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The aim of this work is to explore and to understand the effect of pH, concentrations and presence of
oxygen traces on the reduction of nitrite in drinking water with Pd/y-ALOs, using formic acid as an in situ
hydrogen supplier. Formic acid can reduce nitrite in the pH range between 4.5 and 8, producing negligible
amounts of ammonium. By investigating the effect of pH, traces of oxygen and formic acid concentration
on the conversion rates of both formic acid and nitrite, it is found that both the rate of conversion on nitrite
with formic acid and the rate of formic acid decomposition are controlled by competitive adsorption of
nitrite and formic acid on Pd, forming chemisorbed NO and chemisorbed H, respectively. The adsorbed
species are studied with ATR-IR spectroscopy. Formic acid decomposition requires an ensemble of empty
sites, favored by a low surface coverage of NO. The NO surface coverage, on the other hand, decreases
with increasing hydrogen coverage, by converting NO to N,. The H-coverage in turn depends on the rate
of formic acid decomposition. This causes an apparent order for the rate of formic acid decomposition of
1.4 in formic acid. In short, the surface coverage of NO should not be too high in order to have sufficient
empty sites available for formic acid decomposition. When the pH of the solution is below 4.5,
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1. Introduction

Pollution of water with nitrate and nitrite is increasing
globally, caused by emissions from agriculture and industry,"
which threatens human health, as they are carcinogenic and
cause blue-baby-syndrome, diabetes, and liver damage.>”
Therefore, the World Health Organization (WHO) set their
maximum acceptable concentrations in drinking water, i.e. 50
mg L for nitrate, 3 mg L™ for nitrite, and 1.5 mg L™ for
ammonia, respectively.®

Nitrate and nitrite ions can be removed from water by
biological denitrification, ion exchange and -catalytic
reduction. Biological denitrification is not possible for
drinking water, as nutrients to sustain the growth of bacteria
are absent.” Ton exchange technology produces concentrated
brines that would need further treatment.” Catalytic
reduction of nitrate is one of the most promising methods,
converting nitrate to harmless molecular nitrogen with high
efficiency.®>* For practical applications, further improvement
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of the selectivity to N, is necessary for purification of
drinking water, preventing any formation of ammonia.

Since the first paper on catalytic reduction of nitrate by
Vorlop and Tacke,” numerous studies”** > have been
reported, mostly using hydrogen as the reducing agent. It is
well known that reduction of nitrate proceeds in two steps
requiring a bimetallic catalyst.***® First, nitrate is reduced to
nitrite, requiring a non-noble promotor such as e.g. Cu,
which is generally rate determining. Furthermore, conversion
of nitrite is much faster and determines the selectivity to
ammonium and nitrogen. The reactions are shown below.
Therefore, in this paper nitrite reduction is studied as a
model reaction.

Pd-Cu/y-Al, O3

NO,™ + H, NO,™ + H,0 (1)
d /y-Al
2NO,” + 3H, + 20" "% N, 4+ 4H,0 )
d /y-Al
NO,™ + 3H, + 20+ "% NH,* 4 21,0 3)

Using hydrogen as the reducing agent has disadvantages in
terms of hydrogen transportation and storage at high
pressure. In addition, it is well known that the selectivity to
nitrogen can be improved by decreasing the pH,**™** e.g. by
co-feeding CO, in many lab studies. For practical application,
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this method is less suitable. Note that the reaction consumes
protons and the pH will increase during the reaction, which
can be buffered with e.g. CO,. Formic acid, however, can be
used as an alternative reductant, decomposing not only to H,
but also to CO,, buffering the pH of the solution during the
reaction. A few studies on catalytic reduction of nitrate with
formic acid as the reducing agent*>**™** indeed report low
selectivity to ammonium.

IR spectroscopy used with an attenuated total reflection in
situ cell (ATR-IR), depositing a thin catalyst layer on the
internal reflection crystal, is an ideal technique for studying
adsorbed species at the solid-liquid interface. In our group,
ATR-IR spectroscopy has been used for both CO oxidation
and nitrite reduction with H, in the aqueous phase.***° NO
adsorbed on Pd was observed as an important intermediate
species during nitrite reduction, which readily converts to N,.

The goal of this work is to study the performance of a Pd
catalyst in the reduction of nitrite with formic acid under well
controlled conditions. Our recent work demonstrated that
formic acid® decomposes over Pd catalysts in the absence of
nitrite and that deactivation caused by chemisorbed CO can be
prevented by adding trace amounts of oxygen. CO, and H, are
formed, resulting in the generation of both the reductant for
nitrite hydrogenation and in situ buffer for the solution. The
influence of the pH, initial formic acid concentration and effect
of trace amounts of oxygen are therefore studied. ATR-IR
spectroscopy is used for the first time to identify intermediate
species on the Pd surface for nitrite reduction with formic acid.
The interplay between formic acid decomposition and nitrite
reduction is discussed.

2. Experimental
2.1. Materials

Commercial y-Al,O3; powder (BASF) with a surface area of 195
m®> g' was used as the catalyst support. Tetra-ammine-
palladium(u) nitrate solution (10 wt% in H,O, purity 99.99%,
Sigma-Aldrich) was used as the palladium precursor. Sodium
nitrite (99.99%) which is purchased from Sigma-Aldrich was
used to prepare nitrite (NO, ) solutions. The pH during
catalyst preparation was adjusted with an aqueous
ammonium solution (50% v/v water, Sigma-Aldrich). Formic
acid (=98%), sodium formate and sodium hydroxide were
purchased from Sigma-Aldrich. All aqueous solutions were
prepared using ultra purified water (Millipore, Synergy).

2.2. Catalyst preparation

The preparation method is described in detail elsewhere.>* In
brief, the Pd/y-Al,O; catalyst (1 wt% Pd) was prepared by wet
impregnation. Typically, 10 g of support particles (sieved to
smaller than 38 um, mean particle size 22 pm) was calcined
at 600 °C for 4 hours, removing any organic contamination.
The support was suspended in 100 mL MilliQ water and the
pH of the solution was adjusted to 9 by adding ammonia
solution. Next, 3 grams of the palladium precursor solution
(Pd(NO3),-4NH3) was slowly added to the suspension and
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stirred at room temperature for at least 1 hour. The water
was evaporated in a rotary evaporator for 2 hours, followed
by calcination in air at 400 °C for 3 hours (heating rate 5 K
min~') and reduction in hydrogen (33% in nitrogen, total
flow rate 90 mL min ") at the same temperature for 3 hours.
Catalyst with 3 wt% Pd loading was prepared following the
same procedure, except for adding more Pd precursor. This
catalyst was used for ATR-IR experiments in order to obtain
sufficient intensity in the IR spectra.

2.3. Catalyst characterization

The surface area of the prepared catalyst was determined based
on the BET N,-adsorption isotherms obtained at 77 K
(Micromeritics Tristar). The Pd loading was determined with
X-ray fluorescence spectroscopy, XRF (Philips PW 1480). The
accessible metal surface area was determined with CO
chemisorption at room temperature (Chemisorb 2750,
Micromeritics). The sample was reduced at room temperature
in hydrogen for 1 hour and flushed with He at the same
temperature for 0.5 hours, followed by pulsing with CO,
recording the response using a TCD detector. We assumed that
every accessible Pd surface atom adsorbed one CO molecule.

2.4. Catalytic tests and analysis

The activity and selectivity of the catalysts were measured in
a 1 L batch reactor at 20 °C and atmospheric pressure. The
glass reactor with 10 cm inner diameter and 12.7 cm height
has four connections on the reactor lid for gas-in, gas-out,
sampling and stirring shaft, respectively.”> The possible
reactions involved in formic acid decomposition and nitrite
reduction are given in the following equations:

Pd /y-Al, O3

2NO,” +3H, +2H" N, + 4H,0 (2)
NO,™ + 3H, + 20" "2 N, * 4 2H,0 3)
HcooH 2" co, + H, (4)
HcooH "2"* co 1 H,0 5)

Typically, in a standard experiment 0.10 g catalyst was
suspended in 0.3 L MilliQ water and stirred at 625 rpm under 1
bar helium for at least 1 h, removing dissolved oxygen. The
reaction is initialized by introducing 3 mL NaNO, solution (100
mmol L) and 3 mL formic acid (1 M) at the same time in the
glass reactor. Note that these volumes are not precisely
controlled, resulting in some variation in the initial
concentrations. The pH of the solution was varied between 2.8
and 9 by adding appropriate amounts of the sodium hydroxide
solution (1 M) to formic acid solution (1 M). The initial pH of
the solution was measured after injecting the concentrated
formic acid and sodium hydroxide solution to the bulk
solution. The formic acid concentration was varied between 5
mM and 40 mM. The formic acid concentration is defined as
the sum of the concentrations of formic acid and formate ions
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and is termed as “formic acid” throughout the paper. During
the experiment, the reactor is flushed with 50 ml min™" He.
This type of experiment is termed as “inert-flow-through”, in
contrast to “ambient-batch” meaning that the reactor is not
flushed with inert gas both before and during the reaction,
implying batch operation regarding the gas phase. Table 1
summarizes all the experimental conditions. All the
experiments were performed with small catalyst particle size
and low Pd loading to minimize the effects of any
concentration gradients in the porous catalyst particles.

Samples were taken using a 2.5 mL syringe (BD Plastipak),
filtering through a syringe filter (PTFE, 0.2 um, Whatman),
removing the catalyst particles. Formic acid, nitrite, nitrate
and ammonium concentrations in the reactants and products
were measured with an ion-chromatograph (DIONEX, ICS
3000) equipped with an UltiMate autosampler. It is well
known that exclusively ammonia and nitrogen form during
the reduction of nitrite,"*******> including nitrite reduction
with formic acid,*> and nitrogen was calculated based on the
mass balance. All the experiments on the reduction of nitrite
with formic acid were performed while flowing He through
the reactor as described, resulting in concentrations of gas
products below the detection limit of the GC.

The formic acid conversion, nitrite conversion,
ammonium yield, nitrate yield and nitrogen yield are
calculated using the following equations:

, [HCOOH], - [HCOOH],
HCOOH conversion = . L

x100  (6)

[HCOOH],,
NO; |, —|NOy~
NO,™ conversion = NO, 1, E 2 ), %100 (7)
[NO, 7,
NH, "
NH, " yield = %x 100 (8)
2ty
L [NOs7],
NO; yleld = W X100 (9)
2 Ity

1
N, yield = i (NO,~ conversion - NH, " yield) (10)

where [HCOOH],, is the initial concentration of formic acid,
[NO,],, is the initial nitrite concentration, and [HCOOH],,

Table 1 Range of operating conditions for the reduction of nitrite with
formic acid in a slurry reactor

Reaction temperature, °C 20
Reaction volume, L 0.3
Stirring speed, rpm 625
Catalyst particle size, pm <38
Total operating pressure, bar 1
Amount of the catalyst, g 0.05-0.1
Initial nitrite concentration, mmol L™ 1

Initial formic acid concentration, mmol L™* 5-40
pH of the solution 2.5-9

Mole of oxygen present at ambient atmosphere, without 6.6
degassing (dissolved in liquid and in gas cap), mmol (ref. 53)
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[NO, ], [NH,"];, and [NO;], are the concentration of each
compound at ¢;.

2.5. ATR-IR

The preparation of a catalyst layer on the ATR crystal is
described in detail elsewhere.">***®%® The catalyst with a
relatively high Pd loading, i.e. 3 wt% Pd/y-Al,O3, was used to
improve the quality of the IR spectra. Briefly and similar to
that described in ref. 42, a suspension containing 0.1 g 3
wt% Pd/y-Al,O5 or y-Al,O; dispersed in 20 mL 2-propanol was
prepared. In order to prevent the cracking of the catalyst
layer, the suspension was sonicated with an ultrasonic
processor (Fisher Scientific-705) for 1 hour. Subsequently, the
suspension was spray-coated on a trapezoidal ZnSe crystal
(52.5 mm x 20 mm x 2 mm, facet angle 45° Anadis
instruments BV), which was placed on a hot plate at 150 °C,
resulting in about 5 mg catalyst on the crystal. Then, the
coated crystal was calcined at 300 °C (1 °C min™") for 1 h in
N, atmosphere (20 mL min™"). It was mounted in a home-
build in situ attenuated total reflection infrared spectroscopy
(ATR-IR) cell which has been described in detail
elsewhere.’®>® Fig. 1a shows a SEM micrograph of the
catalyst layer in top view, showing a reasonable homogeneous
layer coated on the surface. Fig. 1b shows that the thickness
of the layer is about 5 pym and uniform. The experimental
setup is shown in Scheme 1. The cell was mounted in the
sample compartment of an infrared spectrometer (Tensor 27,
Bruker) equipped with a liquid nitrogen cooled MCT detector.
All the liquid flows were pumped by a peristaltic pump
(Verderflex) downstream of the ATR-IR cell, preventing the
formation of gas bubbles in the cell (Scheme 1).

Once the cell was assembled in the IR spectrometer, it was
flushed with Ar/H,O with a flow rate of 0.5 mL min " until a

Fig. 1 SEM micrographs of (a) top view and (b) cross section view of Pd/
v-Al,O3 on a glass plate with identical dimensions to the ZnSe crystal.
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Scheme 1 Scheme of the ATR-IR setup.
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stable water spectrum was obtained. Subsequently, the cell
with the catalyst layer was flushed with different solutions,
including nitrite (10 mM) both at pH 4 and 7 or a mixture of
formic acid (10 mM) and nitrite solutions (10 mM), at both
pH 3 and pH 5. All the solutions were degassed with Ar
before the experiment for at least 3 h. ATR-IR spectra were
recorded at room temperature (20 + 1 °C) and each spectrum
was acquired by averaging of 128 scans taken with a
resolution of 4 cm™'. The interval between the start of two
subsequent spectra was 120 s. Once the water spectrum was
stable, the background spectrum was collected. The catalyst
layers were re-used a few times and comparable results were
obtained, indicating that the catalyst layer is stable during
the experiments.

3. Results

3.1. Characterization

Table 2 reports the Pd loading of the prepared catalysts, both
close to the targeted values of 1 wt% and 3 wt%, respectively.
The 1 wt% catalyst was used in the kinetic batch
experiments, whereas the 3 wt% catalyst was used for the
ATR-IR experiments, increasing the intensity of IR adsorption
bands of species adsorbed on the Pd surface. The specific
surface area of the support and 1 wt% Pd/y-Al,O; catalyst is
similar, indicating that the structure and porosity of the
support remained unchanged. In contrast, 3 wt% Pd/y-Al,O3
shows a minor decrease in surface area, indicating that some
pores might be blocked. The metal dispersion of the catalyst
with 3 wt% loading is lower than that with 1 wt% metal
loading, as expected.

3.2. Nitrite reduction with formic acid: effect of pH

Fig. 2 presents the result of two typical nitrite reduction
experiments with formic acid in a slurry reactor, at pH 2.8
and pH 4.8, respectively. We conducted the same experiment
at different pH values in the window between 2.8 and 9.
Fig. 2a shows insignificant conversion of formic acid at pH
2.8 over three hours reaction time. In contrast, nitrite is
significantly converted while nitrate is being formed. Since
the Pd catalyst was exposed to ambient atmosphere and was
not reduced before the reaction, oxidation of nitrite by PdO
might contribute to the conversion. Based on the dispersion
of Pd and assuming monolayer coverage of O, this can
contribute a maximum of 3% of the nitrate amount detected
in Fig. 2a. Therefore, the majority of nitrate is formed via
another reaction, to be discussed later. Ammonium, the

Table 2 Characterization of the two catalysts

Pd Specific
Catalyst materials loading (%) surface area (m” g) Dispersion (%)
y-AL,O, N.A. 198 NA.
1 wt% Pd/y-ALO; 0.9 195 56
3 wt% Pd/y-ALO; 3.1 180 35
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Fig. 2 Concentration profile of formic acid, nitrite, nitrate and
ammonium at a) pH 2.8 and b) pH 4.8, respectively (100 mg 0.9 wt%
catalyst, 20 mM formic acid solution, and 1 mM nitrite, inert-flow-
through, 50 mL min™* He).

common side product of nitrite reduction, was not detected
under pH 2.8 condition.

Fig. 2b shows significant yet small conversion of formic
acid at pH 4.8, instead of no conversion at pH 2.8. In
contrast, nitrite conversion is much lower at pH 4.8, while no
nitrate is formed. Formation of ammonium as a side product
is not detected in both experiments and the ammonium
concentration remains below the detection limit in all
experiments in this study (0.1%). Thus, nitrogen is the only
significant product of reduction of nitrite with formic acid,
according to the overall redox reaction:*>

3HCOOH + 2NO, — 3CO, + N, + 2H,0 + 20H" (11)
This remarkable selectivity is ascribed to the relatively slow
decomposition of formic acid, keeping the effective
concentration of H, and chemisorbed H low, which is
favourable for preventing ammonia formation.**” In
addition, CO, formed during formic acid decomposition acts
as a local pH buffer, keeping the pH low which is also known
to suppress the formation of ammonium.*®”°

Fig. 3 presents the influence of pH on the formic acid
conversion, nitrite conversion and product distribution after
3 hours reaction time, including the final observations in
Fig. 2. Consistent with the data in Fig. 2, no significant
conversion of formic acid is detected when the pH of the
solution is below 4, whereas formation of nitrate is observed.
In contrast, formic acid is consumed and nitrite is
hydrogenated to N, at pH 4.8 or higher, without any
formation of NO; . The catalyst showed maximal nitrite
conversion without formation of nitrate at pH 4.8 and the
activity dropped with further increasing pH. No conversion
whatsoever of formic acid and nitrite is observed at pH 9.

3.3. ATR-IR

3.3.1. Nitrite adsorption. Fig. 4 presents the spectra
obtained on exposure to nitrite solution for at least 10 minutes.
Only one peak is observed at 1235 cm™ on both ZnSe (dark
yellow line) and the y-Al,O; layer (blue line), which is assigned to
free nitrite in solution. This is in good agreement with previous
studies by Ebbesen et al*®***® and Zhao et al** The red line
displays the spectrum of Pd/y-Al,O; exposed to nitrite at pH 7. In
addition to the peak at 1235 cm ™", also observed on bare ZnSe

Catal. Sci. Technol., 2022,12, 2122-2133 | 2125
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Fig. 3 Nitrite conversion, formic acid conversion and nitrate
concentration under different pH values and inert-flow-through mode
after 3 hours (100 mg 0.9 wt% catalyst, 20 mM formic acid, 1 mM
nitrite, 50 mL min™* He). Please note that the formic acid conversion is
multiplied with a factor of four.

and y-AL,O;, two additional peaks are observed at 1330 and 1425
cm™’, assigned to adsorbed NO,~ (x = 2, 3) species.”® Note that
the catalyst was stored in ambient atmosphere and was not
reduced before the experiment, which could result in the
formation of nitrate by the reaction of adsorbed oxygen on Pd
with nitrite. The noise between 1600 and 1680 cm™" is an artifact
caused by the subtraction of the water signal.®”®" The black line
represents the spectrum on Pd/y-Al,O; exposed to nitrite at pH
4. The three peaks at 1235, 1330 and 1425 cm " are identical
with the experiment at pH 7. However, an extra peak is observed
at 1723 cm™, assigned to NO adsorbed on Pd, based on our
previous ATR-IR studies on nitrite reduction,*>*®#%305¢ j¢ in
experiments where NO is formed via reduction of nitrite with
H,.**° Apparently, adsorbed NO (NO,q) can also form in the
absence of H, at pH 4 but not at pH 7.

3.3.2. Reaction of formic acid and nitrite. Fig. 5a shows
ATR-IR spectra obtained by flowing a solution containing
both formic acid and nitrite at pH 3 over the catalyst layer for
38 minutes. The intensities of the peaks increase with time.
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Fig. 4 ATR-IR spectra obtained after exposure to nitrite solutions: the
dark yellow line represents the nitrite spectrum on ZnSe at pH 7, the
blue line represents the nitrite spectrum of the y-Al,O3 layer under pH
7, the red and black lines represent the nitrite spectrum of the Pd/y-
Al,O3 layer under pH 7 and 4, respectively (5 mg catalyst, 3 wt% Pd/y-
Al,O3, 10 mM nitrite, 0.5 mL min* flow rate).

The strong peak at 1581 cm™' is assigned to free formic
acid® and the peak at 1235 cm™" is assigned to free nitrite as
discussed above. The peak at 1716 cm™" is assigned to NO
adsorbed on Pd as discussed above as well*****%>0°¢ and the
small red-shift is likely due to differences in the surface
coverage, influencing the extent of dipole-dipole coupling.
The complex overlapping peaks between 1300 and 1500 cm™
are assigned to free formic acid in water®* and NO,~ (x = 2, 3)
species (Fig. 4, 1425 and 1330 cm ™).
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Fig. 5 a) Reduction of nitrite with formic acid at pH 3 for 38 min, b)

after stopping the flow to mimic the batch reaction for another 38

min, and c) zoom in the range between 1700 and 2200 cm™ in figure

b (5 mg 3 wt% catalyst on ZnSe, 10 mM formic acid, 10 mM nitrite, 0.5

mL min* flow rate).
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After 38 min, the liquid flow was stopped, leaving the
solution in the reactor in contact with the catalyst layer,
mimicking a batch reaction experiment. The important
observation in Fig. 5b is that the spectrum does not change
at all with time, indicating that there is no detectable
conversion of formic acid, in agreement with observations in
batch experiments at low pH, as shown in Fig. 2a. Fig. 2a also
shows typically 20% conversion of nitrite in 38 minutes,
which is apparently not detectable in the ATR-IR experiment.
Fig. 5¢ shows a zoom-in of Fig. 5b in the range between 1700
and 2200 cm ', demonstrating the absence of chemisorbed
CO on Pd metal.

Fig. 6a shows the time-evolved ATR-IR spectra during
exposure to formic acid and nitrite solution at higher pH, ie.
pH 5. Clearly, the intensities of all the peaks increase again
with time. It is noticeable that a new shoulder peak is observed
at 1510 cm ' with increasing intensity in time. Based on our
previous study on nitrite hydrogenation with ATR-IR, the peak
at 1510 cm ' was assigned to NH, »4s on the Pd surface (1510
ecm™') by Ebbesen et al*® as an intermediate species during
nitrite reduction. It should be noted though that a peak at the
same wavelength (1510 cm™') is also observed during
decomposition of formic acid.”* The other peaks observed in
the window between 1300 and 1500 cm ' are again assigned to
free formic acid and adsorbed NO, (x = 2, 3). Further
carbonates, generated during the reaction, also contribute to
additional IR peaks®®® in the 1300-1500 cm " range,
complicating any detailed interpretation in this range.

After flowing formic acid and nitrite for 38 min, the flow
was again stopped to mimic a batch experiment. Fig. 6b shows
that peak intensities change significantly with reaction time, in
contrast to Fig. 5b. Both peaks assigned to formic acid (1581
em™) and bulk nitrite (1235 cm™) gradually decreased in

1581 cm”
1716 cm™!

1581 cm™”

1510 cm™ 1235 cm™ A 1510 em’”

1235 cm”

0.00 F Gmin, I ; . -
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Fig. 6 a) ATR-IR spectra of the reduction of nitrite with formic acid at
pH 5 for 38 min, b) after stopping the flow, mimicking a batch reaction
for another 38 min, and c) zoom in figure b in the range of 1700 and
2200 cm™ (5 mg 3 wt% catalyst on ZnSe, 10 mM formic acid solution,
10 mM nitrite, 0.5 mL min™* flow rate).
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intensity, in qualitative agreement with the conversion of
formic acid via reaction with nitrite as observed in Fig. 2b. The
peaks assigned to adsorbed NO (1716 cm™) and the
intermediate species (1510 cm™') appear stable during the
experiment. The zoom-in Fig. 6¢ shows minor but significant
formation of chemisorbed CO during the batch experiment.

3.4. Effect of oxygen on nitrite reduction

Table 3 reports the nitrite conversion and formic acid
conversion achieved after 2 hours of reaction when starting
the experiment with air present in the reactor, as described
as ambient-batch mode. The presence of oxygen slows down
the conversion of both formic acid and nitrite, although the
effect on formic acid conversion is smaller. The efficiency of
formic acid to reduce nitrite is defined as:

moles of formic acid used for nitrite reduction

n n X100
moles of formic-acid converted

(12)

The presence of traces of oxygen clearly decreases the efficiency
and a larger fraction of formic acid apparently decomposes or
reacts with oxygen, instead of reacting with nitrite.

3.5. Formic acid concentration

The influence of the concentration of formic acid on the rate
of nitrite reduction was measured between 5 and 40 mM
under inert-flow-through at pH 5. Fig. S1-S4} present the
concentration profiles and Table 4 summarizes the results,
reporting the conversion of formic acid and nitrite after 2
hours of reaction. Nitrite increases with
increasing acid expected.
Surprisingly, the formic acid conversion also increases with
increasing initial concentration.

conversion

formic concentration  as

3.6. Effect of H, addition

Fig. 7 presents the concentration profiles of formic acid,
nitrite, ammonium and nitrate during the reduction of nitrite
with formic acid at pH 3. Pure H, gas was introduced to the
reactor after two hours, resulting in fast conversion of nitrite
without producing any detectable ammonium, ie. the
concentration remained below the detection limit of 1 uM.
This result demonstrates that the catalyst remains active for
nitrite reduction with H, gas.

4. Discussion

The results obtained at low pH will be discussed first, followed
by a detailed discussion for the case of intermediate pH values
resulting in the reaction of nitrite and formic acid. Finally, the
absence of any activity at high pH will be discussed.

4.1.a. Nitrite conversion at low pH

As shown in Fig. 2a and 3, formic acid is not converted at
low pH, while nitrite was consumed and nitrate was formed
at the same time. Garron et al*® reported a similar
phenomenon, i.e. formation of nitrate at low pH.
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Table 3 Influence of the presence of oxygen on nitrite reduction with formic acid (pH = 5, 100 mg 0.9 wt% catalyst, 1 mM nitrite, 20 mM formic acid)
Initial Initial formic Formic acid Nitrite conversion Formic acid
Atmosphere nitrite (mM) acid (mM) conversion at 2 h (%) at 2 h (%) efficiency (%)
Inert-flow-through 1 20 5.1+0.3 33.3+1 49+ 4
Ambient-batch 1 20 3.1+0.1 8.9+0.1 22+1

Table 4 Formic acid and nitrite conversion with different formic acid concentrations at pH 5 and under inert-flow-through conditions (100 mg 0.9

wt% catalyst, 1 mM nitrite, 2 h)

Initial formic acid (mM) Initial nitrite (mM)

Formic acid conversion at 2 h (%)

Nitrite conversion at 2 h (%) Formic acid efficiency (%)

40
20
10
5

[

12.4 £ 0.1
51+0.3
4.6 +1
24+0.1

66.1 £ 0.1 201

33.3+1 49+ 4
13+£3 42 +19

0.94 + 0.05 12 £10

Nitrite is converted to nitrate in a stoichiometric ratio of
2:1 (Fig. 2a) according to homogeneous disproportionation
of nitrous acid forming NO and nitric acid (eqn (14)). This
reaction proceeds exclusively at sufficiently low pH, shifting
the equilibrium in eqn (13) to the right.*>** The reaction in
eqn (15) closes the catalytic cycle with formation of acid, in
this case formic acid, acting as a catalyst.**

HCOOH + NO, <« HNO, + HCOO~ (13)
3HNO, — 2NO + HNO; + H,0 (14)
HNO; + HCOO™ — NO;~ + HCOOH (15)

As shown in Fig. 4, adsorbed NO is observed with ATR-IR at
pH 3 based on the peak at 1723 cm™", confirming that the
homogeneous disproportionation reaction is significant at
low pH. Note that formic acid was absent in the ATR-IR
experiment in Fig. 4, illustrating that any acid catalyses the

2.0
= Formic acid
12t ° N!trlte 1

—_ v Ammonium 1"
2]
E " o - s m " "om %
§ °f- {103
=1 ) !_"F
S ° A
- ° 4 =
c o
g . >
c 4} 405 =
S R 3
(&) . a 4 =
° | =

A
A
0 f ¢ v , v \ v v I ¢ ® 40.0
0 50 100 150 200
t (min)

Fig. 7 Nitrite reduction with formic acid (pH = 3) performed in
ambient-batch mode (100 mg 0.9 wt% catalyst, 10 mM formic acid, 1
mM nitrite); hydrogen is introduced (1 bar, 100 mL min™* flow rate) in
the solution after 2 h of reaction.
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homogeneous disproportionation reaction. This is confirmed
with two control experiments in the absence of any catalyst
in ambient atmosphere in the presence of formic acid and
HCI, respectively (Fig. S5t). In both cases conversion of
nitrite to nitrate is indeed observed.

Conversion of nitrite at low pH is apparently not
detectable in the ATR-IR experiment (Fig. 5b), in contrast to
the batch experiment (Fig. 2a). This is likely caused by the
fact that any gaseous products formed, i.e. NO, remain in the
ATR-IR reactor, instead of being flushed out of the reactor in
the batch experiment. The presence of NO probably delays
the reversible reaction when not flushed out. It should be
noted that it is assumed that the qualitative observations on
the presence of adsorbed NO, obtained with the catalyst with
3 wt% Pd loading used for the ATR-IR experiment, is also
valid for the catalyst with 1 wt% Pd loading, used for the
kinetic experiments.

4.1.b. Formic acid conversion at low pH

Fig. 2a, 3 and 5b demonstrate the absence of any conversion
of formic acid at low pH. However, decomposition of formic
acid would be expected to proceed over Pd, also in the
absence of nitrite. In our recent work,>" we reported that Pd
catalysts partially convert formic acid, although deactivating
during the experiment caused by CO poisoning. Fig. 5c shows
the absence of any peaks in ATR-IR to be assigned to
chemisorbed CO, implying that the Pd sites are not occupied
with CO. Clearly, the lack of activity for formic acid
decomposition is not caused by CO poisoning.

The inactivity for formic acid decomposition is attributed
to the formation of chemisorbed NO. Noticeably, adsorbed
NO is detected in ATR-IR (Fig. 5), according to the peak at
1716 cm™', maintaining constant intensity during the
experiment mimicking a batch experiment (Fig. 5b). Fig. 7
shows that introduction of hydrogen results in rapid
conversion of nitrite, without forming any nitrate. This
indicates that the species adsorbed on Pd, responsible for
hindering the formic acid decomposition, does not deactivate
the catalyst for nitrite hydrogenation with H,. This agrees

This journal is © The Royal Society of Chemistry 2022
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well with the proposition that adsorbed NO is responsible, as
previous ATR-IR studies showed that adsorbed NO on Pd
converts readily with H, to N,.® In fact, NO is a key surface-
intermediate in reduction of nitrite with H, over Pd catalysts.
In short, adsorbed NO impedes the decomposition of formic
acid on the catalyst, without impacting the dissociative
adsorption of H, on the catalyst surface.

An alternative hypothesis that the catalyst is deactivated
for formic acid decomposition by nitrate can be rejected.
Addition of nitrate in a formic acid decomposition
experiment has no effect on the rate of decomposition of
formic acid (Fig. S6t). Nitrate is not converted in this
experiment because nitrate reduction requires a bimetallic
catalyst, for instance the Cu-Pd catalyst,”**>**~*> instead of a
monometallic Pd catalyst.

Garron et al.® reported, besides the formation of nitrate
at low pH, nitrite reduction by formic acid, which is not in
agreement with our results. The difference might be caused
by differences in concentration and the support used, ie.,
silica instead of alumina in this study.

4.2. Nitrite reduction with formic acid at intermediate pH

The catalytic reaction of nitrite and formic acid at pH above
4.5 results in simultaneous conversion of formic acid and
nitrite (Fig. 2b and 3). Nitrate was not formed, implying that
the homogeneous disproportionation reaction forming NO
does not proceed and any catalyst deactivation by NO was
prevented. This is qualitatively in agreement with the ATR-IR
results in Fig. 6b, demonstrating decreasing concentrations
of both nitrite (1235 em™") and formic acid (1581 cm™") when
operating in batch mode at pH 5. The surprisingly high
conversion of nitrite suggested by Fig. 6b, compared to the
low conversion in batch experiments (Fig. 2b), despite a
much higher formic acid/nitrite molar ratio (2069:2069:1) in
the ATR-IR experiment compared to 719:36:1 in the batch
experiment. Remarkably, reaction rates normalized to the
number of Pd surface atoms are quite similar, as calculated
in ESI} Section S1. Possibly, the high conversion of nitrite in
ATR-IR is caused the fact that gasses are not flushed out of
the reactor, in contrast to the batch experiment as discussed
before. H, accumulates in the ATR-IR reactor as the formic
acid efficiency is far below 100% (Table 4), enhancing nitrite
conversion in the ATR-IR cell.

It should also be noted that the conversion of formic acid
cannot be estimated as deconvolution of the complex set of
peaks between 1300 and 1700 cm™* would be required, which
is not possible with the data available.

Interestingly, adsorbed NO is observed both at pH 3
(Fig. 5b) and pH 5 (Fig. 6b) but the origin is completely
different. The NO,qs peak at pH 3 in Fig. 5b is due to the
homogeneous disproportionation reaction, as discussed
above. NO formed homogeneously chemisorbs on the Pd
surface, preventing dissociation of formic acid to form H,
and chemisorbed H. In the absence of chemisorbed H,
chemisorbed NO cannot convert to N, or ammonia.

This journal is © The Royal Society of Chemistry 2022
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In contrast, adsorbed NO formed in the presence of
formic acid and nitrite at pH 5 in Fig. 6b is a reaction
intermediate of nitrite reduction. Scheme 2 presents a
reaction scheme with the most important pathways,
occurring during nitrite reduction with formic acid. Note that
most of these steps contain multiple lumped elementary
reactions. In step 1, formic acid decomposes to adsorbed
H.qs and CO,, requiring at least two active sites. This step
may require even a larger ensemble of Pd sites to allow
formic acid to decompose, as Navlani-Garcia et al.®® reported
that formic acid decomposition is structure sensitive. Once
Haqs is produced via step 1, Hyqs can be consumed via steps
2, 3, 4 and 5. In step 2, two H,qs atoms desorb associatively
to H, leaving the Pd surface, lowering the efficiency of formic
acid. Step 3 and step 4 are derived from the nitrite reduction
mechanism discussed in our previous study.’>

When oxygen 1is present, step 5 influences the
performance. Table 3 shows that nitrite conversion was much
higher in inert atmosphere than in the presence of traces of
oxygen, also decreasing the formic acid efficiency. This is
expected as oxygen reacts readily with chemisorbed H,
competing with steps 3 and 4 and resulting in decreased
nitrite conversion and decreased formic acid efficiency in the
presence of oxygen traces.

It is surprising that the presence of traces of oxygen
decreases formic acid conversion (Table 3), opposite to the
observation in our recent work on formic acid
decomposition.”® It was shown that formic acid
decomposition is enhanced by oxygen in two ways: first, low
oxygen concentrations prevent poisoning of the catalyst by
oxidizing and removing chemisorbed CO and second, higher
oxygen concentrations enhance the conversion of formic acid
via oxidation.”® It might be that the enhancing effect of
removal of chemisorbed CO by oxygen is not significant
under the conditions in this study as the intensity of the IR
peak attributed to chemisorbed CO is rather weak (Fig. 6c¢).
Nevertheless, the decrease in formic acid conversion remains
surprising and another effect apparently dominates.

Earlier work by Ebbesen showed that high coverage of
NO,qs forms on Pd exposed to nitrite at low H,qs surface
coverage, based on ATR-IR spectroscopy data.’® This was
explained by reasoning that the rate of step 4 depends more
strongly on the H-coverage as many hydrogen atoms are
required to convert NO,qs to products. The rate of reaction

® e
o
HCOOH + 2*——> 2H, + CO,
) \
NO,- NO N,, NH,*

Scheme 2 Reaction scheme of nitrite reduction with formic acid.
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(3) is less sensitive to the H-coverage, requiring only one H
atom and a proton. The presence of oxygen consumes
hydrogen according to reaction (5), decreasing the H
coverage. This will delay reaction (4) more strongly than
reaction (3), decreasing the rate of consumption of NO,qs
more strongly than decreasing the rate of formation and
therefore the concentration of NO,qs increases. Consequently,
fewer empty active sites are available for formic acid
decomposition, lowering the rate of step 1 and thus the rate
of formic acid conversion in the presence of oxygen.
Obviously, decreasing the formic acid concentration also
causes a decrease in H coverage by decreasing the rate of
reaction (1). Also in that case, the concentration of NO.qs
increases and the concentration of free Pd sites decreases,
decreasing further the rate of reaction (1). Therefore, the
apparent reaction order in formic acid is larger than one, i.e.
1.4 (Table 4 and Fig. S77). In short, the availability of H,qs on
the surface needs to be in balance with NO.4s so that
sufficient open sites remain available for formic acid to
adsorb dissociatively.

From a practical point of view, high formic acid efficiency
is preferred. The best efficiencies are obtained at
intermediate formic acid concentration (Table 4) and in the
absence of any air (Table 3), but values below 50% are not
sufficient. A high rate at the expense of low efficiency is
expected at high formic acid concentration as H, generation
is too fast compared to hydrogen consumption. In semi-
batch operation this results in H, flushing out of the reactor.
Therefore, the reaction in the batch mode without gas
flowing through the reactor during the reaction is preferred,
preventing H, gas from escaping the reactor. On the other
hand, continuous operation for water would be much more
practical, obviously. An advantage is that formation of
ammonium is negligible because formic acid releases
adsorbed H very slowly via decomposition compared with H,
gas flowing continuously through the reactor.®® The reason
for low efficiency at very low formic acid concentration is not
clear and would require additional research to understand.

4.3. Nitrite reduction with formic acid at high pH

At very high pH (9) no reaction is observed because formate
ions cannot decompose to provide H, under these
conditions,”* in good agreement with the literature.®” %
Therefore, no conversion of both formic acid and nitrite is
expected. Also, adsorbed NO is not detected at higher pH, in
agreement with the fact that the disproportionation reaction
(eqn (14)) proceeds exclusively at low pH.

5. Conclusions

This work demonstrates that nitrite reduction with formic
acid is possible in the pH range between 4.5 and 8
compatible with drinking water, producing negligible
amounts of ammonium. The rate of conversion of nitrite with
formic acid and the rate of decomposition of formic acid are
controlled by competitive adsorption of nitrite and formic
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acid on the Pd sites, forming chemisorbed NO and
chemisorbed H, respectively. Dissociative adsorption of
formic acid requires empty Pd sites, possibly an ensemble of
empty sites, which is favoured by a low coverage of
chemisorbed NO. The coverage of NO is low if sufficient
adsorbed H is available to convert NO rapidly to N,, which in
turn depends on the rate of dissociative adsorption of formic
acid. This causes the formic acid decomposition to exhibit an
apparent order of 1.4 in formic acid. The homogeneous
disproportionation reaction of nitric acid proceeds when the
pH is below 4.5, resulting in catalyst poisoning with NO
generated by the homogeneous disproportionation reaction,
independent of the catalyst. The catalyst shows no activity at
pH above 8 due to the fact that formate ions are not reactive
under such conditions.
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