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Abstract

The salicylate method is one of the colorimetric methods that is used for ammonia quantification
in nitrogen (electro)fixation. While the salicylate method offers advantages in that it avoids
working with toxic reagents and does not generate toxic fumes, ammonia quantification is sensitive
to the exact experimental conditions (e.g. color development time, exposure to light, etc.) and to a
number of interferences (e.g. pH of the samples, presence of interferents, etc.), which leads to
reproducibility problems. In this work, the influence of different factors on the ammonia
quantification in Nitrogen Reaction Reduction (NRR) using the salicylate method was examined,
both in aqueous media and in non-aqueous media. The detailed experimental procedures presented
in this work, provide an optimized reference method for quantifying ammonia in NRR screening
experiments using the salicylate method.

KEYWORDS: Ammonia quantification, Aqueous samples, Nitrogen reduction reaction, Non-
aqueous samples, Salicylate method, UV-visible spectroscopy.



1. Introduction

Ammonia and its derivatives, such as urea, are one of the pillars of modern civilization. Nowadays,
these compounds are widely used in the agricultural sector to make synthetic fertilizers [1]. The
majority of the world’s population relies on food sources enabled by these fertilizers [2-3].
Moreover, ammonia demand is forecasted to increase in the coming years due to the growing
global population, as well as ammonia’s potential as a renewable energy carrier [4] due to its large
hydrogen content (i.e. 17.6 wt.%) [5] and high energy density (4.32 kWh-L! at -33.3°C and 1 bar)

[6].

Today, more than 90% of the annual world production of ammonia is synthetized using the Haber-
Bosch process [7]. The development of this industrial process lead to two Nobel Prizes in
chemistry: to the industrial chemist Fritz Haber, who developed the process in 1918; and to the
chemical engineer Carl Bosch, who scaled up the process in 1931. This century-old process is
widely considered as one of the greatest inventions of the 20™ century [8-9], and enables ammonia
synthesis from molecular nitrogen and hydrogen, using an iron-based catalyst [10]. Unfortunately,
the Haber-Bosch process is very energy intensive, consuming between 1% and 2% of the
anthropogenic energy [11-13], and is responsible for nearly 1.44% of the total CO2 emissions [14]
since it currently relies on fossil fuels (mainly natural gas) as the source of Hz [15]. Furthermore,
the Haber-Bosch process requires high temperatures (~500°C) and high pressures (>200 atm) [16],
which necessitate large centralized ammonia production facilities [17] and makes distributed
ammonia production economically unfeasible [18].

Due to these limitations, there is increasing interest in developing alternative technologies to
produce ammonia in an environmentally friendly and distributed way [19-20]. Renewable energy-
powered electrosynthesis of ammonia from atmospheric nitrogen and water is a promising
alternative to the Haber-Bosch process [6, 21]. However, significant improvements in nitrogen
reduction reaction (NRR) activity and selectivity are needed [22].

In order to assess candidate NRR catalysts, accurate quantification of the produced ammonia is
needed so that the catalyst’s ammonia yield rate and faradic efficiency can be determined [23].
Ideally, ammonia quantification should be reliable, cost-effective, easy-to-perform and sensitive,
since the produced ammonia concentrations of state-of-the-art NRR catalysts is still low (typically
below tens of ppms [24]). Today, several ammonia quantification methods are available, including
spectrophotometric (i.e. colorimetric) methods [25-26], ammonia ion-selective based methods
[27], ion chromatography [28-29], Fourier transform infrared radiation (FTIR) spectroscopy [30],
and 'H NMR spectroscopy [31]. Ammonia has been most extensively quantified using colorimetric
methods, such as the Indophenol, salicylate and Nessler methods, due to their low cost, high
sensitivity and facile operation [23]. Unfortunately, these colorimetric methods are prone to
interferences from impurity ions, nitrogen-containing molecules, and even solvents which hinders
their reliability [32-33]. Further experimental difficulty comes from ammonia contamination of
samples from the laboratory environment and elements of the experimental setup (e.g. membrane,
catalyst, etc...) which can be significant compared to the low concentration of ammonia produced
in NRR experiments (in the micromolar, or even nanomolar, range). Contamination of samples
with ammonia from non-NRR sources, as well as colorimetric method interferences are
responsible for poor reproducibility of reported nitrogen (electro)reduction results [24]. In order



to ensure the reproducibility of NRR experiments, '°N isotopic labelling has been proposed [6, 23-
24], where NRR experiments are conducted using '°N2. The '*N-enriched ammonia produced by
NRR can be distinguished from unenriched ammonia from contamination sources (which is '“NH3)
providing more rigorous quantification of the ammonia produced from NRR. Unfortunately, °'N
isotopic labelling is very expensive, even when the amount of N2 is reduced by using a closed
system [24]. For this reason, colorimetric methods are still used for initial screening of NRR
experiments, which then are validated using SN isotopic labelling. Therefore, minimizing
experimental uncertainties during initial NRR screening requires the optimization of colorimetric
methods.

The salicylate method is one of the available colorimetric ammonia quantification methods based
on the Berthelot reaction. The term “Berthelot reaction” refers to a family of chemical reactions
where a phenolic compound reacts with ammonia and a hypochlorite source to form an
indophenol-like dye. Marcellin Pierre Eugéne Berthelot reported the first example of such
reactions in 1859 [34]. These indophenol-like dyes strongly absorb visible light between 630 nm
and 720 nm, allowing for ammonia quantification using ultraviolet-visible (UV-Vis) spectroscopy
[35], and in situ sensors [36-38]. In the salicylate method, sodium salicylate is used as the phenolic
compound, sodium hypochlorite is used as the hypochlorite source, and sodium nitroprusside is
added as a catalyst [39]. The salicylate method has the advantage of avoiding toxic reagents [40-
41] (such as phenol in the Indophenol method, and mercury salts in the Nessler Method) and also
does not generate toxic fumes [42] (such as ortho-chlorophenol produced by the Indophenol
method). Unfortunately, the salicylate method is sensitive to the color development time [43] and
the exposure to light [42] among many other factors, and has a number of interferences (such as
pH [44], nitrogen-containing compounds [45], or transition metal ions [46], etc.) which can lead
to errors in the ammonia quantification if not properly accounted for. In order to enhance the
reproducibility of the salicylate method, all the relevant parameters that can affect its accuracy and
precision should be identified and optimized. While there are some studies, such as Zhao et al.
[33] and Zhou and Boyd [47], that address this issue for the Indophenol method and the Nessler
method in aqueous media, none exists for the salicylate method in non-aqueous media. In this
work, the salicylate method is optimized for ammonia quantification in NRR experiments, in both
aqueous and non-aqueous media.

2. Materials and methods
2.1. Materials

Ammonium chloride (Sigma-Aldrich, ACS Grade), ammonia aqueous solution (28-30%, Ensure
Millipore, ACS Grade), sodium salicylate (Ensure Millipore, for analysis; and Sigma-Aldrich,
ReagentPlus® >99.5%), sodium nitroprusside dihydrate (Ensure Millipore, for analysis), sodium
citrate dihydrate (Ensure Millipore, for analysis), sodium hydroxide (Sigma-Aldrich, anhydrous,
free-flowing pellets ACS reagent), sodium hypochlorite aqueous solution (Sigma-Aldrich, reagent
grade, available chlorine 4.00-4.99 %), tetrahydrofuran (Fisher Scientific, 99.9% extra dry,
stabilized), ethanol (Sigma-Aldrich, ACS Grade) and lithium perchlorate (Sigma-Aldrich, ACS
Grade) were used as received. All the reagents were stored at room temperature, except the sodium
hypochlorite aqueous solution, which was stored at 5°C. Deionized (DI) 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 measure the UV-
Visible spectra.

2.2. The salicylate method for aqueous samples

Today, several variants of the salicylate method can be found in literature. The method used in this
work was used in a previous work [46] and was derived from the method originally proposed by
Bower and Holm-Hansen [48] and reproduced by Le and Boyd [49].

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

Previous works have reported that the method sensitivity plateaus once a threshold concentration
of each one of the reagents (i.e. salicylate ions, hypochlorite ions and nitroprusside ions) is reached
[50]. For this reason, the reagent concentration factor (i.e. added volume of each reagent) was not
optimized in this work; and instead, the reagent volumes proposed in the original work were used.
To analyze a given sample: 5 mL of sample were mixed with 600 uL of S1, and mixed vigorously.
Then, in the dark, 1 mL of S3 was added to the aforementioned mixture and again mixed
thoroughly. After that, the sample was stored in the dark for 45 minutes, following which its visible
spectra was measured using a double beam spectrophotometer. The experimental procedure is
summarized in Figure S15. Since the salicylate reagents (especially sodium nitroprusside) have
color (Figure S1 and S2), a blank sample was prepared by applying the aforementioned protocol
to 5 mL of DI water. This developed blank sample was used as blank and reference sample for the
UV-Visible measurement of the different samples. The sample preparation and measurement was
done at ambient temperature. All the visible spectra were measured from 850 nm to 350 nm, with

a step size of 0.5 nm and a sweep speed of 5 nm-s ..

2.3. The salicylate method for non-aqueous samples

Two strategies have been proposed in literature to apply ammonia quantification methods, based
on the Berthelot reaction, to non-aqueous samples. In one method, the reagents are added to the
non-aqueous sample directly [51]. Alternatively, the sample is evaporated leaving behind ammonia
as salts, which are later redissolved in water and analyzed as though it were an aqueous samples
[24]. Although the direct method is simpler, the influence of non-aqueous solvent on the method
is not well understood and some non-aqueous solvents are hazardous and must be manipulated in



a fume hood, making it more difficult to prevent interference from light. On the other hand, the
evaporation-redissolution method allows for potentially hazardous non-aqueous solvents to be
easily evaporated in a fume hood, but adds additional steps (and consequently additional
opportunities for error/interference). The evaporation-redissolution method was selected for this
work.

To analyze a given batch of non-aqueous samples: the samples were evaporated by placing them
uncapped on a hotplate at 50°C for 15 hours, which allowed the solvent to evaporate completely.
The position of the samples on the hotplate was randomized, in order to ortogonalize the position
factor from other differentiating factors within the batch of samples (e.g. ammonia concentration,
electrolyte, etc.). In this way, in case the position on the hotplate affects significantly the
evaporation process, the effect would be randomized (i.e. converted into experimental noise)
instead of generating biased results. Once the evaporation was complete, the vials were capped
and allowed to cool for 3 hours.

In this work, five different redissolution processes were considered. For redissolution process 1,
following cooling, 5 mL of DI water was introduced in each vial, which was then capped,
thoroughly shaken and immediately analyzed using the salicylate method presented in section 2.2.
For redissolution process 2, 5 mL of DI water was introduced in each vial, which was then capped
and thoroughly shaken. Following this, the sample was loaded in a 5 mL syringe, filtered using a
0.22 um pore size syringe filter (VWR) and immediately analyzed using the salicylate method.
For redissolution process 3, 5 mL of DI water was introduced in each vial, which was then capped
and thoroughly shaken. The sample was left for 4 days at room temperature, then loaded in a 5 mL
syringe, filtered using a 0.22 um pore size syringe filter (VWR) and immediately analyzed using
the salicylate method. For redissolution process 4, 5 mL of DI water was introduced in each vial,
which was then capped and thoroughly shaken. The sample was left for 4 days at room temperature
and then analyzed using the salicylate method. Finally, for redissolution process 5, 10 mL of DI
water was introduced in each vial, which was then capped and thoroughly shaken. The sample was
left for 4 days at room temperature and then analyzed using the salicylate method.

The experimental procedure is summarized in Figure S15; and the proposed detailed experimental
procedures can be found in the supplementary information, both for aqueous samples (SI section
8.1) and for non-aqueous samples (SI section 8.2).

2.4. Kinetics of color formation and color stability

A parent solution of 0.1 mM Total Ammonia Nitrogen (TAN, i.e. NH; + NH}"), was prepared by
dissolving solid NH4Cl powder in DI water. A set of solutions of different TAN concentrations
were prepared by dilution of the parent solution in DI water to yield final sample volumes of 5
mL.

One 20 mL scintillation vial was loaded with 5 mL of one of the NH4Cl solutions, and another one
was loaded with 5 mL of DI water (i.e. blank sample). The salicylate reagents were added to the
blank sample, as described in section 2.2; and the resulting mixture was split into two cuvettes:
one to serve as a reference sample and the other to blank the UV-Visible spectrophotometer. Once
the UV-Visible spectrophotometer was blanked, the same reagent solution additions were done in



the vial containing the NH4Cl solution, with the only difference, that in this case the S3 addition
was performed in the dark. Immediately after adding solution S3 (and starting the chronometer),
the content of the vial was loaded into a disposable methacrylate cuvette, and the UV-Visible
spectrum was measured at different times. In one set of experiments, the UV-Visible spectra were
measured from 850 nm to 350 nm, with a step size of 0.5 nm, at the maximum sweep speed allowed
by the GENESYS® 180 UV-Vis instrument (i.e. 20 nm-s™") in order to minimize the change of the
spectrum during the measurement itself. In another set of experiments, the absorbance at only 652
nm (i.e. indophenol-type dye peak) was measured every 30 seconds.

To assess the color stability, the whole batch of samples analyzed in the color formation
experiments were stored and measured at different times, over a period of around one month. When
not being measured, the samples were stored in the dark. The sample spectra were always
measured in the same order the reagents had been added to the samples, using the same blank
sample as blank and reference for all the measurements. All the visible spectra were measured
from 850 nm to 350 nm, with a step size of 0.5 nm and a sweep speed of 5 nm's™.

2.5. pH dependence experiments

Calibration samples (with different TAN concentrations) were prepared in different electrolytes:
in water, in HoSO4 solutions with different H2SO4 concentrations, and in KOH solutions with
different KOH concentrations. In this way, calibration sets of samples of different TAN
concentrations, at different pHs, were obtained. The experimental procedure to prepare and
measure the calibration samples was exactly the same as described in sections 2.2 and 2.4; with
the only difference that instead of using DI water to prepare the NH4Cl parent solution and its
corresponding dilutions, the corresponding electrolyte was used for this matter in each case.

2.6. Reproducibility of the ammonia quantification

In order to assess the reproducibility of the method, the aqueous and non-aqueous absorbance-
TAN concentration calibration curves were obtained on several different days. In order to obtain
these calibration curves, a set of aqueous (or non-aqueous) calibration samples were prepared by
successive dilutions of a mother solution of known TAN concentration. In the case of aqueous
samples, the mother solution was prepared by dissolving solid NH4Cl powder in DI water;
whereas, for the non-aqueous calibration samples, the mother solution was prepared by mixing
commercial 28-30% ammonia aqueous solution with the non-aqueous electrolyte (i.e.
Tetrahydrofuran-ethanol 99:1 vol.%, 0.2M LiClOs). A different TAN standard had to be used for
the non-aqueous samples, due to the limited solubility of NH4Cl in Tetrahydrofuran (THF). Since
the ammonia aqueous solution is not a primary standard (i.e. its TAN concentration is not exactly
known, and may change with time), it was normalized prior to preparing each calibration sets of
non-aqueous samples. The normalization was performed using the salicylate method for aqueous
samples (section 2.2). Once the calibration samples were ready, the aqueous ones were analyzed
using the salicylate method for aqueous samples (section 2.2), while the non-aqueous ones were
analyzed using the salicylate method for non-aqueous samples (section 2.3).

For the aqueous samples, in addition to the reproducibility in different days, the reproducibility
due to the use of different reagents was also analyzed. In this case, two commercial sodium



salicylate reagents (Ensure Millipore, for analysis; and Sigma-Aldrich, ReagentPlus® >99.5%)
were tested.

3. Results and Discussion
3.1. The Kkinetics of the indophenol dye formation in aqueous solutions

Immediately upon the addition of the salicylate reagents to a 0.1 mM Total Ammonia Nitrogen
(TAN, i.e. NH; + NHJ) sample (Figure 1.a.), the absorbance of the reacting mixture against the
blank sample (salicylate reagents added to DI water without ammonia) was found to be about 0 at
every wavelength. The initial color of the mixture is thus independent of the ammonia
concentration in the sample, and is determined by the color of the salicylate reagents (SI section
1). Two minutes after adding the reagents, the sample spectrum had barely changed, showing that
there is an initiation time, on the order of minutes, between adding the reagents and the onset of
color formation in the mixture. After a few minutes, the color started to change as suggested by
the appearance, and subsequent growth, of a Gaussian peak centered around 652 nm. This peak
can be assigned to the formation of an indophenol-type dye during the salicylate reaction [52]:
NHs + OCI" + 2C7H503™ = Indophenol dye. The peak maximum increased with time, while the
peak position remained constant throughout the whole color development. This observation
suggests that the reaction intermediates do not absorb UV-Visible light, and therefore the peak
growth is only due to the indophenol dye concentration build up in the mixture. In addition to the
main peak, a secondary feature with significantly lower absorbance, developed in the low
wavelength range (below 400 nm). This secondary feature can also be attributed to the dye, and
not to reaction intermediates, since it does not decay with time (in the reaction time scale). After
around 30 minutes, the spectrum reached steady state, indicating that all the ammonia in the sample
had been converted into the Indophenol-type dye. The steady-state spectrum consisted of a major
wide Gaussian peak at 652 nm (Full Width at Half Maximum, FWHM, of around 115 nm) and a
secondary feature around 370 nm. No significant difference was observed for times ranging from
30 to 90 minutes, indicating that the dye was stable for at least an hour after reaching steady-state
(See section 3.2).

The 652 nm absorbance of both 0.1 mM and 10 uM TAN samples increased with time following
a logistic curve with time delay (Figure 1.b.). The 0.1 mM TAN sample displayed a shorter time
delay than the 10 uM TAN sample (inset of Figure 1.c). A shorter delay with higher ammonia
concentration is consistent with faster buildup of reaction intermediates in samples with higher
ammonia concentrations (Figure S7). Following the initial time delay, the peak absorbance was
found to increase exponentially, until an inflection point was reached. After the inflection point,
the absorbance followed an asymptotic exponential growth, tending to a steady state value. The
steady-state 652 nm absorbance was proportional to the initial ammonia concentration in the
sample (Figure S4), reaching 1.780 and 0.178 for the 0.1 mM TAN and 10 pM TAN samples,
respectively. The observed time evolution displays the characteristic the s-shaped curve of the
logistic model and is consistent with the reaction mechanism proposed by Krom [53] (Figure S5):

NH; + OCl~ - NH,Cl + OH~ (R1)

C,Hs03 + NH,Cl - C,H,03NH; + CI- + H* (R2)
[Fe(CN)sNO]?~

C7H403NH2_ — C7H303NH_ + HZ (R3)



C,H;03 + C,H;0,NH™ - [C,H,05NC,H505]%~ + H, (R4)

Given the sample pH>12 following addition of the alkaline hypochlorite reagent (Figure 3¢) and
the pKa of ammonium ions (9.25), hypochlorous acid (7.53) and salicylic acid (2.97) [54], at the
beginning of the reaction, these species are in their NH3, OCI™ and salicylate forms, respectively.
Krom’s mechanism consists of 4 reactions in series (Figure S5). The reaction begins with the
formation of monochloramine from ammonia and the hypochlorite ion. Next, monochloramine
reacts with salicylate to form 5-aminosalicylate. Then, 5-aminosalicylate is oxidized, which is
catalyzed by sodium nitroprusside. Finally, the oxidized 5-aminosalicylate combines with a second
salicylate ion via oxidative coupling to form the indophenol dye. With the reagent concentrations
present in the salicylate method (section 2.2), ammonia is the limiting reagent, whereas sodium
salicylate and sodium hypochlorite are in large excess. Therefore, the concentrations of sodium
salicylate and sodium hypochlorite remain roughly constant during the dye formation reaction.
The monochloramine formation step (reaction R1) is known to be extremely fast [55-56].
Consequently when the alkaline hypochlorite reagent (S3) is added to the sample, all the ammonia
in the mixture is converted instantaneously (i.e. at t = 0) into monochloramine. After that, the
reaction intermediates (C;H,O3NH; and C;H3;03NH™) are formed and then consumed, until all
the ammonia has been converted into indophenol dye (Figure S7). Fitting a kinetic model to the
time-dependent 652 nm absorbance signal suggests that the oxidation of 5-aminosalicylate
(reaction R3) is the rate-limiting step, which is consistent with the requirement of a catalyst
(sodium nitroprusside) for this step (Table S1).

The fitted kinetic model was used to calculate the relative error in the ammonia concentration
quantification as a function of the TAN concentration in the sample and the time after the addition
of reagent S3 to the sample at which the absorbance of the sample is measured (Figure 1.d). The
relative error in the ammonia concentration quantification (e, in %) can be defined as:

Measured __ C.Sample

_ Lran TAN .
€= CSample 100 (1)
TAN
Where Cﬁjﬁple corresponds to the real TAN concentration in the sample, and CME3547¢4 denotes

the TAN concentration measured using the salicylate method. The color saturation time is taken
as the time it takes for the 652 nm absorbance to reach 99.5% of its steady state value (i.e. 0.5%
relative error). The color saturation time depends on the TAN concentration of the sample: samples
with higher TAN concentrations display a lower color saturation time. For samples with TAN
concentrations in the 0-0.16 mM range, the color saturation time varies from 20 to 32 minutes
(Figure 1.d). In order to ensure reliable results, we recommend that UV-Vis spectra should be
measured 45 minutes after the addition of the salicylate reagents to the samples, to ensure the dye
formation reaction is complete.

After reaching the steady-state peak absorbance, the absorbance remained relatively constant for
at least an hour. For spectra taken 1 and 2 hours after the reaction, the peak absorbance only
decreased by 0.6% for the 0.1 mM TAN sample, and did not decrease at all for the 10 uM TAN
sample (Figure 1.b). Since development time differences in the order of minutes do not lead to
significant errors in the measurement after the initial dye formation reaction is complete, no special



care needs to be taken to ensure that all the samples have exactly the same development times

enabling analysis of samples in moderately sized batches.
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Figure 1. Time evolution of the (a) UV-Visible spectrum (i.e. absorbance, A,, as a function of the wavelength 1) and
the (b) absorbance at 652 nm, of a 0.1 mM TAN concentration sample after the addition of the salicylate reagents (i.e.
t = 0 corresponds to the addition of reagent S3 to the sample). The UV-Visible spectra (a) were measured against the
reference sample (i.e. blank sample analyzed by the salicylate method), from 850 nm to 350 nm, with a step size of
0.5 nm, at the maximum sweep speed of the instrument (i.e. 20 nm-s™"). The absorbance at 652 nm (b) was followed
by measuring the absorbance at the selected wavelength (i.e. individual wavelength absorbance measurement) with a
sampling period of 30 seconds. This wavelength was selected since it was identified as the wavelength at which the
Indophenol-type dye absorbs the most (i.e. wavelength of the peak maximum) in the (left) subfigure. In addition to
the curve of the 0.1 mM TAN concentration sample (black points), the curve of the 0.01 mM TAN concentration
sample (gray points) is presented as well. The inset diaplays the zoom for times below 20 minutes (yellow region). (c)
Time evolution of the normalized absorbance at 652 nm (i.e. Agg; 1) 0of the 0.1 mM TAN and 0.01 mM TAN samples
after the addition of the salicylate reagents. The normalized absorbance was calculated dividing the absorbance at 652
nm (a) by the maximum absorbance ay 652 nm of each sample. The inset displays the zoom for times below 10



minutes (yellow region). (d) Relative error (e, expressed in %) in the ammonia concentration quantification as a
function of the TAN concentration in the sample and the time at which the absorbance of the sample is measured. The
time origin corresponds to the addition of reagent S3 to the sample. The relative errors were calculated using the
kinetic models proposed in this work for the dye formation (SI section 3) and the dye decomposition (SI section 4).

3.2. Instability of the indophenol dye in aqueous solutions

Over the hour time scale, the characteristic dye peak (~652 nm) was found to decay with time
while the absorbance at wavelengths below 500 nm did not change significantly (Figure 2.a),
during which the sample switched from its initial characteristic blue to a final deep red color
(Figure S8). This change can be attributed to the decomposition of the indophenol-type blue dye,
which is not stable; and the formation of decomposition products, some of which present(s) a red
coloration [50]. This is consistent with previous works that report that indophenol-type dyes are
only stable for 4 to 6 hours [57-58], although stability can be extended to 24 hours and longer if
the solutions are protected from carbon dioxide absorption and direct sunlight [59].

For 0.01 mM to 0.1 mM TAN samples, the absorbance at 652 nm decreased linearly with time for
the first ~170 hours (Figure 2.c), where the slope of the linear decay was observed to increase with
increasing ammonia concentration of the initial sample. For times >170 hours, the linear trend
transformed to asymptotic exponential (Figure 2.b). This time evolution is inconsistent with a
potential rate-law kinetic model (Figure S9). The inconsistency of the dye decomposition rate with
an exponential decay suggests that the decomposition mechanism is more complex than a
spontaneous decay of the dye into its decomposition products. The dye decomposition rate is
consistent with a Laidler kinetic model for all the initial dye concentrations (Figure S10.a). This is
consistent with a two-step decomposition mechanism: a first fast equilibrium step (that could
correspond with the oxygen solubility equilibrium), and a second irreversible step (that could be
the dye oxidation by oxygen). However, although the Laidler model is able to accurately reproduce
the dye concentration decay for all of the samples, the kinetic parameters depend significantly on
the initial dye concentration (Figure S10.b). Several hypotheses can explain this dependence. The
positive dependence of the kinetic parameters on the initial dye concentration could be due to the
existence of at least one reaction in parallel with the dye decomposition reaction that also involves
whatever compound reacts with the dye during its decomposition (e.g. oxygen), and at least one
of the reagents of the salicylate reaction. For low initial dye concentrations, the excess of salicylate
reagents is greater, and consequently the parallel reaction dominates on the dye decomposition
reaction, leading to lower dye decomposition rates. On the contrary, for large initial dye
concentrations, the excess of salicylate reagents is lower, and consequently the dye decomposition
reaction dominates on the parallel reaction, leading to higher dye decomposition rates. However,
this hypothesis is unlikely since the salicylate reagents are in great excess with respect to ammonia,
and therefore the variation of the excess of salicylate reagents with the initial dye concentration is
quite limited. Another possible hypothesis for explaining the dependency observed experimentally
is that the dye could be an autocatalyst of its own decomposition reaction. Alternatively, maybe
one or more of the decomposition products catalyze the decomposition reaction.

The relative error for ammonia quantification using the salicylate method due to dye
decomposition was estimated from the fitted Laidler kinetic model as a function of the TAN
concentration and sample storage time (Figure 2.d). The time decay of the dye implies that the
analyzed samples have an expiry date once the reagents have been added (even when kept in the
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dark). For instance, the measurement error for a 0.1 mM TAN concentration sample is of only
0.8%, 6 hours after the reagent addition, but it grows to 5.8%, 1 day after the reagent addition and
it is more than 95%, 1 month later. This expiry time can be defined as the time at which the
measurement error due to the dye decay reaches a certain maximum permissible value. The expiry
time of a given sample will depend on its TAN concentration and on the selected maximum
measurement error (Figure S11). For example, for a 0.1 mM TAN sample, if the maximum
measurement error is 5% then the sample must be measured within 17 hours after adding the
reagents. Therefore, to prevent errors due to dye decomposition, it is recommended that samples
are measured within 5 hours of adding the reagents.
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Figure 2. (a) Time stability of the UV-Visible spectrum (i.e. absorbance, A;, as a function of the wavelength 1) of a
0.1 mM TAN concentration sample analyzed using the salicylate method. The 1 hr spectrum from this figure
corresponds to the 60 min spectrum of figure 1.a. All the UV-Visible spectra were measured against the reference
sample (i.e. blank sample analyzed by the salicylate method), from 850 nm to 350 nm, with a step size of 0.5 nm, at a
sweep speed of 5 nm's’!. Between measurements all the samples were kept in a dark place. (b) Time stability of the

11



652 nm absorbance of samples of different TAN concentrations after beeing analyzed by the salicylate method. The
absorbance at 652 nm represented here, was obtained from the corresponding UV-Visible spectrum, for instance the
black points (i.e. 0.10 mM TAN) correspond to the peak maximum of the spectra in the (a) subfigure. The inset
displays the zoom for times greater than 200 hours (yellow region). (c) Zoom for times below 200 hours. The lines
correspond to the fitted linear regression lines (R? is greater than 99.95% in all cases). (d) Relative error (e, expressed
in %) in the ammonia concentration quantification as a function of the TAN concentration in the sample and the time
at which the absorbance of the sample is measured. The time origin corresponds to the addition of reagent S3 to the
sample. The relative errors were calculated using the kinetic models proposed in this work for the dye formation (SI
section 3) and the dye decomposition (SI section 4). This figure is the continuation of figure 1.d. for larger times, in
the hour order of magnitude instead of the minute order of magnitude (figure 1.d. would be squezzed into the vertical
axis of (d)).

3.3. Effect of the sample pH on the ammonia quantification in aqueous solutions

In DI water and in 0.1 M KOH, the salicylate method produced the characteristic blue gradation
with TAN concentration (Figure S13). However, in 0.1 M H2SO4, no blue color was formed and
instead a white solid precipitated after the addition of the salicylate catalyst reagent (S1) to the
sample. This precipitate remained after the addition of S3 and no color developed, leading to a
pale yellow solution with a white precipitate at the bottom (Figure S13). When an excess of NaOH
was added to the mixture, the precipitate redissolved, confirming that precipitation upon the
addition of S1 was caused by the low pH of the H2SO4 solution. This precipitate is attributed to
salicylic acid that can form when the salicylate catalyst reagent (S1) is added to a solution with pH
below the pKa of the salicylic acid-salicylate acid-base pair (2.97) [54]. The solubility of salicylic
acid is 2.48 g-L//18 mM [54] which is much lower than that of sodium salicylate (1.24 kg-L/7.7
M [54]) and is also lower than the concentration of salicylic acid/salicylate following the addition
of' S1 to the solution (250 mM). The precipitation of salicylic acid from the solution greatly reduces
the availability of salicylate ions, impairing the dye formation reaction (Figure S5) and explaining
the absence of blue color in the 0.1 M H2SO4 samples.

The absorbance-TAN concentration calibration curves obtained in water, in KOH, and in 100 nM
H2SO4 were all equivalent within experimental error (Figures 3.a and 3.b). However, in 10 uM
H2S0y4, the effective molar attenuation coefficient (14.8 mM-cm™) was significantly lower than
that of water (17.7 mM™-cm™"). Moreover, in 1 mM and 0.1 M H2SO4 the obtained calibration
curves were nearly flat, consistent with negligible dye formation. Reduced effective molar
attenuation coefficients were associated with a lower pH of the sample, as well as the solution after
adding salicylate reagents (Figure 3.c). In water, KOH and 100 nM H2SOs4, both the pH after the
addition of the salicylate reagents and the obtained calibration curves were equivalent within
experimental error. On the other hand, for 10 pM, 1 mM and 0.1 M H2SOs4, the reaction pH was
lower than in the water case and there was a resulting deviation in the obtained calibration curves.
It is a well-known fact that the salicylate reaction is highly sensitive to the pH [50, 60]. For
instance, Krom observed a significant reduction of the peak absorbance (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
[53]. Consequently, the lower effective molar attenuation coefficient of the calibration curve of
the 10 uM solution is attributed to the dye formation reaction occurring at too low pH, leading to
impaired dye formation. In the 1 mM and 0.1 M H2SO4 solutions, salicylic acid also precipitated
out of the solution due to the pH being below the pKa of the salicylic acid-salicylate acid-base pair
upon addition of reagent S1, leading to reduced availability of salicylate ions and further reducing
the dye yield such that dye formation was negligible.
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The salicylate method described in section 2.2. (Figure S15), works properly for samples in the
6.50 to 13.00 pH range. For these samples, there is no salicylic acid precipitation upon the addition
of reagent S1, and the addition of S3 reagent raises the pH to the optimum reaction pH, leading to
calibration curves that are invariant with respect to sample pH. For samples with initial pHs
between 4.00 and 6.50, while there is no salicylic acid precipitation upon the addition of reagent
S1, the addition of reagent S3 is unable to increase the pH to its optimum value, which causes a
significant effect on the effective molar attenuation coefficient (and therefore, on the ammonia
quantification). Finally, for samples with pHs below 4.00, the salicylate precipitates out of the
solution as salicylic acid upon the addition of reagent S1, nearly completely inhibiting the color
formation. Reagent S3 should never be added to a sample in which salicylic acid has precipitated;
since this is an indicator of low pH, and adding S3 to a low pH sample produces toxic gases.
Samples with pHs below 6.50 should be neutralized with NaOH prior to applying the salicylate
method (being sure to correct the obtained results for the dilution effect due to NaOH addition).
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Figure 3. (a) The 652 nm peak calibration curves obtained for samples in different solutions (i.e. different pHs). These

curves were obtained by representing the absorbance at 652 nm (Ags, nm) s a function of the TAN concentration in

the sample (Cyqn™") for the different samples, after analyzing them using the salicylate method for aqueous samples

(section 2.2 and Figure S15). 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=1cm), the effective molar
attenuation coefficient (€£5, nym) Was determined for each solution (b). The two-sigma error bars are displayed on the
figure. (¢) The pH of the sample before any addition, after adding reagent S1 and after adding reagent S3, for each
one of the different solutions. The black dotted line marks the pKa of the salicylic acid-salicylate pair, while the red
dotted lines identify the salicylic acid and salicylate predominance regions.
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3.4. Reproducibility of the ammonia quantification method in aqueous samples

652 nm peak absorbance-TAN concentration calibration curves obtained on different days with
two different reagent brands form two distinct clusters (Figure 4.a): all points for brand 1
(independent of the day measured) fall on the same line, whereas all points for brand 2
(independent of the day measured) fall on a different line. This indicates that calibration curves
obtained with the same brand reagents were very reproducible when repeated on different days,
but the calibration curve is sensitive to the brand of reagents used. Further support comes from the
experimental effective molar attenuation coefficients obtained by linear fitting of the different
experimental calibration curves (Figure 4.b). A statistical analysis of variance (ANOVA) of the
effective molar attenuation coefficients (SI section 6) showed that the reagent brand factor had a
statistically significant effect (p<0.0001) while the day the calibration curves was obtained on did
not (p>0.05). Therefore, a calibration curve from a previous day can reliably be applied to samples
analyzed on a different day, provided the reagents used are kept consistent. However, in case of
changing the reagent, a new calibration curve should be obtained. Although no differences were
observed in this work between different lots of a given reagent, it is advisable to obtain a new
calibration curve when starting a new reagent lot, even if it is from the same supplier and brand.
Even though it is not strictly necessary to include a calibration set in every batch of analyzed
samples when working with the same reagent, doing so can still be advantageous. These calibration
samples can be used to validate the results from a batch of analyzed samples, allowing for the
detection of any errors that may occur during salicylate analysis.
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Figure 4. (a) The 652 nm peak calibration curves obtained for aqueous samples in different days (i.e. each day
corresponds to a different color), using comercial sodium salicylate from two different brands (circles: brand 1;

triangles: brand 2). These curves were obtained by representing the absorbance at 652 nm (4gs, ) @s a function of

the TAN concentration in the sample (ng;?ple) for the different samples after analyzing them using the salicylate

method for aqueous samples (section 2.2 and figure S15). From the slopes of the fitted linear regression models, and
the optic path of the used cuvettes (I=1cm), the effective molar attenuation coefficient (€5, ) Was determined for
each day and reagent brand (b). The two-sigma confidence level error bars of the effective molar attenuation
coefficient are displayed on the figure.
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3.5. Effect of the evaporation process on the quantification of non-aqueous samples

In this work, the non-aqueous electrolyte used by Tsuneto and coworkers [61] (i.e.
Tetrahydrofuran-ethanol 99:1 vol.%, 0.2 M LiClO4) was selected as the non-aqueous media
example. This selection was due to the fact that Tsuneto’s work is one of the only works in
electrochemical NRR that has been reproduced in a recent study [24], and therefore it corresponds
to one of the most promising electrolytes in the state-of-the-art non-aqueous NRR field.

Absorbance-TAN concentration calibration curves were obtained for 4 sets of non-aqueous
samples based on the non-aqueous electrolyte used by Tsuneto and coworkers [61]: (1) THF-
ethanol 99:1 vol.%; (2) THF-ethanol 99:1 vol.% 0.2 M LiClO4; (3) THF-ethanol 99:1 vol.% to
which 250 pL of concentrated HCI was added prior to evaporation and (4) THF-ethanol 99:1 vol.%
0.2 M LiCIO4 + 250 pLL HCI (Figure 5.a). In all cases, the obtained calibration curve had high
linearity (R%>0.95). The fact that the evaporation-redissolution process did not affect to the
linearity of the obtained calibration curve implies that the losses have a multiplicative effect on
the final maximum absorbance with a loss coefficient that is independent of the ammonia
concentration. Therefore, the effective molar attenuation coefficient after loss i, & (4,45 ), can be
expressed in terms of the effective molar attenuation coefficient in aqueous samples,
&11,0(652 nm); and a loss factor, 7;:

g;(Amax) =1- ni) ) 81320(652 nm) (2)

The loss factor for a given process can be broken down into the individual loss factors of the
different losses that occur in that process:

ni=1- 1_[ (1-m)) 3)

je{losses in process i}

The evaporation-redissolution process loss factors can be calculated by dividing the effective
molar attenuation coefficient by the effective molar attenuation coefficient in aqueous samples
(Figure 5.b), and applying equations (2) and (3).

The evaporation-redissolution process loss factor in the case of the THF-ethanol 99:1 vol.%
samples was nlHF*ELOH ~ 094 indicating that the losses associated with the evaporation-
redissolution process were very large when no HCI was added prior to evaporation. This high loss
factor is attributed to the form in which ammonia is in these samples: when no HCl is added to the
samples, ammonia is mostly in its NH3 form, which has a vapor pressure of 20.32 bar at 50°C [62],
leading to significant evaporation. Adding 250 pL of concentrated HCI prior to evaporation
reduced the loss factor to nTHF*ELOH+HCL (0 32 which is attributed to an increased proportion of
TAN existing as NHF following HCI addition, whereNH} does not readily evaporate. Although
HCI addition reduces the TAN lost to evaporation, the >30% loss factor is still significant and

needs to be carefully considered when analyzing non-aqueous samples.
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Varying the amount of HCI added prior to evaporation resulted in a volcano trend, where the
maximum absorbance (lowest loss factor) was obtained when 250 pL of concentrated HCI was
added (Figure 6). For HCI <250 pL, increasing the volume of HCI increased the peak maximum
absorbance (i.e. reduced the loss factor), where a large increase was observed moving from “no
acid” (i.e. 0 puL) to 20 pL, followed by a shallower, roughly linear increase up to the maximum at
250 pL. Decreasing loss factor with increasing HCI volume is attributed to a higher fraction of the
ammonia being in NH} form when more HCl is added to the sample. Samples with 500 uL and
1000 pL HCI showed a decrease in peak maximum absorbance that was roughly linear with the
amount of HCI (Figure 6). Increasing loss factor with increasing HCI volume is attributed to
decreasing pH of the redissolved sample from 7.6 (0 uL HCI), to 5.6 (250 pL HCI), to 5.5 (1000
pL HCI) (Table S3), which reduces the dye yield as demonstrated in section 3.3. Although
increasing HCI1 lowers the pH of the redissolved sample, the pH is significantly higher than directly
adding the HCI to an aqueous sample (Table S3), indicating that most of the HCI is removed by
the evaporation process. The competing effects of decreasing TAN evaporation, but also
decreasing dye yield with increasing volumes of add HCI gives rise to an optimum HCI volume of
250 pL. This optimum value was found to be very sensitive to the exact evaporation procedure
(e.g. position of the hotplate, air circulation in the zone, exact thermal gradients in the vials, etc...),
and slight changes led to different values of optimum HCI volume (Figure S20).

The presence of LiClO4 in the samples resulted in additional losses of n{ﬁf&fto}l TLICI0s + 0.20

and nfﬁfg ELOH+LICLOHHCL 0.38, which were obtained by comparing the losses with and without
4

LiClO4 with all other variables held constant. In order to assess whether the negative interference
from LiClO4 occurs during the dye formation process (i.e. dye production yield) or due to
coordination with the indophenol dye (i.e. intrinsic molar attenuation coefficient), the dye
formation reaction was carried out in aqueous samples without LiClO4 and then LiClO4 was added
immediately prior to measuring UV-Vis spectra (Figure S17.a). The resulting UV-Vis spectra
showed comparable interference from LiClO4 when it was added after the dye formation as
compared to when it was present during the dye formation reaction (Figure S17.b) indicating that
the negative interference from LiClO4 in aqueous samples is due to coordination with the dye that
alters its intrinsic molar attenuation coefficient, while the dye production yield remains unchanged.
LiTFSI presents a similar interference effect to LiC1Os (Figure S18), which suggests that Li" ions
are responsible of the negative interference on the salicylate method.

The loss factor associated with LiClO4 was larger in non-aqueous samples that went through the
THF+EtOH+LICIO, _ 5y 5o o THF+EtOHFLICIO4+HCL _ g 30
Liclo, ~ U.2U and 100, ~ 0.38)

than for aqueous samples that did not (r;fizcow4 ~ 0.12), suggesting that LiClO4 also influences the

evaporation-redissolution process (1

evaporation-redissolution process (Figure S17). In samples with no HCI added, LiClO4 increased
the resulting maximum absorbance, suggesting less TAN lost to evaporation, which is attributed
to co-crystallization of TAN and LiClO4 (Figures S18 and S19). However, in samples with HCI
added, the maximum absorbance decreased with LiClO4 addition, consistent with a larger loss
factor. This larger loss fator is attributed to lower dye yield caused by the accompanying decrease
in the pH of the redissolved samples from ~5.5 without LiClO4 to ~2.4 with LiCIO4 (Table S3).
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Decreasing pH of redissolved samples with LiClO4 is attributed to co-crystalization of HCI and
LiClO4 which reduces the amount of HCI lost to evaporation.

The evaporation-redissolution process introduces significant losses to the method, even when HCI
is added to the samples before evaporating them. The main practical implication of this observation
is that an aqueous calibration curve cannot be applied to non-aqueous samples and that a non-
aqueous calibration curve has to be obtained where the electrolyte composition and evaporation
conditions are carefully matched to the samples to be analyzed. Depending on the non-aqueous
solvent used, the low solubility of NH4Cl may necessitate the use of an aqueous secondary standard
solution that requires an extra standardization process, although ammonium salts with other
counter anions such as NO3™ that might be more soluble may also serve as a standard. Losses in
the evaporation-redissolution process also reduce the sensitivity of the salicylate method from 60
nM for aqueous samples (Figure S4) to 135 nM for the non-aqueous THF-based samples
considered in this work.
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Figure 5. (a) The calibration curves obtained for samples in different electrolytes: H>O, water; THF+EtOH, THF-
ethanol 99:1 vol.%; THF+EtOH+LiClO4, THF-ethanol 99:1 vol.% 0.2 M LiClO4; THF+EtOH+HCI, THF-ethanol
99:1 vol.% to which 250 pL of concentrated HCI (37 %) were added prior to evaporation; THF+EtOH+LiClO4+HCI,
THF-ethanol 99:1 vol.% 0.2 M LiClO4to which 250 pL of concentrated HCI (37 %) were added prior to evaporation.

These curves were obtained by representing the maximum absorbance (4,,,,, ) as a function of the TAN concentration

in the original non-aqueous sample (Con?"®) for the different samples after analyzing them using the salicylate

method for non-aqueous samples (section 2.3 and figure S15) for all the sets of samples, with the exception of the
H,O0 set, which was analyzed using the salicylate method for aqueous samples (section 2.2 and figure S15). These
calibration curves are based on the maximum absorbance, instead of the absorbance at 652 nm, because some of the
samples present an hypsochromic shift ( Figure S16). The dots correspond with the experimental points, while the
lines are the fitted linear regression lines. From the slopes of the fitted linear regression models, and the optic path of
the used cuvettes (I=1cm), the effective molar attenuation coefficient (€Zs, ) Was determined for each set of
calibration samples (b). The two-sigma error bars are displayed on the figure.
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Figure 6. (a) UV-Visible spectra (i.e. absorbance, 4;, as a function of the wavelength 1) obtained when the salicylate
method for non-aqueous samples (section 2.3 and figure S15) was applied to THF-ethanol 99:1 vol.% 0.2 M LiCl04
samples of a given TAN concentration, after the addition of different volumes of concentrated HCI1 (37 %) prior to the
evaporation process. All the UV-Visible spectra were measured against the reference sample (i.e. blank sample
analyzed by the salicylate method), from 850 nm to 350 nm, with a step size of 0.5 nm, at a sweep speed of 5 nm's™.
The inset shows the detail of the spectra highlighted in gray. (b) The maximum absorbance (4,,, ) of the spectra (i.e.
peak height in the (a) subfigure) as a function of the HCI volume added before evaporation. The dots correspond with
the experimental points, while the lines just identify the Volcano-like pattern.

3.6. Effect of the redissolution process on the quantification method

The redissolution process had no significant influence on the effective molar attenuation
coefficient, but it had an effect on its uncertainty (Figure S21). Increasing the amount of DI water
used in the redissolution from 5 mL to 10 mL, as well as filtering the redissolved solution with a
0.22 um pore size syringe filter had no significant effect on the effective molar attenuation
coefficient, suggesting that no insoluble ammonium salts remained after any of the considered
redissolution processes. Storing the samples for 4 days (redissolution processes 3 to 5) presented
larger uncertainties in the effective molar attenuation coefficient than the other redissolution
processes, indicating that small amounts of TAN can be lost from some samples during the storage
period, but that this loss is independent of the initial ammonia concentration. The fact that the
redissolution process had no significant effect on the effective molar attenuation coefficient
demonstrates that the redissolution process does not contribute meaningful to the loss of TAN and
that the evaporation portion of the evaporation-redissolution process is primary responsible for
ammonia losses.

The optimum redissolution process is to add 5 mL of freshly prepared DI water after cooling the
sample and analyze the samples immediately. In the case that the sample presents some turbidity
or solids in suspension, it should be filtered, since the solids may interfere with the UV-Visible
measurement. Since no significant differences occurred due to filtering the sample (comparing
redissolution processes 1 and 2), the sample can be filtered before analysis, with no additional loss
or change to the quantification of TAN.
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3.7. Reproducibility of the ammonia quantification method in non-aqueous samples

The experimental maximum absorbance-TAN concentration calibration curves obtained for THF-
ethanol 99:1 vol.% 0.2 M LiClO4 samples analyzed using the salicylate method for non-aqueous
samples (section 2.3 and Figure S15), on different days did not present significant differences
(Figure S22). This shows that the method proposed in this work for quantifying ammonia in non-
aqueous samples is reproducible, since the obtained calibration curves are nearly identical day
after day. The recommendation stated for the aqueous case in section 3.4., is also applicable to the
non-aqueous case: even though it is not strictly necessary to include a calibration set in every batch
of analyzed samples, it is advisable to do so. These calibration samples serve as validation of both
the evaporation-redissolution process and the salicylate method, allowing for errors effecting the
entire batch of samples to be easily identified.

4. Recommended method

The procedure presented here for ammonia quantification in non-aqueous samples is based on an
evaporation-redissolution process (Figure 7). This process can introduce significant losses in the
quantification method due to the evaporation of ammonia. These losses can be minimized by
adding concentrated HCI to the sample prior to the evaporation process. There is an optimum HCI
volume that maximizes the TAN detection following evaporation-redissolution which strongly
depends on the exact evaporation experimental setup and therefore should be determined
experimentally prior to analyzing samples for TAN quantification. Even with optimal HCI volume,
the evaporation-redissolution process introduces ~30% losses in the quantification method,
preventing aqueous calibration curves from being applied to non-aqueous samples. Fortunately,
losses in the evaporation-redissolution process are reproducible (Figure S22) and do not alter the
linearity of the obtained calibration curve (Figure 5). The proposed evaporation-redissolution
process is only applicable to solvents that can be easily evaporated and do not decompose into
amines or other interferents during the evaporation process. If the method is to be applied to
solvents with low vapor pressures or that may decompose into interferents when heated, alternative
evaporation procedures should be investigated, such as vacuum evaporation.

The proposed method is able to quantify ammonia in aqueous samples with pHs between 6.5 and
13.0. Sample pHs in this range do not significantly affect the quantification method since the
alkaline citrate reagent serves to adjust the pH of the solution to its optimal value. However, for
samples with pHs between 6.5 and 4.0, the alkaline citrate solution is not able to increase the
reaction pH sufficiently, leading to decreased dye yield and a significant decrease of the effective
molar attenuation coefficient. Finally for acidic samples with pH<4.0, the salicylate precipitates
out of the solution as salicylic acid, almost completely inhibiting the color formation. The alkaline
hypochlorite reagent should never be added to a sample in which salicylic acid has precipitated:
since this is an indicator of low pH, and adding the alkaline hypochlorite reagent to a low pH
sample produces toxic gases. Samples with pH<6.5 should be neutralized with NaOH prior to
applying the salicylate method to ensure dye yield is not adversely influenced by the pH of the
reaction solution or salicylic acid precipitation.
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The indophenol-type dye on which the salicylate method is based, reaches its steady state value 45
minutes after the addition of the reagents and remains relatively stable for at least 5 hours after the
addition of reagents. Consequently, as long as samples are measured in this time window, no
special care has to be taken to ensure that all the samples have exactly the same development time.
However, the indophenol-type dye is not stable over longer time scales, and the ammonia
quantification error due to the dye decomposition can become very significant for times > 5 hours,
preventing the re-measuring of samples at a later time.

Ambient ammonia levels can be corrected by using a sample with no added TAN as a blank and
reference sample for the UV-Vis measurement. Furthermore, the blank sample, when measured
against pure DI water, can be used to verify that the nitroprusside concentration and pH are in the
correct range and can be used to estimate the ambient ammonia level. Performing this verification
with every batch of samples allows errors from reagent preparation/addition or moderate to severe
ammonia contamination of the entire batch to be detected.

Finally, the proposed methods exhibits good reproducibility for a given reagent brand when
measured on different days, allowing a calibration curve measured on a previous day to be re-used.
However, the reagent supplier has a significant effect on the calibration curve, requiring that a new
calibration curve be obtained for every brand of reagent used. Although no differences were
observed in this work between different lots of a given reagent from the same supplier, it is still
advisable to obtain a new calibration curve when starting a new reagent lot as the origin of this
reagent-dependence is not fully understood. Even though it is not strictly necessary to include a
calibration set in every batch of analyzed samples, it is advisable to do so. These calibration
samples can be used as validation samples to detect errors that effect an entire batch of samples,
such as issues with the reagents.
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Conversion of a non-aqueous sample into an aqueous one
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Figure 7. Ammonia quantification method proposed in this work for non-aqueous and aqueous samples. (1) Addition
of concentrated hydrochloric acid. A part of the ammonia in the sample is lost during the evaporation process. There
is an optimum HCl volume that minimizes the ammonia losses during the evaporation process, which strongly depends
on the exact evaporation experimental setup. (2) Solvent evaporation. The solvent, and part of the ammonia and the
HCl are evaporated out of the sample. (3) Redissolution process: Add 5 mL of freshly prepared Millipore® water after
cooling the sample; and analyze immediately after the samples. In the case that the sample presents some turbidity, or
solids in suspension, after introducing the water; it should be filtered. (4) Addition of the salicylate catalyst solution.
If the sample has a pH below 4.0, the salicylate precipitates out of the solution as salicylic acid, nearly completely
inhibiting the color formation in subsequent steps. The alkaline hypochlorite reagent should never be added to a sample
in which salicylic acid has precipitated. (5) Addition of the alkaline hypochlorite solution. (6) Color development in
the dark. Figure S5 displays the mechanism of the color formation reaction. If the sample has a pH below 6.5, the
alkaline hypochlorite solution is not able to increase the reaction pH until its optimum value, which reduces the dye
formation yield. If the sample contains Li* ions, these coordinate with the dye, reducing its intrinsic molar attenuation
coefficient. (7) Sample loading into a cuvette. (8) UV-Visible spectrum measurement, from 850 nm to 350 nm with a
step size of 0.5 nm and a sweep speed of 5 nm..
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5. Conclusions

In this work, the salicylate method was optimized for ammonia quantification in aqueous and non-
aqueous samples, in the context of nitrogen electroreduction experiments. The proposed methods
exhibit good reproducibility for a given reagent brand for both, aqueous and non-aqueous samples.
Evaporation-redissolution allows a non-aqueous sample to be transformed into an aqueous sample,
but the amount of ammonia lost due to evaporation is very sensitive to the amount of acid added
(to convert NH3 to NHJ) as well as any salt present in the sample, necessitating that calibration
curves be obtained from standard solutions that exactly match the content of the non-aqueous
electrolyte and are subjected to an identical evaporation-redissolution process. Aqueous samples
with pHs between 6.5 and 13.0 can be measured directly, but samples with pHs below 6.5 need to
be neutralized with NaOH prior to analysis, in order to avoid interference from suboptimal pH for
the dye formation reaction or the precipitation of salicylic acid. Although the salicylate method
can be highly sensitive to interferences from a wide variety of sources, with proper experimental
controls, highly sensitive, accurate and reproducible results can be obtained.
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Nomenclature

Roman symbols

Ay Absorbance at wavelength 1
A Normalized absorbance at wavelength A
C Molar concentration (mol - m™3)
e Relative quantification error
k Reaction rate constant (mol~® - m3(@~1 . s~1)
K Equilibrium constant
K; 50%-velocity concentration Laidler kinetic parameter (mol - m™3)
l Optical path (m)
R? Determination coefficient
R Pearson's correlation coefficient
r Reaction rate (mol -m™3 -s71)
Trmax Maximum-rate Laidler kinetic parameter (mol - m™3 - s71)
texp Expiry time (s)
Greek symbols
a Reaction order
e* Effective molar attenuation coefficient (m3 - mol™! - m™1)

n Loss factor

A Wavelength (m)

Amax Wavelength of the peak (m)

u Mean

o Standard deviation
Subscripts

TAN Total ammonia nitrogen (i.e. NH; + NH}")
Superscripts

Final In the final mixture (i.e. after the reagent additions)

Sample In the initial sample (i.e. before the reagent additions)
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