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The salicylate method is one of the ammonia quantification methods that has been extensively used in literature for quantifying
ammonia in the emerging field of nitrogen (electro)fixation. The presence of iron in the sample causes a strong negative
interference on the salicylate method. Today, the recommended method to deal with such interferences is the experimental
correction method: the iron concentration in the sample is measured using an iron quantification method, and then the
corresponding amount of iron is added to the calibration samples. The limitation of this method is that when a batch of samples
presents a great iron concentration variability, a different calibration curve has to be obtained for each sample. In this work, the
interference of iron III on the salicylate method was experimentally quantified, and a model was proposed to capture the effect of
iron III interference on the ammonia quantification result. This model can be used to correct the iron III interferences on ammonia
quantification. The great advantage of this correction method is that it only requires three experimental curves in order to correct
the iron III interference in any sample provided the iron III concentration is below the total peak suppression concentration.
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List of sybools society,*'? supporting anroximately 27% of the world’s population
over the past century.'"

Roman symbols Since French historian and chemist, Marcellin Pierre Eugéne

A/}k Absorbgnce at wavelength A Berthelot, observed in 1859 the formation of a blue-colored dye
A Normalized absorbance at wavelength A when ammonia, phenol and hypochlorite were mixed,'*'* a great
c Mola.r concentration (mol - m™) number of studies have investigated this reaction, which is known
e Rele}tlve error nowadays as the Berthelot or indophenol reaction.'® This term has
l R Optlcalhpath (m) ) since been generalized to refer to any reaction in which a phenolic
R Determination coefficient compound reacts with ammonia and a hypochlorite source to form
Greek symbols ) an indophenol-like dye, where the family of dyes is characterized by
g Background coefficient ) ) the indophenol group. This highly conjugated group strongly
e Eﬁ;eCUVe 1 mol?r attenuation  coefficient absorbs visible light in the range between 630 nm and 720 nm.
(m’ - mol™" - m™) ) This family of reactions has been used widely for ammonia
r Interference coefficient quantification using ultraviolet-visible (UV-vis) spectroscopy,m’18
A Wavelength (m) and in situ sensors.'®!
Subscripts o ) . The salicylate method is a modification of the indophenol
TAN ) Total ammonia nitrogen (i.e. NH; + NH,") method, in which sodium salicylate is used as the phenolic
Sgper scripts ) ) compound, sodium hypochlorite is used as the hypochlorite source,
Final In the final mixture (i.e. after the reagent and sodium nitroprusside is used as a catalyst. The salicylate method
addlthH‘S). ] ) has been used extensively in a wide range of applications including
Sample In the initial sample (i.e. before the reagent aqueous samples,”> non-aqueous samples,” air samples,”* soil
additions) samples,25 (micro)biological samples,26 pervaporation samples,27

There has been a rapidly growing interest in the development of
electrochemical methods for synthesizing fuels and chemicals,
motivated by the dream of a global shift towards sustainable energy
and feedstocks.'™ In this context, nitrogen fixation as ammonia is
viewed as a key process,*” since ammonia synthesis is considered
as one of the foundational chemical processes of the human
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and acidic digests of vegetal materials.® More recently, this method
has been employed to quantify the ammonia groduced during
(electrochemical) nitrogen reduction experiments.””° The use of
sodium salicylate in the method avoids working with phenol
(poisonous and volatile),>'** and the generation of the toxic fumes
(ortho-chlorophenol) that are produced during the indophenol
method.>® Tn the salicylate method, the amount of ammonia in a
sample can be determined by converting the ammonia contained in
the sample into an intense blue indophenol-like dye, which can then
be quantified by UV-Visible spectrometry.***>

Unfortunately, the salicylate method is sensitive to the presence
of a large variety of interferents in the sample,'> which can lead to
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false positives (i.e. positive interferents) or to underestimated results
(i.e. negative interferents). Moreover, the salicylate method is able to
detect such low ammonia concentrations, that the cross-contamina-
tion of the samples with the ammonia present in the laboratory
environment and in the elements of the experimental setup (v.g.
membrane, catalyst, etc...) can cause false positive results in
nitrogen fixation experiments, due to the small amount of ammonia
typically produced in such experiments. Nowadays, it is well
established that adventitious contamination and interferences on
the ammonia quantification method are two of the main reasons of
the non-reproducibility of the results of many works of the nitrogen
(electro)reduction field.* In order to ensure that the detected
ammonia has really been produced by dinitrogen (electro)reduction
, and does not come from adventitious contamination or ammonia
quantification interference, rigorous protocols based on "N isotopic
labelling have been proposed. One of such protocols is the protocol
proposed by Prof. Chorkendorff’s group.* The main limitation of
isotopic labelling methods is their high cost. For this reason, the
salicylate method is still widely used for initial screening nitrogen
(electro)reduction experiments, which then are validated using °N
isotopic labelling. Although the screening experiments have to be
validated using isotopic methods, it is highly recommended to
reduce the experimental error in the screening experiments as
much as possible. One way to achieve this is to identify the presence
of possible interferents in the samples and, if possible, to correct the
effect of those interferents on the ammonia quantification results.

A common example of interferent on the salicylate method is
iron: the presence of its ions in the sample interferes with the
quantification method.>**¢~*® For instance, the Hach Company lists
iron as one of the main interferents in all its ammonia quantification
tests based on the salicylate method. In fact, the Hach Company’s
protocols state that iron interferes with the salicylate method at all
concentration levels. While this interference phenomenon is empiri-
cally known, few methods are established to address the iron
interference on the salicylate method. The traditional strategy to
deal with iron interferences on the salicylate method is to measure
the iron concentration in the sample using a total iron concentration
quantification method, and then add the corresponding amount of
iron to the calibration samples.*® In this way, the iron effect on the
ammonia quantification is corrected experimentally. However, in
some applications, the iron concentration is not constant from one
sample to another, within a batch of samples. In such applications,
the experimental correction method requires the preparation of a
different absorbance-versus-ammonia concentration calibration
curve for each one of the different iron concentrations. The number
of required calibration curves can be large, especially in experiments
with iron concentrations varying over a wide range of values. For
instance, this is the case in nitrogen fixation experiments in which
iron based catalysts are used. Such catalysts have been extensively
used in the nitrogen fixation field,*® and many examples can be
found in literature, including metallic iron,41 nanostructured iron-
based electrocatalysts,*? Ni-doped iron catalysts,*’ iron oxides,**
and Mo-doped FeS, catalysts.*’ In these systems, iron leaching from
the catalyst to the electrolyte can cause the iron concentration in the
electrolyte to increase over time.

In this work, the interference of iron III on the ammonia
quantification peak in the salicylate method was experimentally
quantified, and an empirical model was developed to model the
effect of the iron III interference on the ammonia quantification in
the salicylate method. This model can be used to correct a posteriori
the iron III interference effect on the ammonia quantification results.

Experimental Methods

Materials.— Ammonium chloride (Sigma-Aldrich, ACS Grade)
was used as received. Sodium salicylate (Ensure Millipore, for
analysis), sodium nitroprusside dihydrate (Ensure Millipore, for
analysis), sodium citrate dihydrate (Ensure Millipore, for analysis),

sodium hydroxide (Sigma-Aldrich, anhydrous, free-flowing pellets
ACS reagent) and the sodium hypochlorite aqueous solution (Sigma-
Aldrich, reagent grade, available chlorine 4.00%—4.99%) were used
as received. Iron (III) chloride hexahydrate (Sigma-Aldrich, ACS
Grade) was used as received. All the reagents were stored at room
temperature, except the sodium hypochlorite aqueous solution,
which was stored at 5 °C. Water was obtained from a Millipore
system (Resistivity: 18.2 MQ-cm at 25 °C; TOC: 4 ppb), and was
always freshly prepared just before its use.

The samples were stored and manipulated in scintillation vials
(SciLabware, 20 ml). 3 ml disposable methacrylate cuvettes (VWR,
1 cm optical path) were used for UV-Visible measurements. A
GENESYS® 180 UV-Visible spectrophotometer was used to mea-
sure the UV—Visible spectra.

The salicylate method.—Nowadays, there are several variants of
the salicylate method available in literature. In this work, a modified
version of the method originally proposed by Bower and
Holm-Hansen*® and reproduced by Le and Boyd,*” was used.

Three reagent solutions were prepared: the salicylate catalyst
solution (Solution S1), the alkaline citrate solution (Solution S2),
and the alkaline hypochlorite solution (Solution S3). Solution S1
was prepared by dissolving sodium salicylate powder and sodium
nitroprusside dihydrate flakes in freshly prepared Millipore water in
order to obtain a 2.75M sodium salicylate and 0.95 mM sodium
nitroprusside solution. Solution S2 was prepared by dissolving
sodium citrate dihydrate powder and sodium hydroxide pellets in
order to obtain a 340 mM sodium citrate and 465 mM sodium
hydroxide solution. Finally, solution S3 was obtained by mixing
10 vol% of commercial 5% sodium hypochlorite aqueous solution
with solution S2. Solutions S1 and S3 were not stored and were
always freshly prepared just before analyzing the samples. On the
contrary, solution S2 was prepared in advanced, and stored at room
temperature. Furthermore, solution S1 was kept in an opaque dark
bottle during the whole analysis process.

To analyze a given sample: 5 ml of sample were mixed with
600 pl of solution S1, and mixed vigorously. Then, 1 ml of solution
S3 was added to the aforementioned mixture, and mixed thoroughly.
This addition was performed in the dark. After that, the sample was
stored in the dark for 1h, after which its visible spectra was
measured using a double beam spectrophotometer. Since the
salicylate reagents (especially sodium nitroprusside) have color
(Fig. S1 1is available online at stacks.iop.org/JES/167/134519/
mmedia), a blank sample was prepared by applying the aforemen-
tioned addition protocol to 5ml of freshly prepared Millipore®
water. This developed blank sample was used as blank and reference
sample during the UV-Visible measurement of the different
samples. Both, the sample preparation and measurement, were
done at ambient temperature. All the visible spectra were measured
from 850 nm to 350 nm, with a step size of 0.5nm and a sweep
speed of 5 nm - s~

Absorbance-versus-ammonia concentration calibration curves.—
First of all, for the iron free calibration curve, a parent solution of
0.8mM Total Ammonia Nitrogen (TAN, ie. NH; + NH;), was
prepared by dissolving solid NH4Cl powder in freshly prepared
Millipore® water. A set of solutions of different TAN concentrations
(in the linearity region) were prepared by successive dilutions of the
parent solution, using freshly prepared Millipore® water. This set of
solutions was analyzed using the salicylate method protocol described
above.

For the calibration curves in the presence of Fe III, the same
procedure was used with the only difference that instead of using
Millipore® water to prepare the NH4Cl parent solution and its
corresponding daughter dilutions; an Fe III solution of the corre-
sponding concentration was used for this matter. The different Fe II1
solutions were prepared by dissolving the required amount of
FeCl5-6H,0 in freshly prepared Millipore® water.
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Background and interference measurements.—First of all, an
ammonium parent solution of 1.5mM TAN was prepared by
dissolving solid NH4Cl in freshly prepared Millipore® water.
Then, a 0.1 M iron parent solution was prepared by solid
FeCl3-6H,0 in freshly prepared Millipore® water. For background
measurements, 5 ml samples of different Fe III concentrations were
prepared by diluting accordingly the iron parent solution using
freshly prepared Millipore® water. For the interference measure-
ments, 5 ml samples of different Fe III concentrations and a given
TAN concentration were prepared by mixing the required amounts
of iron and ammonium parent solutions, and then diluting accord-
ingly using freshly prepared Millipore® water. Following this
procedure, the ammonia concentration is the same in all the prepared
samples (zero concentration for the background measurement
samples, and a non-zero concentration for the interference measure-
ment samples). What changes from sample to sample is the Fe III
concentration.

The different sets of samples were analyzed using the salicylate
method protocol described above. The order in which the reagents
were added to the samples within a given set of samples (and
therefore, the order in which the UV—-Visible spectra were measured)
was random (i.e. neither in increasing or decreasing Fe III
concentration order); except for the blank sample, which was left
at the end of the addition queue. This randomization strategy was
used in order to orthogonalize the interferent concentration factor
from the order factor. This is important to avoid confusing order
effects (v.g. time drifts) with concentration effects. For instance, if
there was a time drift in the system, and the samples were measured
in increasing concentration order, then the effect of the time drift
would be attributed to the concentration (erroneously). On the
contrary, measuring in random order, ensures that any trend
observed is actually due to the interferent concentration effect.

Salicylate-iron III titration measurements.—First, a 2.5 mM
KOH solution and a 30 mM FeCl;-6H,O solution were prepared
using freshly prepared Millipore® water. Next, the 2.5 mM KOH
solution was used to dissolve 10 mM sodium salicylate to create a
10 mM sodium salicylate + 2.5 mM KOH solution. 1 ml of the
10 mM sodium salicylate + 2.5 mM KOH solution was pipetted into
a 3 ml methacrylate cuvette (VWR, 1cm optical path) and
UV-Visible spectra were collected with Millipore® water as the
blank and reference samples. Next, the 30 mM FeCl;-6H,0 solution
was added to the cuvette in 50 pl increments to obtain the spectra for
0.15, 0.30 and 0.45 ratios of Cpg, 17 /Cnusa- To avoid the signal
saturating the spectrophotometer detector, two new solutions were
prepared by diluting the sodium salicylate and FeCl;-6H,O solutions
by a factor of 3 with Millipore® water to obtain 3.33 mM sodium
salicylate + 0.833 mM KOH and 10 mM FeCl;-6H,O solutions.
1 ml of the 3.33 mM sodium salicylate + 0.833 mM KOH solution
and 0.1 ml of the 10 mM FeCl5-6H,O were added to a new
methacrylate cuvette to replicate the 0.30 Cr i1/ Cyasa UV—-vis
spectra and confirm that dilution did not alter the spectra. Finally, the
10 mM FeCl3-6H20 solution was added to the cuvette in 50 ul
increments to obtain the spectra for 0.60, 0.75, 0.90, 1.05, 1.20 and
1.35 ratios of Cpe yiid /CNaSal~

Results and Discussion

Absorbance-versus-ammonia concentration calibration curves.—
The experimental UV—-visible spectra (Figs. 1a and 1b) obtained when
the salicylate method was applied to the water calibration samples (i.e.
different TAN concentrations in water) and to the 20mM Fe III
calibration samples (i.e. different TAN concentrations in 20 mM Fe III
solution), display the characteristic indophenol peak at 652nm in
samples with and without Fe III. This peak can be attributed to the
indophenol-type dye formed after adding the salicylate method reagents
(i.e. the salicylate catalyst solution and the alkaline hypochlorite
solution) to the sample. In addition, the presence of Fe III generates

a new spectrum feature below 550 nm, where for an Fe III concentra-
tion of 20 mM, this feature presents large absorption that saturates the
instrument. The new feature can be attributed to the formation of
Fe(OH); and Fe-Salicylate complex(es) (most likely a 1:1 complex, see
section 2 of the supplementary information) when the reagents of the
salicylate method were added to the sample.

The presence of Fe III did not cause a hypsochromic shift nor a
bathochromic shift of the 652 nm peak of the indophenol-type dye,
since the peak position did not change in Fig. 1b. However, the
presence of Fe III in the samples did lead to a hypochromic shift in
the intensity of the peak at 652 nm, where increasing Fe III
concentration decreased the peak height for a given TAN concen-
tration. For instance, for a 0.14 mM TAN concentration sample, the
652 nm peak absorbance is around 2.4 when no Fe III is present in
the sample, and is around 1.8 when the sample contains 20 mM of Fe
III. This hypochromic shift of the 652 nm peak was found to
considerably reduce the effective molar attenuation coefficient
when Fe III was present in the sample, from 17.4 mM~' . cm™!
in pure water to 12.0 mM~! . cm~! in the 20 mM Fe III solution,
which would translate to a 45% error in the ammonia quantification
if the calibration curve in water was used in the latter case. This
strong negative interference of Fe III on the indophenol peak
generation in the salicylate method is consistent with previous
reports.®® Therefore, a model is needed to systematically correct
the influence of Fe III on the quantification of ammonia in samples
containing Fe III using the salicylate method.

The observation that the presence of Fe III in the sample causes a
hypochromic shift, but does not cause a hypsochromic shift nor a
bathochromic shift (i.e. it reduces the peak absorbance but does not
change its position), suggests that the reduction of the effective
molar attenuation coefficient (i.e. combination of the dye production
yield and the dye molar attenuation coefficient) when Fe III is
present, is due to a reduction of the dye production yield; and that
the dye molar attenuation coefficient does not change when Fe III is
present (i.e. the presence of Fe III does not change the structure of
the formed dye).

pH measurements of the samples with no ammonia after the
salicylate method showed decreasing pH with increasing Fe III content
(Fig. S6). Considering that Fe III can form stable precipitates with
OH ™ (with a solubility product constant of K, = 2.79 - 10-3%), we
propose that the lower dye production yield when Fe III is present is
caused by the sequestration of the OH ions added with reagent S3, by
Fe III ions to form Fe(OH)s. This hypothesis is supported by previous
reports showing that the dye formation g/ield can be highly pH
dependent.">*? As shown in Krom’s work,”® the peak absorbance is
reduced significantly (i.e. nearly halved) when the dye is formed at pH
10 in comparison to when the dye formation reaction takes place at pH
12. As shown in section 3 of the supplementary information, when the
sample contained 20 mM of Fe III, the reaction pH was 11.5; and
when the sample contained 40 mM of Fe III, the reaction pH was 8.
The reduction of the free OH™ ions in the reaction mixture causes that
the dye formation reaction takes place at a lower pH, which lowers the
dye production yield, causing the observed negative interference of Fe
III on the salicylate method.

Modelling the interference of Fe III on the salicylate method.—
The absorbance-versus-TAN concentration calibration curves (Fig. 1¢)
were linear for both, samples containing 0 mM Fe III (R? = 99.94%)
and samples containing 20mM Fe TII (R? = 99.68%). This fact
provides the physical basis for the traditional method of correction for
the Fe III interference on the ammonia quantification by the salicylate
method (i.e. the experimental correction method). As seen in Fig. lc,
the presence of Fe III has two effects on the calibration curve of
absorbance at 652 nm vs TAN concentration: 1) Fe III causes nonzero
background absorbance at 652 nm, leading to increasing vertical
translation of the calibration curve with increasing Fe III concentra-
tions, and 2) Fe III generates a negative interference causing a
reduction in the slope of the calibration curve.
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Figure 1. UV-Visible spectra (i.e. absorbance, A,; as a function of wavelength, \) obtained using the salicylate method on (a) the water calibration samples (i.e.
different TAN concentrations in water) and on (b) the 20 mM Fe III calibration samples (i.e. different TAN concentrations in 20 mM Fe III solution). In all cases,

the spectra were measured against the reference sample, from 850 nm to 350 nm with a step size of 0.5 nm and a sweep speed of 5 nm -

s~L (c) The 652 nm peak

calibration curves obtained by representing the absorbance at 652 nm (Ags n) Of the spectra in sub figures (a) and (b), as a function of the TAN concentration in

the sample (Cpenrle

). The dots correspond with the experimental points, while the lines are the fitted linear regression lines. From the slopes of the fitted lines, and

the optic path of the used cuvettes (I = 1 cm), the effective molar attenuation coefficient were determined: for the water calibration, e* = 17.4 mM ! cm™!

(R? = 99.94%); and for the 20 mM Fe III calibration, e* = 12.0 mM~!

The linearity of the calibration curves in Fig. 1c implies that both,
the background and the interference effect, are not dependent on the
ammonia concentration. Assuming that the background and inter-
ference coefficients only depend on the Fe III concentration, and do
not depend on the ammonia concentration, the interferences of Fe III
on the salicylate method can be modelled using the following
multiplicative interference with background model:

Abs2um (CTAN": Cﬁ?’}“i}”) =1 €550 (G = 0) - T(CRI)

Sample Sample
Cran”™ + B(Cir )

(1]

Where Coin?™ and Cpe"P* are the concentration of TAN and Fe I1I in
the sample, respectively, Ags; ., is the absorbance at 652 nm, [ is the
light optic path, and & ,, (Co2P¢ = 0) is the effective molar
attenuation coefficient when no Fe III is present (related to the slope
of the calibration curve in water samples). 3 denotes the background
coefficient which is associated to the background color due to the
formation of Fe(OH); and Fe-salicylate complexes with Fe III
presence. I' represents the interference coefficient, which captures
the effect of Fe III on reducing the dye formation yield (thus
reducing the effective molar attenuation coefficient). This interfer-
ence coefficient is a dimension-less coefficient that quantifies the
magnitude of the interference. In the case of no interference, I' = 1.
Since Fe III causes a hypochromic interference (i.e. negative
interference), in this case I' < 1. The greater interference, more
deviation of I from 1.

Background and interference coefficients.—In the case where
the sample does not contain ammonia, Eq. 1 can be reduced to the
following:

Sample __ Sample Sample
Aes2 nm(CTAN =0; CFe m ) = ﬁ( Fe Il [2]

Consequently, the background coefficient associated to a given
Fe III concentration can be experimentally obtained by measuring
the absorbance at 652 nm of a sample analyzed by the salicylate
method, which contains the corresponding Fe III concentration and
no ammonia (Fig. 2a). The experimentally determined background
coefficients were relatively low since the absorbance at 652 nm is
due to the tail of a spectrum feature that appears at lower
wavelengths (i.e. in the 350-550 nm range), that causes the

~ecm~! (R? = 99.68%).

instrument to saturate at those wavelengths (Fig. S4). This spectrum
feature increases with Fe III concentration, and its tail enlarges
towards higher wavelengths, causing the background coefficient to
increase with Fe III concentration. This observation is consistent
with the hypothesis that the background comes from the formation of
Fe(OH); and Fe-salicylate complexes, and therefore, at higher Fe III
concentration the background increases. The increase in the back-
ground coefficient with the Fe III concentration was found to be
nonlinear, where the rate of increase first decreased and then increased
(inset of Fig. 2a). This nonlinear changes in the background coefficient
with Fe III concentration can be attributed to light scattering by the
formed insoluble species and to the pH changes of the final mixture
(section 3 of the supplementary information), which shift the chemical
equilibria responsible for the background generation (between
Fe(OH); and Fe-salicylate complexes) and the position of the
350 nm-550 nm spectrum feature. Although the spectrum feature
cannot be entirely observed, since the instrument saturates, its position
shift can be identified in Fig. 2a. This position shift is responsible for
the complex evolution of the background coefficient with the Fe III
concentration in the sample, instead of an evolution consistent with the
Beer-Lambert law (i.e. linear evolution).

Clearing the interference coefficient from Eq. 1, the following
expression can be obtained:

A 652mm ( C Sumple Sample) _ ﬁ( Sample

F( Sampl2) _ TAN Fe 1 Fe 1l
Fe Ill /. Sample _ 0) . Sample
6s2mm (Cre i = Cran 3]

Sample Sample _ Sample
— AGSZH"I(CTAN Fe o ) ﬁ( Fe Ill

Sample, ~Sample
A652nm(CTANp CFe 11p1 = O)

Therefore, in order to determine experimentally the interference
coefficient for a given Fe III concentration, the 652 nm absorbance
containing the corresponding Fe III and TAN concentrations, and the
652 nm absorbance containing the same TAN concentration but no
Fe II1, are required. In order to quantify the interference coefficients
at different Fe III concentrations, an interference experiment was
required. Such experiment consists in preparing a set of samples
with the same TAN concentration and different Fe III concentra-
tions, and applying to them the salicylate method.

For a given TAN concentration, when the Fe III concentration
increases, a peak at 422nm grows (until it reaches saturation)
(Fig. 2b). This peak, associated with the background compounds
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Figure 2. Effect of the Fe III concentration in the sample on the UV-Visible spectra obtained by the salicylate method, for a given TAN concentration.
UV-Visible spectra (i.e. absorbance, Ay; as a function of wavelength, \) obtained using the salicylate method on samples with different Fe III concentrations, and
a given TAN concentration: (a) C5"" = 0 mM, (b) C;¢""¢ — (.12 mM. In all cases, the spectra were measured against the reference sample, from 850 nm to
350 nm with a step size of 0.5 nm and a sweep speed of 5 nm - s~!. Inset in sub figure (a): the absorbance at 652 nm (Ags ) of the spectra in sub figure (a) as a

function of the Fe III concentration in the sample (CooP'¢).

(i.e. Fe(OH); and Fe:Salicylate complexes), corresponds to the
saturated spectrum feature mentioned during the background coeffi-
cient discussion. Furthermore, for a given TAN concentration, when
the Fe III concentration increases, the peak at 652 nm (i.e. the one
used for ammonia quantification) is not affected by low Fe III
concentrations and shrinks for high Fe III concentrations (Fig. 2b).

The interference experiment data (Fig. 2b) were used to calculate
the interference coefficient at each Fe III concentration, using Eq. 2
with the corresponding experimentally determined background
coefficient (Fig. 2a). Two distinct trends with the Fe III concentra-
tion can be identified in the interference coefficients determined
experimentally (Fig. 3a). For low Fe III concentrations (i.e. below a
threshold concentration), the presence of Fe III does not have any
effect (i.e. I' = 1) on the peak at 652 nm (i.e. the peak used for
quantification). In contrast, for high Fe III concentrations (i.e. above
a threshold concentration), an increase in the Fe III concentration
causes a decrease of the 652nm peak height. In this Fe III
concentration range, there is a linear relation between the inter-
ference coefficient and the Fe III concentration in the sample.

Based on these observations, the following empirical model with
2 fitting parameters (0 and Ciegnoiq) Was proposed in order to
capture the effect of the Fe III concentration on the interference
coefficient:

Sample
F(CFE i )
. Sample
_ 1 lf CFg 1111 < Cthreshold [4]
- Sample . Sample
1 + - (Cthreshold - CFe 111; ) Uc CFe [11; > Cthreshold

The above model was fitted to the interference coefficient
experimental data (Fig. 3a). The fitted model perfectly captures the
experimental effect of the Fe III concentration on the interference
coefficient (and thus on the quantification peak), as shown by the very
high determination coefficient of the fitted model (R* = 99.90%), and
the very good agreement between the predictions of the model and the
experimental interference coefficients.

Even though the proposed model is an empirical model, its
parameters have a clear meaning: parameter ¢ quantifies the
interference effect magnitude; and parameter Cyesnoiq COIresponds
to the threshold Fe III concentration, below which there is no
interference. In this case, the threshold interference is around 9 mM,
suggesting no interference of Fe III on the ammonia quantification
peak of the salicylate method at Fe III concentrations below 9 mM.
This result is consistent with the mechanism hypothesized pre-
viously. As the final pH with 10 mM of Fe III is 11.95, close to the
optimum value of 12, for Fe III concentrations lower than 10 mM,
the reaction pH will be high enough not to affect the dye production
yield, and therefore not producing interference with the salicylate
method.

It should be noted that even if the empirical model predicts
negative interference coefficients for Fe III concentrations above
42 mM (Fig. 3a), these values have no physical meaning. The Fe III
concentration that leads to a zero interference coefficient (I' = 0)
corresponds to the Fe III concentration that completely suppresses
the 652nm peak (i.e. 42mM in this case): for larger Fe III
concentrations, the reaction pH is low enough in order to completely
inhibit the dye formation. The proposed model can only be applied
for Fe III concentrations below the aforementioned Fe III concen-
tration that completely inhibits the dye production, and the extra-
polation to higher Fe III concentrations has no physical meaning.

The obtained interference model can be used to estimate the
relative error in the ammonia quantification using the salicylate
method, due to the presence of Fe III in the sample (Fig. 4). The
presence of Fe III in the sample is not harmful from the ammonia
quantification perspective for low Fe III concentrations and large TAN
concentrations (white region in Fig. 4). In these cases, the relative
error in ammonia quantification due to Fe III presence in the sample is
lower than the experimental error (i.e. 5%). For samples with low
TAN concentrations and large Fe III concentrations, the background
increase causes an overestimation of the TAN concentration in the
sample; whereas for samples with high TAN and Fe III concentrations,
the interference effects overcomes the background increase, resulting
in an underestimation of the real TAN concentration in the sample.



0.15

0.10 ¢

0.05

0.00

0.15

0.05

0.00

0.15

0.10 s

0.05

0.00

Journal of The Electrochemical Society, 2020 167 134519

Sampl
Crety (MM)

1.5
(@)
< 110
— =’
F 105
1 1 1 00
0 10 20 30 40 50
ceme (m)
1.5
(b)
°
q 7 10
-
Z
@
105
1 1 1 L 00
0 10 20 30 40 50
cEeme (m)
1.5
(c)
°
< 110
—> —
. &
i . 105
° [
°
o
1 1 1 00
0 10 20 30 40 50

Figure 3. Background and interference coefficients (5 and I' respectively),
calculated using the real background curve (a), and with the “no background”
(b) and the “linear background” (c) approximations. The dots correspond to
the points calculated from the experimental spectra; the continuous lines
corresponds to the fitted empirical models; and the dotted lines corresponds to
the extrapolation of the fitted models. First, the experimental background
coefficients were calculated using the spectra from Fig. 2a and Eq. 2. In the
case of the real background (a), the experimental data were interpolated by a
cubic spline; for the “No background” approximation (b), a 3 = 0 model was
used; and for the “Linear background” approximation (c), the experimental 3
values were fitted to a linear model. Second, the associated interference
coefficients were calculated from Fig. 2b, using Eq. 3 and the real background
values for the real background curve (a); Eq. 6 for the “No background”
approximation (b); and Eq. 8 and the fitted linear background model for the
“Linear background” approximation (c). The obtained interference coefficients
were fitted to model (4). The parameters of the fitted models are given in
Table I.
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Figure 4. Prediction, using the proposed fitted empirical interference model,
of the relative error (e, in %) in the ammonia quantification using the
salicylate method, due to the presence of Fe III in the sample, as a function of
the TAN and Fe III concentrations in the sample. The white zone identifies
the locus of the Cpamrle_CSerle plane in which the relative error in the
ammonia quantification due to the presence of Fe III in the sample is lower
than the experimental error (i.e. +5%). Red regions are regions of the
Cpample_cSample slane, in which the Fe III presence causes the salicylate
method to overestimate the real ammonia concentration in the sample (i.e.
positive relative errors); whereas the blue zones are regions of
Cpample_cSample slane, in which the Fe TII presence causes the salicylate
method to underestimate the real ammonia concentration in the sample (i.e.
negative relative errors).

The presence of Fe III in the sample can lead to relative errors in
ammonia quantification larger than 80%! This result justifies the need
of a correction method, in case that the analyzed sample is out of the
white zone.

Correction method for correcting the Fe IlI interferences on
the salicylate method.—If the Fe III concentration in a given sample
is known, the empirical model proposed earlier, can be used to
calculate the interference coefficient, which can then be used as a
correction factor to correct the Fe III interference effect. Clearing the
TAN concentration from Eq. 1:

Sample, ~Sample Sample
CSample _ A652HWI(CTAN 4 CFe )i ) - ﬂ(CFe 1 ) [5]
TAN  — * Sample Sample
U 652 mm (Creir = 0) - D'(Cre'p )

Where €55 (CEP1¢ = 0) is obtained from the calibration curve in
water samples (Fig. 1a). 3(Cp"h') is calculated from the back-
ground curve (Fig. 2a), and r(cﬁg’;’g"’) is calculated using the
empirical model proposed above, which requires to first obtain the
interference curve (Fig. 2b) in order to obtain the experimental
interference coefficients and then fit the empirical model. Once these
3 parameters are known, the above expression can be used to
estimate the TAN concentration in a given sample from its measured
absorbance at 652 nm, Agsy (CTSXI'\,"” ‘s ngf’,",p,["). In this way, the Fe
III interference on the salicylate method is corrected.

As explained in the previous section, the empirical model is only
applicable to Fe III concentrations below the Fe III concentration
that suppresses totally the dye generation. Consequently, the

3
e * o o o o 0o o
2
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~ ®
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Figure 5. The absorbance of the 422 nm peak (A422 ) in the UV-Visible
spectra as a function of the Fe III concentration (Cp75') obtained by using
the salicylate method on samples with different Fe III concentrations and a
TAN concentration of 0.12 mM. The dots correspond with the experimental
points, whereas the line corresponds to the linear regression line fitted to the
low concentration linear zone. From the slope of the fitted line, and the optic
path of the used cuvettes (/ =1 cm), the effective molar attenuation
coefficient was determined: ¢* = 1.9 mM™! - cm™! (R? = 99.91%). Inset:
Low Fe III concentration zoom.

proposed correction method cannot be applied to samples with an
Fe III concentration larger than the aforementioned concentration (
i.e. around 42 mM in this case). In samples with a larger Fe III
concentration, the peak is totally suppressed, and therefore, cor-
recting the interference effect is not possible without first diluting the
sample prior to applying the salicylate method.

Using the described correction method, once the 3 curves (i.e. the
calibration curve in water samples, the background curve and the
interference curve) are obtained experimentally, the Fe III inter-
ference can be corrected in any sample (with an Fe III concentration
below 42 mM). This is a great advantage of this correction method in
comparison with the experimental correction method (i.e. obtaining
the calibration curve in the presence of the corresponding Fe III
concentration): with the proposed correction method, only 3 curves
have to be experimentally obtained in order to correct the inter-
ference effect in all the samples; whereas, with the traditional
experimental correction method, a different calibration curve has to
be experimentally obtained for each sample with a different Fe III
concentration. Of course, this advantage is decisive only in cases
where the Fe III concentration changes significantly from sample to
sample.

Two distinct trends with the Fe III concentration can be identified
in the absorbance of the 422 nm peak of the samples containing
Fe IIT analyzed using the salicylate method (Fig. 5): for low Fe III
concentrations, the 422 nm peak grows linearly with the Fe III
concentration; whereas, for high Fe III concentrations, the 422 nm
peak reaches saturation (i.e. instrument maximum), and remains
constant with further increases of the Fe III concentration. The fact
that this spectrum feature is related to the Fe III concentration in the
sample is consistent with the fact that this peak is related to colored
Fe compounds, such as Fe(OH); and Fe-Salicylate complex(es). Due
to the linear relation between the 422 nm peak absorbance and the Fe
IIT concentration in the sample, this peak can be used to quantify the
Fe III concentration in the sample.
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This suggests that the interference correction method proposed in
this work can be used to implement an autocorrective method in
which the interference could be corrected with the UV-Visible
spectrum itself: the (unknown) Fe III concentration in the sample
would be quantified using the 422 nm peak, and then, the inter-
ference correction method would be applied in order to correct the
effect of the Fe III interference. The problem is that the linearity
region of the Fe III quantification peak only extends to Fe III
concentrations up to around 1mM (Fig. 5); while the Fe III
interference is only significant above the threshold concentration
of around 10mM (Fig. 3a). This means that for the Fe III
concentrations for which the interference is significant (i.e. where
the correction is required), the 422 nm peak saturates and therefore
cannot be used to quantify the Fe III concentration. It is true that the
saturation value depends on the UV-Visible instrument used to
perform the measurements: so, maybe with an instrument with a
higher saturation value, the 422 nm peak would not saturate in the
10 mM—40 mM range. However, even assuming that the
Beer-Lambert law holds in the aforementioned Fe III concentration
range, with an effective molar attenuation coefficient of around
1.9 mM~'- cm~!, the absorbance for a concentration of 10 mM
would be of around 19, and the absorbance for a concentration of
40 mM would be greater than 75. Nowadays UV-Visible spectro-
photometers can measure reliably absorbances up to 3; and some
Ver;f advanced instruments are able to measure absorbances up to
10.°" A possible solution to this problem is to use cuvettes with
shorter light paths: for instance, assuming a maximum absorbance of
3 due to instrument limitations, an optic path of 0.39 mm would be
required for measuring Fe III concentrations up to 40 mM. Such
special cells can be found in the market, however they are
particularly expensive. So, with the UV-Visible technology avail-
able today, an autocorrective method is very difficult (and costly) to
implement.

The interference correction method can be used to implement two
other correction methods, in order to overcome the limitation of the
autocorrective method: a semi-autocorrective method and a non-
autocorrective method. On the one hand, in the semi-autocorrective
method, the sample is measured using the salicylate method, then
diluted accordingly (so that the 422 nm peak falls in its linear region)
and remeasured. Since the 422 nm peak position is very pH sensitive, it
is important not to change the pH of the sample during the dilution
process. Because of this, the dilution should be done by adding solution
S2 (ie. 340mM sodium citrate and 465 mM sodium hydroxide
solution) to the sample. From the 422nm peak of the second
measurement (i.e. diluted sample), the Fe III concentration in the
original sample is determined. And then, the result is used to correct
using the interference correction method the first measurement (i.e. non-
diluted sample), obtaining the TAN concentration in the sample.
On the other hand, in the non-autocorrective method, each sample is
divided into two aliquots. The first one is measured using the salicylate
method, while the second one is used to measure the Fe III
concentration using an Fe III quantification method such as the ferrozine
method,” the desferal-phenanthroline method,>® flame atomic absorp-
tion spectrophotometry,™ ion chromatography spectrophotometry™ or
ICP (Inductively Coupled Plasma) spectroscopy.® The salicylate
measurement is corrected using the interference correction method,
using the measured Fe III concentration.

From the three experimental curves required to apply the
correction method, the calibration curve in water samples and
the interference curve are completely necessary: without them, the
correction method cannot be used. However, since the background
levels are relatively low (Fig. 2a), two different approximations can
be used in order to avoid having to obtain the whole background
curve, reducing in this way the total number of required experi-
mental measurements to use the correction method. The first
approximation that can be considered is the “No background”
approximation: the background is assumed to be low enough to be
considered as 0. In this approximation, the background coefficient is
considered as 0, for every Fe III concentration. Using Eq. 3, the

interference coefficient considering the “No background” approx-
imation, I'yg, can be calculated as:

Sample, ~Sample
A652 nm(CTANp > CFe IIpI )

Sample\ __
FNB(CFE Vil ) - A CSample, Sample __ 0
652 nm( TAN > “Felll — )

[6]

The second approximation that can be considered is the “Linear
background” approximation: the background is assumed to increase
linearly with the Fe III concentration. Therefore, the background
coefficient assuming the “Linear background” approximation, (3;, is
given by:

Sampley Sample
Bup(Cri ) = o - C'p (7]

Where « is the slope that can be obtained by fitting the background
curve to the linear model (7). Once « is known, the interference
coefficient considering the “Linear background” approximation, I,
can be calculated as:

Sample, ~Sample Sample
A652 nm(CTAN > “Felll - /BLB(CFC i )

Sampley __
FLB(CFe m ) - A CSamp[e, Sample __ 0
652 nm( TAN » “Felll — )

(8]

The “Linear background” approximation is able to fit relatively
well (with a determination coefficient above 80%), the real back-
ground (Fig. 3c). This implies that although the real background
curve displays a complex trend due to pH variations that shift the
position of the spectrum feature, it can be modelled quite well by a
linear model. Furthermore, the interference coefficients obtained
using these approximations display the same trends than the real
interference coefficients (Figs. 3b and 3c). Therefore, the empirical
model proposed to model the effect of the Fe III concentration on the
real interference coefficient (Eq. 4), can also be used for the
interference coefficients obtained for the two approximations. In
fact, the determination coefficient of the fitted interference coeffi-
cient models is above 99.95% both, for the “No background”
approximation and the “Linear background” approximation
(Table I).

For high TAN concentrations and low Fe III concentrations,
these approximations give good results (i.e. low relative errors)
(Fig. 6). On the contrary, for low TAN concentrations and high Fe
III' concentrations, the approximations yield quantification results
with very high relative errors (Fig. 6). Moreover, for a given sample
(i.e. given TAN and Fe III concentrations), the “Linear background”
gives better estimations (i.e. lower error) than the “No background”
approximation (Figs. 6a and 6b). The great advantage of the “No
background” approximation is that it does not require any back-
ground measurement at all. Meanwhile, the “Linear background”
approximation is an intermediate solution since it requires only one
background measurement, instead of the whole background curve.
These results show that the background curve can be spared
(reducing the total number of experimental measurements) for
samples with low Fe III concentrations and high TAN concentra-
tions. Figure 6 allows one to quantitatively decide if the whole
background curve (i.e. real background) is required, if only one
background measurement (i.e. “Linear background” approximation)
is needed, or if no background measurement is needed at all (i.e. “No
background” approximation), as a function of the required accuracy
(i.e. maximum allowable error) and the TAN and Fe III concentra-
tions of the sample.

Conclusions

The presence of Fe III ions in the sample causes a strong negative
interference on the ammonia quantification peak of the salicylate
method. This interference is due to the sequestration by the Fe III
ions of the hydroxide ions that are added with the salicylate reagents
in order to increase the pH of the mixture until its optimum value for
the dye formation reaction. The reduction of the reaction pH inhibits
the dye formation reaction, causing a decrease in the dye production
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Table 1. Fitted parameters of the background and interference models. First, the experimental background coefficients were calculated using the
spectra from Fig. 2a and Eq. 2. In the case of the real background, the experimental data were interpolated by a cubic spline; for the “No
background” approximation, a 5 = 0 model was used; and for the “Linear background” approximation, the experimental 3 values were fitted to a
linear model. Second, the associated interference coefficients were calculated from Fig. 2b, using Eq. 3 and the real background values for the real
background model; Eq. 6 for the “No background” approximation; and Eq. 8 and the fitted linear background model for the ‘“Linear background”
approximation. The obtained interference coefficients were fitted to model (4). The model has 2 parameters: Cy.s0 and 6. The first, corresponds
with the threshold Fe III concentration below which there is no interference. The second, quantifies the interference effect magnitude. The
determination coefficient (R?) of each one of the fitted models is also presented, as a quantifier of the goodness of fit.

I" model
8 model Cinreshota (mM) s M R* (%)
Real background Cubic spline interpolation 8.96 30.8 99.90
R?=1
“No background” approximation 6=0 9.33 29.9 99.96
R = —
“Linear background” approximation Sample 9.02 30.9 99.96
8 =227 . —fedll
R? = 80.76%
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Figure 6. Absolute value of the relative error (le|, expressed in %) in the ammonia concentration calculated using the proposed correction method when the “No
background” approximation (a) or the “Linear background” approximation (b) are considered, rather than using the real background curve.

yield. The Fe III interference only is significant above a threshold Fe
III concentration of 10 mM. For Fe III concentrations above 42 mM,
the dye production is totally inhibited, and the indophenol peak is
totally suppressed.

In this work, an interference model of the Fe III interference on
the salicylate method has been proposed. This model can be used to
correct the effect of the Fe III interference on the ammonia
quantification by the salicylate method. The correction method
requires obtaining three curves experimentally: the calibration curve
in water samples, the background curve and the interference curve.
Once these three curves are available, the Fe III interference can be
corrected in any sample, with an Fe III concentration below 42 mM.
When a batch of samples presents a great Fe III concentration
variability, this is a great advantage over the actual experimental
correction method, since with only three experimental curves the
correction can be done for all the samples; whereas, the experimental
correction method requires to obtain a different experimental
calibration curve for every Fe IIl concentration. Moreover, the

background curve can be spared (reducing the total number of
experimental measurements) for samples with low Fe III concentra-
tions and high TAN concentrations: a quantitative criterion for
deciding whether the whole background curve is required or not,
based on the required accuracy (i.e. maximum allowable error) and
the TAN and Fe III concentrations of the sample is presented in this
work.

The interference correction method proposed in this work can be
used in two ways. On the one hand, it can be used as a semi-
autocorrective method: the sample is measured using the salicylate
method, then diluted accordingly and remeasured. The 422 nm peak
of the diluted sample is used to obtain the Fe III concentration in the
original sample; which is then used to correct the measurement of
the non-diluted sample with the interference correction method. On
the other hand, the interference correction method can be used as a
non-autocorrective method: each sample is divided into two aliquots,
one of which is analyzed using the salicylate method, while the other
one is analyzed using an Fe III quantification method. Then, the
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salicylate measurement is corrected using the interference correction
method, with the measured Fe III concentration.
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