 2: Operator’s guide 
 

12.1 Foreword 
 

The present annex has been written as a user’s guide to the attention of operators in 
charge of the measurement of P in water or in metallic matrices by the LSV method.  

 
Solutions and chemicals are described in annex 1. Please note that annex 1 addresses 

more chemicals and solutions than strictly needed to carry out the final procedure. This is 
because this annex covers also the research work carried out to tune the method.  
 

12.2 Materials and equipment 
 

Common analytical glassware must be used for all manipulations. Stock solutions will be 
stored in polyethylene bottles. PTFE is strictly excluded for all operations24. Glass polarographic 
cells are used for all electrochemical measurements. Ultra pure water will be used for all 
operations. All flasks will be washed thoroughly before use, avoiding any surface-active agent, 
even if they do not contain phosphorus. Next, they will be rinsed three times either with ultra 
pure water or with an adequate solution each time their content is changed. Various regularly re 
– calibrated pipettes are used for volumetric operations (range: from 10 µL up to 10 mL). All 
pipette tips are discarded after use. An Autolab model PGSTAT30 potentiostat from Ecochemie 
coupled to a EG&G PARC model 303 polarographic stand loaded with ultra pure mercury will 
be used for electrochemical measurements. The General Purpose Electrochemical Software 
(GPES) version 4.9 from Ecochemie will be used to pilot the potentiostats. All electrochemical 
experiments will be carried out on the same instrument. Please note that results collected on 
different instruments may not be compared since the sensitivity depends on the instrumentation.  
 
 

12.3 Procedure for sampling the metal 
 

For the sampling of the metals, the operator should refer to the Standard Practice for 
Sampling Steel & Iron for Determination of Chemical Composition (ASTM E1806-96). 
Addressing a range from 5 µg to 2 mg of P per gram of alloy, ~100 to 300 mg of metal should be 
sampled using a tungsten carbide drill.  

 

12.4 Dissolution of the metal 
 

Two dissolution procedures are described. The first one makes use of HCl and H2O2. 
This straightforward method is fast and should be preferred as long as P does not remain 
encapsulated into refractory residues. The second procedure is more aggressive and should be 
used whenever P is suspected to be present into the residues.  
 
 

                                                 
24 For the measurement of both Si and P in the same sample liquor, alternative materials should be used. See § 6.1 
for suggestions and recommendations. 
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12.4.1 The HCl – H2O2 method25 

 
Weigh precisely between 200 and 300 mg of steel in a 100 mL beaker. Transfer a 

magnetic rod into the beaker, cover and mix gently. Add 2 mL of ultra pure water, next 1 mL of 
ultra pure concentrated H2O2 (reagent 7). Add 3 mL of concentrated ultra pure HCl (reagent 11). 
While keeping the beaker covered, observe the decomposition of both the metal and the 
hydrogen peroxide. Gas bubbles should develop quite soon. Add regular aliquots (100 µL) of 
ultra pure H2O2 (reagent 7) in order to maintain the formation of gas bubbles as long as the metal 
has not yet been completely dissolved. If necessary, heat – up gently, but avoid excessive heating 
to prevent accelerating too much the decomposition of the hydrogen peroxide. Once the 
dissolution is complete, heat – up the mixture to boiling, thereby eliminating the excess of 
hydrogen peroxide. Continue boiling to eliminate most of the HCl as well. Avoid going to 
dryness. If necessary, add regularly a few mL of ultra pure water. Verify the presence of acid in 
the vapour phase using a wetted pH strip until the indicated pH appears to be higher than 1. 
Continue boiling to reduce the volume to about 5 to 10 mL. Allow cooling down. Transfer the 
liquid quantitatively into a clean and well-rinsed 25 mL volumetric flask and make – up with 
ultra pure water. Mix thoroughly and transfer the liquid into a polyethylene bottle. Mark the 
latter adequately (weight and nature of the steel, date, operator's name). This liquor will be 
referred to as "the sample liquor".   
 

12.4.2 The HNO3 – HCl – H2SO4 method26 

 
Weigh precisely between 200 and 300 mg of steel in a 100 mL beaker. Transfer a 

magnetic rod into the beaker. Cover the beaker and mix gently. Add 5 mL of ultra pure HNO3 
6M (solution 1) and 3 mL of ultra pure water. Alternatively, one may add 2 mL of concentrated 
ultra pure HNO3 (reagent 9) and 6 mL ultra pure water. While mixing, heat up the mixture to 
slightly below its boiling point. If the dissolution proceeds slowly27, add 1 mL ultra pure HCl 6 
M (solution 2). If and only if much residues are still visible when all the metal has been 
dissolved, add 500 µL of solution 3 containing 3 wt. % KMnO4. Let the mixture react during one 
minute. An abundant precipitate should appear (MnO2). Next, add carefully 100 µL of solution 4 
containing ultra pure H2O2 10 % v:v. Observe the precipitate and continue adding carefully small 
fractions (100 to 200 µL) of solution 4 (H2O2) until the precipitate has been re – dissolved. Next, 
boil the excess of H2O2 off. Add carefully 200 µL of ultra pure concentrated sulphuric acid, 
taking care avoiding any loss of liquid. Keep boiling until abundant white fumes appear. Heat – 
up to dryness and let the white fumes develop during at least 2 minutes if possible. Let the 
medium cool down and add carefully a few mL of ultra pure water. Heat – up and mix gently 
until complete re – dissolution. If the re – dissolution appears to be slow or difficult, add 1 mL of 
ultra pure HCl 6 M (solution 2). Once the re – dissolution is complete, let the mixture boil, 
reducing its volume to less than 10 mL (preferably 5 mL). Ensure most of the HCl has been 
eliminated. Transfer quantitatively into a clean and well-rinsed 25 mL volumetric flask and make 
– up using ultra pure water. Transfer into a polyethylene bottle. Mark the latter adequately 
(weight and nature of the steel, date, operator's name). This liquor will be referred to as "the 
sample liquor".     
 

                                                 
25 Also referred to as "the Vampirella method".  
26 This technique will be referred to as the oxidative dissolution method. 
27 Especially for alloys containing a non-negligible amount of chromium. 
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12.5 Make – up of the electrolyte (modified Chen’s method) 
 
Caution: The order for mixing reagents and the recommended timing must be strictly respected. 
 

The make – up of the electrolyte depends on whether or not a large amount of iron is present 
into the sample. 
 

12.5.1 Procedure for measuring P in the absence of large amounts of Fe+++  

 
Preliminary notes: Figures given below are valid for a final total cell volume equal to 12.55 mL. 
If organic species are known to be present in the original sample, they should be destroyed e.g. 
by submitting the sample to UV radiations, eventually in the presence of ultra pure hydrogen 
peroxide. In particular, surface-active agents should be completely and radically eliminated. 
The acidity of the sample should be known. If necessary, a titration must be carried out. If non-
negligible amounts of acids other than HCl are present, they should be eliminated by an adequate 
pre – treatment. Even if only HCl is present, the total acidity of the sample should be low enough 
to cope with the maximum allowed amount of H+ into the electrolytic cell. 
 
 

• Step 1: Prepare a polarographic cell and clean it thoroughly using ultra pure HCl 6M 
(solution 2). Rinse with ultra pure water. Prepare a timer; 

• Step 2: Transfer 0.5 to maximum 6 mL of the sample into the cell. Let Vs be the volume 
of the sample (mL). Vs will depend on the P content. For calibration data, the sample 
shall be replaced by a known volume (typically 10 to 100 µL) of a standard phosphate 
solution containing around 20 µg of phosphorus per mL. The total amount of P should 
range between 180 and 2000 ng. Note that Vs is upper bounded to ensure that the volume 
of water to be added to the cell at step 4 will remain ≥ 0; 

• Step 3: Depending on the acidity of the sample (to be preliminary determined by 
titration), add a controlled volume of ultra pure HCl 6M (solution 2). The total amount of 
H+ into the cell (i.e. sample + added acid) should be 5.9 mmole for a total cell volume of 
12.55 mL, which yields [H+] = 0.47 M. For alkaline samples, the amount of acid has to 
be increased in order to cope with the necessary neutralisation. Let Va be the volume of 
HCl added (mL). In the practice, Va will be the volume closest to the computed value (by 
excess) that can be added with the adjustable pipette, whose resolution should be 5 µL or 
better. The HCl concentration of solution 2 must be known precisely in order to introduce 
the exact amount of acid; 

• Step 4: Add Vw = (7.4 – Vs – Va) mL of ultra pure water into the cell. The volume of the 
sample should have been chosen in such a way that Vw ≥ 0; 

• Step 5: Add 5 mL of a 1:1 v/v mixture of acetone and butanone (solution 11), install the 
cell on the electrode stand and launch the purge by pressing the purge knob on the front 
panel. While the system is purging, prepare 150 µL of ammonium heptamolybdate 
solution (solution 8); 

• Step 5: Once the purge stops, inject the heptamolybdate into the cell, start the timer and 
push again on the purge knob in order to homogenise the solution during 30 s; 

• Step 6: Following the recommended electrochemical procedures, record the required 
voltammogram several times until the peak height stabilises. Use the GPES peak height 
measurement feature to appreciate the evolution of the response. Note that a dispersion 
between 5 to 10 % relative to the mean is acceptable. For P cell concentrations 
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< 100 ng.mL-1, the peak height should stabilise within 12 to 15 minutes. For higher P 
concentrations, the stabilisation may require more than 20 minutes;  

• Record at least five measurements after the peak height has stabilised. If the dispersion 
appears to be high, carry out at least five additional scans. It is also advisable to carry out 
at least two experiments involving separate complex formations; 

• Step 7: Export all data under Excel® and treat them using the home – made code. 
Compute the mean value of the stable peak height and derive the corresponding P 
concentration from the calibration curve.  

 

12.5.2 Procedure for measuring P in the presence of large amounts of Fe+++  

 
Preliminary notes: Figures given below are valid for a final total cell volume equal to 12.55 mL. 
If organic species are known to be present in the original sample, they should be destroyed e.g. 
by submitting the sample to UV radiations, eventually in the presence of ultra pure hydrogen 
peroxide. In particular, surface-active agents should be completely and radically eliminated. 
The acidity of the sample should be known. If necessary, a titration must be carried out. If non-
negligible amounts of acids other than HCl are present, they should be eliminated by an adequate 
pre – treatment. Even if only HCl is present, the total acidity of the sample should be low enough 
to cope with the maximum allowed amount of H+ into the electrolytic cell. 
 

• Step 1: Prepare a polarographic cell and clean it thoroughly using ultra pure HCl 6M 
(solution 2). Rinse with ultra pure water. Prepare a timer;  

• Step 2: Transfer 0.5 to maximum 6 mL of the sample into the cell. Let Vs be the volume 
of the sample (mL). Vs will depend on the P content. For calibration data, the sample 
shall be replaced by a known volume (typically 10 to 100 µL) of a standard phosphate 
solution containing around 20 µg of phosphorus per mL. The total amount of P should 
range between 180 and 2000 ng. Note that Vs is upper bounded to ensure that the volume 
of water to be added to the cell at step 7 will remain ≥ 0; 

• Step 3: From the dissolution procedure, derive the amount of Fe+++ present in the sample. 
Compute the volume VFe (mL) of solution 13 to be added to the cell in order to get a final 
total cell concentration of Fe+++ equal to 3 mg.mL-1. Inject VFe mL of solution 13 into the 
cell. In the case of a dissolved steel, the iron content of the sample may be either 
estimated from the overall composition if known (e.g. for low alloy ferritic steel 
containing more than 95 wt. % of iron, the weighted metal may be considered as being 
100 % iron. For other cases, the iron content should be derived by subtracting e.g. the 
percentage of Cr and Ni if these figures are known, or measured by an alternative 
method). If both Fe3+ and Fe2+ are present, only Fe3+ has to be taken into account. In such 
a case, a speciation of iron should be carried out, or adequate measures should be taken to 
convert all the iron into one of its ionic forms (preferably Fe2+, in which case no 
correction for iron is needed). One elegant way of converting iron into Fe+++ is to add an 
excess of ultra pure H2O2 (reagent 7) and to eliminate the excess by boiling; 

• Step 4: Based on the acidities and the injected volumes of both the sample and the 
standard Fe+++ solution, derive the number of millimoles of H+ already present in the cell. 
Compute the volume Va (mL) of ultra pure HCl 6M (solution 2) to be added to the cell in 
order to reach 5.9 millimole of H+ in total (for a total cell volume of 12.55 mL). Inject Va 
mL of solution 2 into the cell; 

• Step 5: Add 5 mL of acetone – butanone mixture (solution 11) to the cell; 
• Step 6: Compute: 

o VAA (mL): volume of ascorbic acid solution (solution 10) to be added later in 
order to mask iron. For a total cell volume of 12.55 mL and the recommended 
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total concentration of Fe+++, VAA = 1.484 mL. VAA will be the volume closest to 
the computed value (by excess) that can be added with the adjustable pipette, 
whose resolution should be 5 µL or better; 

o VNaOH (mL): volume of solution 14 to be added for compensating the H+ liberated 
by the masking of iron (see equation below).  

 
          22 2 2

666686
3 +++ ++→+ FeHOHCOHCFe  

 
Under the recommended experimental conditions, VNaOH = 0.335 mL. VNaOH will 
be the volume closest to the computed value (by excess) that can be added with 
the adjustable pipette, whose resolution should be 5 µL or better; 

• Step 7: Add Vw = (7.4 – Vs – VFe – Va – VAA – VNaOH) mL of ultra pure water to the cell; 
• Step 8: Add 150 µL of ammonium heptamolybdate (solution 8), mix and start the timer; 
• Step 9: Let the mixture react during 60 minutes. Ensure the potentiostat is on and the 

GPES is ready to run the electrochemical experiment. Check the connections with the 
PARC model 303 electrode. Adjust the purge time to 30 s on the front panel of the 
electrode; 

• Step 10: Add VAA mL of solution 7, next VNaOH mL of solution 14. Reset the timer, 
install the cell on the electrode stand and launch the purge by pressing the purge knob on 
the front panel. Start the timer; 

• Step 11: Following the recommended LSV procedure, record the required voltammogram 
several times until the peak height stabilises. Use the GPES peak height measurement 
feature to appreciate the evolution of the response. Note that a dispersion between 5 to 
10 % relative to the mean is acceptable. For P cell concentrations < 100 ng.mL-1, the peak 
height should stabilise within 2 to 5 minutes. For higher P concentrations, the 
stabilisation may require more than 8 minutes. In general, the first scans deliver peaks 
that are too small. Additionally, successive measurements can cause a progressive 
decrease of the cell temperature that could provoke a continuous increase of the peak 
height. This is due to the out gassing of the electrolyte, which forces the evaporation of 
the acetone and the butanone. Care must be taken to record the data in the same 
conditions as calibration data. 

 

12.6 Electrochemical measurements 
 

12.6.1 Preliminary instructions 

 
We consider that the potentiostat is on and that the GPES software is running. Under 

"Methods", select "Cyclic voltammetry (staircase)", next "Normal". The set – up should be 
prepared as explained below. Turn the cell off using the button located on the right end of the 
front panel of the potentiostat and check the connections of each electrode. Once the connections 
have been found to be correct, turn the cell back on. Ensure that the interface driving the Model 
303 is on (the red light on the PARC model 303 electrode stand should be on). Ensure that the 
argon cylinder is open. Rinse and dry partially the electrodes using an absorbing paper (make use 
of capillarity; avoid touching the electrodes). Once the electrolyte has been transferred into the 
electrochemical cell according to the recommendations given in the previous paragraph, proceed 
to the measurement by clicking on the start button (GPES).  
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12.6.2 Electrochemical set – up 

 
The electrochemical variables should be adjusted as follows: 
 

4. The scan rate, expressed in mV.s-1: this is the slope of the linear relation between the 
working electrode potential and time. We work with 250 mV.s-1;  

5. The initial potential: It is the potential at which the device will start the scan. In our case, 
we fix it always at –0.2 V with respect to the Ag/AgCl (KCl 3M) electrode; 

6. The vertex potential: It is the potential at which the scan will be reverted for a back scan 
towards the initial potential. We fix it at  -0.5 V with respect to the Ag/AgCl (KCl 3M) 
electrode;  

 
Besides these variables, we find also: 
 

12. The purge time: 30s; 
13. Two conditioning potentials: both fixed at –0.2 V; 
14. The duration of each conditioning: all fixed at 0 s; 
15. The equilibrium time: 2 s; 
16. The stirrer option: OFF; 
17. The "cell-off after measurement" option: ON; 
18. The current range: it should be 10 µA full scale. The corresponding option box (and only 

this one) should be checked and the green indicator should be bright; 
19. The Potentiostat / Galvanostat option: it should read "Potentiostat"; 
20. The High Sense option: it should be turned off 
21. The High Stability / High Speed option: it should read "High Speed"; 
22. The IR-Compensation: it should be turned off. 

  

12.6.3 Data treatment and transfer 

 
The files generated by the GPE software are treated numerically under Excel®, using a code 

specifically designed to discriminate the peak from the baseline28. After measurement of the 
corrected peak heights, the latter are plotted versus the concentration in the electrolyte to yield 
calibration data. 

 
Once a measurement has been taken, save it on the hard disk along "File", "Save scan as …". 

Choose a filename that allows quickly identifying to which measurement the files correspond. 
Ideally, the filename should contain the following information: 
 

5. A sample identification: either the mnemonic used to name the steel, or the type of 
standard that has been measured (volume and concentration of the P standard); 

6. The volume of the aliquot taken from the dissolved sample (if dealing with a steel); 
7. A number associated to the replicate; 
8. The date. 

 
Note that any characteristic relevant to the electrochemical set – up can always be retrieved 

by re – loading the file with the GPE software or by simply transferring the data under Excel® 
using the home – made code. Therefore, it makes little sense to memorise any of these variables 

                                                 
28 For measurements in the presence of iron, the home – made code has not yet been adapted to the particular 
baseline. Therefore, all data involving iron have been treated using the GPES peak height measurement feature. 
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by incorporating them into the filename. Only the characteristics of the electrolyte should be 
considered for this. 
  
Use well structured directories to store the files. 
 

When saving the results, the computer generates three files, using file extensions. Keep all 
these files under the same directory and take care to always transfer all three files for further 
data treatment under Excel®.  
 

12.7 Practical tips 
 

1. The results are strongly dependent on the instrumentation. Measurements and associated 
calibration data have to be collected on the same instrument; 

2. The reference electrode is prone to ageing. This translates into a progressive shift of the P 
response towards more negative potentials. If the peak approaches – 0.45 V, the reference 
electrode should be refreshed; 

3. For the same reason as explained under point 2, it is recommended to take regular 
calibration points as well as to measure standard steels between the measurement of 
unknown samples. Doing so allows to fully cope with any shift of the reference potential; 

4. A slight evolution of the peak height with time during successive measurement on the 
same electrolyte has been observed. The first measurements are generally too low by a 
few percents. They should be discarded. When quickly collecting numerous successive 
scan results, the electrolyte may cool down, thereby modifying the response. This is due 
to the forced evaporation of the acetone – butanone present in the electrolyte. To cope 
with this, working in thermo stated conditions is advisable. This can be part of future 
enhancements of the method. The correct peak height values are located on a plateau on a 
graph “peak height” versus “time”. Dispersion among successive measurements carried 
out on the same solution (i.e. on the plateau) is normal. Refer to Figure 11 in the report to 
get an idea of an acceptable dispersion; 

5. All timings as well as the order for mixing reagents have to be strictly respected; 
6. In its present status, the home – made code is not able to treat data collected in the 

presence of iron. In such a case, use must be made of the GPES peak height measurement 
feature. Care must be taken that the peak heights are measured the same way for both the 
measurements and the calibration data. One way to proceed is to locate the linear section 
of the baseline located on the right of the P (and As) response(s). Taking this straight line 
as reference is a good idea; 

7. It is advisable to carry out several measurements of the same steel using different 
volumes of the sample liquor. It is also important to discard all measurements falling out 
of the calibration range; 

8. Particular attention must be paid when using the Vampirella dissolution technique: 
hydrogen peroxide must be clearly present in the mixture as long as all the metal has not 
been completely dissolved; 

9. When using the oxidative dissolution technique, give the preference to eliminating as 
much sulphuric acid as possible. It is even a good idea not to use any sulphuric acid at all. 
The key point is that the final mixture should contain only HCl as acid, while the solid 
has been completely re – dissolved. The residual acid concentration in the sample should 
be known as precisely as possible. 
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13 Annex 3: Complementary measurement methods 
 
 

Two out of many electro analytical methods available in our laboratory were frequently 
used in the course of the present research. The first one is devoted to the quantification of 
molybdenum in various liquids and the second one addresses Fe, also in liquids. Besides the 
basic explanations found in the literature, we give some additional indications and 
recommendations below. We assumed that an Autolab PGSTAT potentiostat piloted by the GPE 
software would be used and we defined all set – ups accordingly. If another equipment is being 
used, refer to the corresponding notes to translate the set – ups.   
 

13.1 Sensitive determination of MoVI  by differential pulse polarography 
 

13.1.1 Introduction 

 
This method is described in the Application Bulletin 132/2 e published by Metrohm[32]. 

Further details are available in Lanza P., Ferri D., Buldini P.L., “Differential-pulse Polarographic 
Determination of Molybdenum in Steel.”, Analyst 105, pp 379-385 (1980). By essence, it is a 
sensitive speciation technique that quantifies MoVI only. Basically, the current observed is due to 
the reduction of nitrates, not molybdenum. The correlation between the observed peak heights 
results from the fact that MoVI catalyses the reduction of nitrates and that the overall kinetics of 
the reduction is of first order with respect to the catalyst concentration. Therefore, to measure 
MoVI, the sample is introduced into an electrolyte containing a constant and high concentration 
of nitrates (NH4NO3 1M + HNO3 0.25 M). Conversely, the method can be adapted to the 
measurement of minute amounts of nitrates. In this case, one would use a high but constant 
concentration of molybdate in acidic conditions, avoiding HNO3. Under these conditions, the 
peak height becomes proportional to the nitrate anion. 

The electrolyte should not be disturbed by the composition of the sample. Due to the 
good LOD offered by the method (~15 ng.mL-1), the sample volume can generally be very small, 
which eliminates most possible disturbances. It is only when the sample volume becomes non – 
negligible with respect to the total cell volume (10 mL) that care must be taken not modifying 
the nitrate and the proton concentrations by sample injection. If it was the case, the make – up of 
the electrolyte should be adapted to maintain these concentrations at their nominal values after 
the sample injection. In the most common cases, foreseeing a ballast of water for a blank 
measurement and imposing the constraint (volume of water + volume of sample) = volume of 
the ballast for any Mo measurement (including calibration data) allows addressing many 
different samples without any problem. Alternative approaches exist, which consist in using the 
sample as basis for the electrolyte, completing its elaboration in the cell by injecting small 
volumes of strongly concentrated ultra pure ammonium nitrate and nitric acid solutions, still 
achieving the desired final nitrate and proton concentrations. 

The method can be used for the determination of Mo in steels. Using an oxidative 
dissolution technique, and provided the concentration of Fe+++ in the cell does not exceed 
10 mg.mL-1, the measurement is straightforward. If more iron is present, it should be extracted 
by a simple cationic exchange before measuring Mo.  

The method has been used in the case of P measurements in steels to study the extraction 
of the matrix using a dextran gel. It could also be used to take benefit from the chemical 
amplification resulting from the stoichiometry of the phosphomolybdic acid, provided one 
succeeds in isolating the Mo that was engaged with P only (so, not with e.g. Si).  
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13.1.2 Chemicals and solutions 

 
 
For the determination of Mo, the mother solution can be made – up as follows: 
 

1. Weigh approximately 40 g of NH4NO3 and dissolve in a minimum of ultra pure water; 
2. Transfer quantitatively into a clean 250 mL volumetric flask; 
3. Add 8.7 mL of concentrated (65 wt. %) ultra pure HNO3; 
4. Make – up with ultra pure water. 

 
To make – up the electrolyte, proceed as follows: 
 

1. Prepare a clean polarographic cell; 
2. Introduce 5 mL of the mother solution into the cell; 
3. Add the sample whose volume should be ≤ 5 mL. The pH of the sample should not cause 

a change of the final H+ concentration in the cell (0.25 M) by more than 10 % relative. 
Even more important, it should not cause a change of the final nitrate concentration 
(1.25 M) by more than 2 %; 

4. Make – up to a total volume equal to 10 mL using ultra pure water. If the volume of the 
sample is equal to 5 mL, no water should be added. For a blank measurement, add 5 mL 
of water. 

 

13.1.3 Electrochemical set – up 

 
The measurement is carried out using differential pulse voltammetry. 
  
The  electrochemical set – up is given in table 1 
 

Table 1: Electrochemical set - up 
Purge time (s) 60 
Conditioning potential (V) 0.1 
Duration (s) 0 
Stirrer off during conditioning yes 
Deposition potential (V) 0.1 
Duration (s) 0 
Stirrer off during deposition yes 
Equilibration time (s) 10 
Cell off after measurement yes 
Modulation time (s) 0.04 
Interval time (s) 0.4 
Initial potential (V) 0.1 
End potential (V) -0.5 
Step potential (V) 0.01 
Modulation amplitude (V) 0.05 
Standby potential (V) 0.15 
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13.1.4 Example of calibration data 

 
 

Calibration data depend strongly on the equipment configuration and should always be 
checked for each experimental campaign. The data given on Figure 1 are for illustration purposes 
only. 
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Figure 1: Calibration curve 

 
The response is linear for MoVI cell concentrations up to 250 ng.mL-1. The limit of detection is 
~15 ng.mL-1. 
 

13.1.5 Tips 

 
 

1. The method is very sensitive to dissolved oxygen. The purge time mentioned in the set – 
up is valid for successive measurements on the same very well out gassed electrolyte. 
Carry out a 6 to 10 minute out gassing session before any measurement, each time the 
content of the cell has been replaced; 

2. The method is very sensitive. Cross contaminations with previous measurements can 
happen. At the beginning of each session devoted to the measurement of Mo, carry out 
several successive blank measurements, replacing regularly the electrolyte until the blank 
signal is acceptable. Do not allow to measure anything else on the same equipment until 
the Mo measurement session has been completed; 

3. Halogenides depolarise the mercury electrode at a potential that is not far from the Mo 
wave. The method is relatively tolerant to this, but a high current on the left part of the 
voltammogram may appear. If the concentration of halogenides is too high, the 
measurement may finally fail.  
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13.2 Sensitive determination of (Fe++ + Fe+++) by differential pulse polarography 
 
 
 

13.2.1 Introduction 

 
 

Both Fe++ and Fe+++ are reducible in Na2H2EDTA at pH < 5. A sensitive differential 
pulse voltammetry carried out from 0.05 to –0.3 V with respect to an Ag/AgCl, KCl 3M 
reference electrode delivers one single peak correlated to the total iron concentration in the cell. 
Nitrates up to 0.1 M in the cell, Cu++ and MoVI, both up to a mass ratio M:Fe = 2 do not interfere 
with the measurement.  
 
 
 

13.2.2 Chemicals and solutions 

 
 
To make – up the electrolyte, proceed as follows: 
 
 

1. Prepare an acetic acid – sodium acetate 2M from ultra pure acetic acid and sodium 
hydroxide; 

2. Saturate the solution with an excess of Na2H2EDTA. The salt should be added until some 
residual solid does not dissolve anymore; 

3. Verify that the pH is located between 4.2 and 5.2, if necessary, adjust by using 
concentrated H2SO4 or NaOH. The ideal pH is 4.5; 

4. Prepare a clean electrolytic cell; 
5. Transfer ~5 to 15 mg of Na2H2EDTA into the cell; 
6. Transfer 10 mL of the adjusted buffer into the cell. 

 
Samples of limited volume containing iron may be injected into the cell for further 

measurement.  
 
 

13.2.3 Electrochemical set – up 

 
 
 
The  electrochemical set – up is given in table 2. 
 
 
 
 
 



BLG-1055 

 

87 

Table 2: Electrochemical set - up 
Purge time (s) 15 
Conditioning potential (V) 0 
Duration (s) 0 
Stirrer off during conditioning yes 
Deposition potential (V) 0 
Duration (s) 1 
Stirrer off during deposition yes 
Equilibration time (s) 10 
Cell off after measurement yes 
Modulation time (s) 0.04 
Interval time (s) 0.5 
Initial potential (V) 0.05 
End potential (V) -0.3 
Step potential (V) 0.005 
Modulation amplitude (V) 0.05 
Standby potential (V) 0 

 

13.2.4 Example of calibration data 

 
Calibration data depend strongly on the equipment configuration and should always be 

checked for each experimental campaign. The data given on Figure 2 are for illustration purposes 
only. 
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Figure 2: Calibration curve after correction for the blank 

 
The response is linear for Fe cell concentrations up to 500 ng.mL-1. The limit of detection is 
~50 ng.mL-1. 
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13.2.5 Tips 

 
1. This method is sensitive to dissolved oxygen. The purge time mentioned in the set – up is 

valid for successive measurements on the same very well out gassed electrolyte. Carry 
out a 6 to 10 minute out gassing session before any measurement, each time the content 
of the cell has been replaced; 

2. As usual, the operator should verify that the sample does not modify the electrolyte in 
such a way that the measurement would be impaired, especially regarding the pH and the 
presence of solid Na2H2EDTA on the bottom of the cell; 

3. The method is very sensitive. Cross contaminations with previous measurements can 
happen. At the beginning of each session devoted to the measurement of Fe, carry out 
several successive blank measurements, replacing regularly the electrolyte until the blank 
signal is acceptable. Do not allow to measure anything else on the same equipment until 
the Fe measurement session has been completed; 

4. Halogenides depolarise the mercury electrode at a potential that is not far from the Fe 
wave. The method is relatively tolerant to this, but a high current on the left part of the 
voltammogram may appear. If the concentration of halogenides is too high, the 
measurement may finally fail.  
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14 Annex 4: Comments on possible reactions between ascorbic acid and 
phosphoric acid 

 
 

14.1 General background 
 

Due to its anti – oxidative properties, ascorbic acid plays an essential role in the life 
process. Both oxidation reactions as well as the presence of radicals are intimately related to 
ageing, susceptibility to cancer and stress. Being itself easily oxidized, ascorbic acid protects 
other vital species from oxidation. Ascorbic acid can also help eliminating radicals.  

 
Birds synthesize the molecule in their kidney, or in their liver, or in both. Mammals 

synthesize it in their liver. One believes that a genetic mutation affected primates by impairing 
the production of the fourth enzyme (L-gulonolactone oxidase) necessary to synthesize ascorbic 
acid, which explains their susceptibility to scurvy. Primates need finding ascorbic acid daily in 
their foodstuff. 

 
More recently, the absorption of ascorbic acid through the skin has been considered. 

However, this absorption path requires modifying the molecule because ascorbic acid can be 
oxidized too easily, delivering dehydro ascorbic acid. The latter is not stable. Its degradation 
yields several products among which oxalic acid, which is a skin irritant. Stabilizing the ascorbic 
acid to prevent its early oxidation is easily done. However, the stabilization reaction has to be 
reversible to allow the regeneration of ascorbic acid in vivo. Phospho derivatives of ascorbic acid 
were found suitable for the pursued objectives.  
 

14.2 Chemical aspects 
 

The structure of ascorbic acid has been discovered by Walter Haworth (Nobel prize 
1937). The molecule possesses a lactone ring with two OH functional groups located on non-
saturated carbon, which yields an enol system. One OH group can convert into an oxonium 
group, which in turns can deprotonate easily. This explains the acid – base properties of the 
molecule. Ascorbic acid has also two less stable tautomeric ketone forms.  
 
 

   
L-ascorbic acid Dehydro ascorbic acid Sodium L-ascorbyl-2-phosphate 

Figure 28: Structure of ascorbic acid, dehydro ascorbic acid and the sodium sodium salt of 2 – phospho – 
ascorbic acid 
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The redox properties of ascorbic acid result from the susceptibility of the C=C double 
bond to undergo oxidation. The oxidation yields dehydro ascorbic acid, a relatively unstable 
molecule in which the OH functional group have been converted into carbonyl groups.  

 
Stabilizing the ascorbic acid with respect to oxidation is achieved by the esterification of 

one of the enol groups. The mono phosphate derivatives are particularly suited for their in vitro 
stability and the in vivo availability of ascorbic acid. Three main synthesis routes are known: 
 

• The mono phosphorylating reaction between ascorbic acid and phosphorus oxy chloride; 
• The enzymatic transfer of a phosphoric acid group from a donor (e.g. adenosine tri 

phosphate) to the ascorbic acid; 
• The controlled acidic hydrolysis of the ascorbic acid tri phosphate at pH 5.5 – 6.5, after 

reacting ascorbic acid with a soluble phosphate salt. 
 
 

14.3 Comments on the interaction between ascorbic acid and phosphoric acid 
 

Among the above – mentioned synthesis routes, the third one is closest to our 
experimental conditions since it involves the direct reaction between ascorbic acid and a 
phosphate salt. However, the low pH prevailing in the modified Chen electrolyte is expected to 
hydrolyse the phospho ascorbic acid. But the unbalanced amount of ascorbic acid used to mask 
Fe+++ with respect to the minute amount of phosphoric acid to be detected may be misleading 
due to mass effects: it is not excluded that even if equilibrium constants are unfavourable, small 
quantities of phosphoric still be mobilized by a reaction with ascorbic acid. 

 
The dehydro ascorbic acid possesses also two hydroxyl groups located on the side chain 

of the ring. These groups may also undergo esterification by reacting with phosphoric acid, 
thereby implying that the oxidation product of ascorbic acid could also be responsible for the 
observations. Furthermore, if hydroxyl groups mobilize the phosphoric acid in the Chen 
electrolyte, masking Cr2O7

- - by the addition of methanol or ethanol may be a very bad idea. 
 
The interaction(s) between phosphoric acid and ascorbic acid in the modified Chen 

electrolyte should be further elucidated before concluding. In the course of the research, just 
after we had circumvented the problem posed by the ascorbic acid, A. Campsteyn formulated an 
interesting suggestion. He proposes further examining the possible use of the interaction between 
both acids for quantifying ascorbic acid, or for quantifying phosphoric acid. All authors agree 
that this is worth a trial, recognising that broadening the knowledge on the exact nature of the 
suspected interaction(s) is a prerequisite. Making use of a technique that was previously 
established in our research group for the determination of stability constants using the 
electrochemical response of free ligands29, one may even think at quantifying equilibrium 
constants associated to the reactions of interest. A. Rahier thinks that further studying the 
interactions between both acids could yield results of interest for the food, the pharmaceutical 
and the cosmetic industries, due to the importance of ascorbic acid as anti oxidative agent for 
living organisms.  

                                                 
29 The study has been carried out in the framework of a traineeship work (B. De Villars), focusing on the complex 
formed between cobalt and α-nitroso β- naphtol (Illinsky reagent). These results will be published later. 


