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In situ ATR-IR study of nitrite hydrogenation over Pd/Al2O3
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Abstract

The mechanism of nitrite hydrogenation over a Pd/Al2O3 catalyst layer deposited on a ZnSe internal reflection element was investigated in
water using attenuated total reflection infrared spectroscopy. Nitrite hydrogenates to NO(ads), NH2(ads), and NH+

4 on the palladium surface.
Hydrogenation of adsorbed NO on palladium results in the formation of a reaction product that is not infrared-active (most likely nitrogen),
whereas no NH+

4 is formed from NO(ads). NH+
4 is formed solely from hydrogenation of the NH2(ads) intermediate. The present study clearly

shows that formation of nitrogen and NH+
4 proceeds via two separate pathways, based on which a revised reaction scheme is proposed.

© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

In recent years, much research has focused on technologies
for groundwater treatment to remove nitrite and nitrate, due to
increasing nitrite and nitrate concentrations in groundwater and
increasingly strict regulation of drinking water quality [1]. Both
biological and catalytic denitrification processes have potential
for water purification [2]. The biological processes, however,
have low reaction rates, making these processes insufficient for
groundwater treatment [2]. The catalytic hydrogenation of ni-
trate and nitrite over noble metal catalysts, which was described
for the first time in 1989 [3], is the most promising technique
for nitrate and nitrite removal. To date, the catalytic hydro-
genation of nitrite and nitrate for use in water purification has
been examined extensively to develop efficient catalysts [3–14];
however, the mechanism of the nitrite hydrogenation over sup-
ported noble metal catalysts has not yet been resolved. Based
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on kinetic studies, adsorbed NO has been suggested as an inter-
mediate [10]. Several authors have proposed a reaction scheme
including adsorbed NO as the key intermediate for the catalytic
hydrogenation of nitrate and nitrite over supported bimetallic
catalysts, as schematically shown in Fig. 1 [11–14], although
this scheme has not been supported by direct experimental evi-
dence.

ATR-IR is ideally suited for studying molecular vibrations
at the solid–liquid interface because the evanescent wave is re-
stricted to the region near the interface, thereby minimizing the
contribution from the liquid [15]. ATR-IR spectroscopic stud-
ies at the metal–liquid interface have started to receive attention
only recently [16–23]. We have initiated a thorough investiga-
tion into the details of the catalytic hydrogenation of nitrite over
platinum and palladium catalysts. We recently examined the ad-
sorption of nitrite, hydroxylamine, and NH+

4 on Pd/Al2O3 and
Pt/Al2O3 by ATR-IR spectroscopy, to determine the type of ad-
sorbates and possible intermediates during the hydrogenation
of nitrite [24,25].

The objective of the present study is to gain insight into
the mechanism of the heterogeneous hydrogenation of nitrite
in water over Pd/Al2O3 by examining the surface intermediates
during steady state as well as transient hydrogenation of nitrite
over Pd/Al2O3 using ATR-IR spectroscopy.
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Fig. 1. Scheme of nitrate (and nitrite) hydrogenation over bimetallic platinum (Me/Pt) or palladium (Me/Pd) catalysts, after [11–14].
2. Experimental

2.1. Catalyst preparation and characterization

First, a Pd/Al2O3 powder catalyst was prepared and char-
acterized. The catalyst powder was thereafter deposited on an
ATR-IR ZnSe internal reflection element (IRE) and mounted
in an in situ ATR-IR cell as described previously [17,23–25].
Details on catalyst preparation, characterization, and immobi-
lization of the layer are available in those previous reports [17,
23–25]. In brief, a 5 wt% Pd/Al2O3 catalyst was prepared by
adsorption of palladium acetylacetonate (Pd(acac)2) (Alfa Ae-
sar) on precalcined γ -Al2O3 powder. A suspension was pre-
pared from Pd/Al2O3 in 50 mL of water; the pH was adjusted
to 3.5 with nitric acid to stabilize the small alumina particles.
The suspension was milled for 1 h in a ball mill (Fritsch Pul-
verisette) to obtain Al2O3 particles of a few nm in size. Sub-
sequently, colloidal alumina (aluminium oxide, 20% in H2O
colloidal suspension, Alfa Aesar, particle size 5 nm) was added,
and the catalyst layer was prepared on a ZnSe IRE by adding
1 mL of the catalyst/water suspension evenly on one side of
the IRE. The suspension was allowed to evaporate overnight
at room temperature. Subsequently, the catalyst layer/IRE was
heated to 573 K for 2 h (at a heating rate of 1 K/min) in flow-
ing argon to ensure removal of all NOx species on the catalyst
surface.

2.2. In situ ATR-IR spectroscopy

The water used in all ATR-IR experiments was ultra-pure
Q2-water, prepared with a Millipore Milli-Q water treatment
system (Amphotech Ltd.). Saturation of water with Ar (5.0,
Praxair), or H2 (5.0, Praxair), was performed at room tempera-
ture (294 K) with gas flow rates of 40 mL/min for a minimum
of 2 h. Before saturation with H2, air was removed by saturation
with argon for at least 2 days. The concentrations of dissolved
gases in water were calculated based on reported solubility data
at room temperature and 1 atm gas pressure [26]. The Q2-water
saturated with Ar (2.3×10−3 mol/L) or H2 (4.1×10−4 mol/L)
is designated as Ar/H2O or H2/H2O in what follows.

A solution of NO−
2(aq) (4.3 × 10−4 mol/L) was prepared in

Ar/H2O from NaNO2 (Merck). The pH was adjusted to 7.0 by
adding NaOH (Merck); pH was measured using a pH meter
(744 pH meter, Metrohm). For the continuous hydrogenation
experiments, the nitrite solution was subsequently saturated
with H2/Ar mixtures; H2 concentrations are indicated in the
text.
ATR-IR spectra were recorded using a home-built stainless
steel flow-through cell as described elsewhere [17,23–25]. The
flow-through chamber was created by a spacer placed between
the polished steel top plate and the IRE. The thickness of the
spacer was 0.3 mm, and the exposed area of the coated IRE was
40 mm long × 10 mm wide. The total volume of the cell was
120 µL. The liquid flow rate was 1 mL/min in all experiments;
as a result, the residence time in the cell was 7.2 s.

The ATR-IR cell was assembled with the coated IRE and
mounted in the sample compartment of an infrared spectrom-
eter (Bruker Tensor 27) equipped with a MCT detector. Once
the cell was assembled in the IR spectrometer, it was flushed
with Ar/H2O until a stable water spectrum was obtained. Sub-
sequently, the catalyst was reduced in situ by introducing
H2/H2O (4.1 × 10−4 mol/L H2). This catalyst is designated H–
Pd/Al2O3, because the Pd/Al2O3 catalyst contains hydrogen.

In gas phase, formation of β-palladium-hydride occurs at
hydrogen pressures above 0.025 bar [27]. The chemical poten-
tial of dissolved hydrogen is equal to that of hydrogen in the gas
mixture as hydrogen dissolution is allowed to equilibrate. Thus,
exposure of palladium catalysts to water saturated with hydro-
gen pressure >0.025 bar will also result in the formation of
β-palladium-hydride. After reduction in water, the H–Pd/Al2O3
catalyst used in this study should contain β-palladium-hydride
(PdH0.7). Taking the dispersion (45% [24,25]) into account, the
maximum hydrogen concentration on the surface and in the pal-
ladium is H/Pd = 0.8/1. This number will be used to compare
to the amounts of molecules converted. Reduction using lower
hydrogen concentration (8.2 × 10−6 mol/L H2; saturation at
0.01 bar) should result in surface hydrogen and α-palladium-
hydride only (PdH0.05). The NxOyHz species formed on the
catalyst after reduction at low hydrogen concentrations (not
presented in this study) are identical to the NxOyHz species
shown in the present study with the catalyst reduced at high
hydrogen concentrations; only the amounts (observed ATR-IR
peak intensities) were lower, because less hydrogen was avail-
able.

The ATR-IR spectra were recorded at room temperature
(294 K) in an air-conditioned room. Each spectrum was ac-
quired by averaging of 128 scans taken with a resolution
of 4 cm−1, which took about 78 s. This was approximately
10 times longer than the liquid residence time in the cell. Thus,
each spectrum represents the overall changes in the spectra over
a period of about 78 s. The interval between the start of two
subsequent spectra was 90 s. As a result, the time resolution be-
tween the spectra was 90 s. Shorter data acquisition times led
to unacceptably low signal-to-noise ratios.
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Fig. 2. (A) Water corrected ATR-IR spectra while flowing a solution of NO−
2(aq) (4.3 × 10−4 mol/L) over H–Pd/Al2O3 at pH 7.0; (B) integrated peak areas of

observed species during NO−
2(aq) flow.
2.3. Data treatment

As recently shown by our group, the ATR-IR spectra must
be corrected for the infrared absorbance of water [23]. Details
on the subtraction of a scaled background for dissolved gasses
are provided in that same report. After subtraction of the wa-
ter spectra, the residual spectra showed a complexity of peaks.
To calculate the integrated peak area of the respective peaks,
curve fitting was applied, using a Lorentz function. The ap-
plied Lorentz line-shape function centered at the frequency ω0
is given by:

I (ω) = A · 2

π
· w

4 · (ω − ω0) + w2
,

where I (ω) is the intensity at a given frequency ω, A is the in-
tegrated area; and w is the full width at half maximum intensity.

3. Results and discussion

3.1. Adsorption of NO−
2(aq) on H–Pd/Al2O3

Adsorption of NO−
2(aq) (4.3 × 10−4 mol/L) was performed

at pH 7.0 on H–Pd/Al2O3; infrared peaks evolved as shown in
Fig. 2A. The integrated peak areas during adsorption are shown
in Fig. 2B. Initially (i.e., in the first 2 min), infrared peaks
evolved at 1450 (width of 62 cm−1) and 1235 cm−1. Subse-
quently, two other bands developed at 1510 and 1705 cm−1,
with the latter shifting to 1720 cm−1 with increasing exposure
time to NO− , as can be seen in Fig. 2A.
2(aq)
NO−
2(aq) was detected at 1235 cm−1, with a peak width of

78 cm−1, which is identical to the peak for NO−
2(aq) in blank

experiments published recently by our group [24]. During ad-
sorption of NO−

2(aq) on H–Pd/Al2O3, the intensity of the peak

for NO−
2(aq) continued to increase slightly with time, possibly

due to conversion of NO−
2 during the first minutes; thus, for

some time, the concentration of NO−
2(aq) is lower than that in

the feed. No clear peaks for NO−
x(ads) (x = 2, 3) on palladium

were detected (expected at 1405 and 1325 cm−1), compared
with adsorption of NO−

2(aq) on Pd/Al2O3 without preadsorbed
hydrogen (passivated in air) [24]; however, the possible pres-
ence of a small amount of NO−

x(ads) cannot be excluded, due to

the increased intensity between 1300 and 1450 cm−1. Never-
theless, the intensity of a possible broad band at that position
would be at least one order of magnitude lower compared with
that of NO−

x(ads) on a passivated Pd/Al2O3 catalyst [24].

According to previous blank experiments with NH+
4 , the

band developing initially at 1450 cm−1 can be assigned to NH+
4

[24]. The band at 1510 cm−1 was observed during decom-
position of hydroxylamine on Pd/Al2O3 and was assigned to
NH2(ads) [24]. NH+

4 is either adsorbed on palladium or present
in the liquid; no distinction can be made based on the infrared
spectrum [24].

The only new (as-yet not assigned) signal was observed at
1705 cm−1, which shifted to 1720 cm−1 with increasing time.
The observed blue shift is characteristic of molecules with a
dipole, such as NO. To the best of our knowledge, only one
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Fig. 3. (A) Water corrected ATR-IR spectra while H2/H2O (4.1 × 10−6 mol/L H2) was flown over Pd/Al2O3 with NO(ads) and NH2(ads), previously formed during

adsorption of NO−
2(aq) on H–Pd/Al2O3 (Fig. 2); (B) integrated peak areas during flow of H2/H2O.
paper has reported NO adsorption on palladium in water, ex-
amined with IR spectroscopy [28]. In that study, adsorbed NO
on a Pd(111) electrode, held at a potential of 0.4 V, was detected
by a single peak that blue-shifted from 1720 to 1748 cm−1 with
increasing coverage [28].

The formation of adsorbed NO during heterogeneous hy-
drogenation of nitrite over supported noble metal catalysts has
been proposed in the literature but not supported by experimen-
tal evidence [5,6,10,11]. In electrochemistry, on the other hand,
NO adlayers were prepared from nitrate and nitrite solutions on
platinum electrodes [29–31], thereby demonstrating formation
of adsorbed NO as an intermediate during the electrochemical
reduction of nitrite on platinum electrodes. Consequently, based
on the literature and the observed blue shift, we assign the in-
frared peak at 1705–1720 cm−1 to NO adsorbed on palladium.
Unfortunately, direct experimental confirmation via adsorption
of NO from water is not possible, because NO dissolved in wa-
ter is not stable.

Initially, the peak for NH+
4 dominates the spectrum; in ad-

dition to NH+
4 , a small shoulder indicating the formation of

NH2(ads) can already be seen in the spectrum recorded after 90 s
of adsorption in Fig. 2A. Formation of NH+

4 on the palladium
surface during the initial adsorption of NO−

2(aq) can occur via
reaction with hydrogen on the H–Pd/Al2O3 catalyst. Formation
of NH+

4 at high hydrogen concentrations is in good agreement
with reports on the heterogeneous hydrogenation of NO−

2 in
batch reactors over palladium catalysts. The selectivity to NH+

4
has been found to increase with increasing hydrogen concen-
tration [4,8,32,33]. Fig. 2B clearly shows that the NH+ signal
4
is initially high but subsequently decreases, whereas the signals
for both NH2(ads) and NO−

2(aq) gain intensity during the subse-
quent 4–6 min. Clearly, the signal of NH2(ads) stabilizes earlier
than that of NO−

2(aq); moreover, the formation of NO(ads) is de-
layed and stabilizes no earlier than after 12 min of reaction,
along with the NO−

2(aq) signal. Because no hydrogen is added

during the adsorption of nitrite, NH+
4 and NH2(ads) species must

be formed from hydrogen on or in the catalyst. It can be es-
timated that just a 2.5 min nitrite flow would be required to
convert all hydrogen present on or in the catalyst into NH+

4 , as-
suming an H/Pd ratio of 0.8 (maximum amount of hydrogen
possibly present in the palladium particles, as described in Sec-
tion 2, vide ante) and assuming complete conversion of nitrite.
This is in reasonable agreement with the fact that the initial in-
tensity of NH+

4 is high, then drops close to zero after 4 min,
as well as with the fact that the NH2 intensity stabilizes in the
same time window. Subsequently, NO is formed that seems to
originate from NO−

2 , similar to the preparation of NO adlayers
on platinum electrodes in electrochemistry [29–31].

3.2. Hydrogenation of NO(ads) and NH2(ads) on H–Pd/Al2O3

After the adsorption of NO−
2(aq) on H–Pd/Al2O3, as shown

in Fig. 2, the cell was flushed with Ar/H2O. During flush-
ing, all adsorbed species appeared stable, whereas NO−

2(aq)

(1235 cm−1) was flushed out of the cell, resulting in the top
spectrum in Fig. 3. Subsequently, H2/H2O (4.1 × 10−6 mol/L
H2) was introduced into the cell, after which infrared peaks
evolved, as shown in Fig. 3. Experiments were performed at
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very low hydrogen concentrations to slow the reaction rates
(4.1 × 10−6 mol/L H2, saturated at 0.001 bar H2).

First, the peak at 1720 cm−1 (NO(ads)) decreased in intensity
during exposure to hydrogen while simultaneously shifting to
1705 cm−1. Initially, no changes in intensity of the peaks at
1510 cm−1 (NH2(ads)) and 1450 cm−1 (NH+

4 ) were observed
(Figs. 3A and 3B). It took about 12 min (Fig. 3B) for the peak
for NH2(ads) at 1510 cm−1 to begin to decrease and for a band
for NH+

4 to appear at 1450 cm−1. The NH+
4 band reached a

maximum after 20 min and subsequently decreased to almost
zero after 35 min.

During the initial hydrogenation of adsorbed NO and NH2
(Fig. 3), a clear decrease in peak intensity was observed for
NO(ads), whereas no change in NH2(ads) or NH+

4 was detected
for the first 12 min. Consequently, the hydrogenation product of
NO(ads) was neither NH2(ads) nor NH+

4 . NO(ads) must be either
desorbed or converted into a product that cannot be detected by
ATR-IR. So far, NO has not been detected in the gas phase or
aqueous phase during hydrogenation of nitrite [5,8]. Further-
more, because NO adsorbs more strongly on palladium than
hydrogen, we suggest that in the present experiment, NO(ads)
was hydrogenated to N2, which obviously cannot be observed
by IR spectroscopy. We are currently developing a method for
detecting very small amounts of dissolved gases in aqueous so-
lutions, to unambiguously determine the hydrogenation product
of NO(ads) [34].

The fact that NH2(ads) decreases simultaneously while NH+
4

is increasing points strongly to the hydrogenation of NH2(ads)
to NH+

4 in the presence of hydrogen. Initially, the rate of NH+
4

formation from NH2(ads) is high, because much NH2(ads) is
available. After some time, the surface becomes depleted in
NH2(ads); because NH+

4 is flushed out of the cell continuously,
this results in a decreased intensity of the NH+

4 band.
During the first 12 min of hydrogenation of adsorbed NO

and NH2 (Fig. 3) only NO(ads) was converted; NH2(ads) was con-
verted later. The maximal initial surface coverage of NO(ads)
and NH2(ads) can be estimated, assuming complete consump-
tion of the hydrogen present in the water entering the reactor.
Based on the equations of both surface reactions,

2NO(ads) + 2H2 → N2 + 2H2O

and

2NH2(ads) + H2 + 2H2O → 2NH+
4 + 2OH−,

it follows that a maximum of 4.9 × 10−8 mol NO(ads) was con-
verted within the first 12 min, corresponding to an initial NO
coverage of 4% at maximum. The actual coverage may have
been even lower, because part of the H2 might not have inter-
acted with the catalyst film due to bypassing. In the subsequent
20 min, NH2(ads) was converted into NH+

4 , corresponding to a
maximal initial NH2 coverage of 6%. These calculations also
explain the high NH+

4 signal shown in Fig. 2. If the adsorption
of nitrite on H–Pd/Al2O3 resulted in the mentioned coverage
of NO(ads) and NH2(ads), this means that only 20% of the ini-
tially present amount of hydrogen was consumed. The remain-
ing 80% hydrogen must have been consumed during the initial
formation of NH+
4 , as reflected in the high initial peak intensity

for NH+
4 shown in Fig. 2.

Although the final NO coverage was as low as 4% (Fig. 2),
a clear blue shift, due to dipole–dipole coupling, was observed
with increasing NO coverage during the adsorption of nitrite on
H–Pd/Al2O3. Blue shifts for NO have indeed been reported at
an NO coverage as low as 2% [35], demonstrating consistency
of the experimental observations in the present study on the blue
shift of the peak for NO(ads) with increasing NO coverage.

Interestingly, no adsorbed nitrite was detected after expo-
sure of H–Pd/Al2O3 to a nitrite solution (Fig. 2). Because the
maximal coverage of NO and NH2 is only 10%, a sufficient
number of sites for nitrite adsorption should be available. We
have shown recently that nitrite adsorbs on a palladium surface
covered by oxygen [24]. From the present experiments, it can
be concluded that nitrite reacts with adsorbed hydrogen on the
palladium particles supposedly via an Eley–Rideal mechanism,
leaving an empty Pd surface on which nitrite does not adsorb.
In addition, nitrite adsorption has been reported to be structure-
sensitive in the electrochemical reduction of nitrite and nitrate
over platinum electrodes [36–38]. A finding that the NO and
NH2 produced covered the specific palladium sites that can ad-
sorb nitrite (unlike the situation in the present study) would also
explain the fact that no adsorbed nitrite was detected (Fig. 2).

The result shown in Fig. 3 demonstrates that NO(ads) was
much more reactive toward hydrogen than NH2(ads), because
hydrogenation of NH2(ads) occurred after almost all of the
NO(ads) disappeared. This observation is qualitatively in agree-
ment with the fact that Pd catalysts generally exhibit high se-
lectivity to nitrogen.

3.3. Continuous hydrogenation of NO−
2(aq) over H–Pd/Al2O3

To examine the in situ nitrite hydrogenation over Pd/Al2O3,
a solution containing 4.3 × 10−4 mol/L NO−

2(aq) and 4.1 ×
10−4 mol/L H2 was introduced to the cell with a prereduced H–
Pd/Al2O3 catalyst layer (Fig. 4). One clear peak at 1235 cm−1

with a width of 79 cm−1 was detected, which is assigned to
NO−

2(aq) [24]. In addition, an increase in intensity was observed

between 1550 and 1300 cm−1, indicating the presence of ad-
sorbed species at low coverage. But the low intensity did not
allow identification of the individual adsorbed species. Based
on kinetic data on nitrite hydrogenation [39], the conversion
of NO−

2(aq) is estimated as <1% under our experimental con-
ditions. The low surface coverage of the hydrogenation inter-
mediates found here is most likely due to the rapid subsequent
hydrogenation of the surface intermediates.

Because no adsorbed species were detected during contin-
uous hydrogenation using a H2/NO−

2 ratio of 1, solutions with
lower hydrogen concentrations were applied. This slowed down
the reaction rates and increased the likelihood of detecting re-
action intermediates in situ. It turned out that hydrogenation
intermediates and products were observed only at hydrogen
concentrations �2.1×10−5 mol/L. In situ ATR-IR spectra dur-
ing hydrogenation of 4.3 × 10−4 mol/L NO−

2(aq) using different
hydrogen concentrations are shown in Figs. 5A, 5C, and 5E
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Fig. 4. Water corrected ATR-IR spectra during hydrogenation of NO−
2(aq) over

H–Pd/Al2O3 (4.3×10−4 mol/L NO−
2(aq) and 4.1×10−4 mol/L H2) (the time

between spectra was 1.5 min).

along with the integrated peak areas shown in Figs. 5B, 5D,
and 5F.

Fig. 5 shows that surface intermediates resulting from the re-
action between nitrite and hydrogen was observed at the three
hydrogen concentrations applied. Within 15 min, clear infrared
peaks evolved at 1705–1715, 1510, 1450, and 1235 cm−1;
which are assigned to NO(ads), NH2(ads), NH+

4 , and NO−
2(aq),

respectively. In addition, a shoulder appeared at around 1575–
1550 cm−1 that has not yet been assigned. The nature of this
species remains unknown. Because bridged adsorbed NO is
normally detected at lower frequencies than linear adsorbed
NO (see [24] and references therein), it can be speculated that
the shoulder represents NO adsorbed on palladium in bridged
geometry.

No significant amount of adsorbed NO−
2 on palladium was

detected (1405 and 1325 cm−1), whereas NO−
2(aq) was observed

at 1235 cm−1. Moreover, no differences in the intensity of the
peak for NO−

2(aq) was observed at the hydrogen pressures ap-

plied, which agrees with our claim of low NO−
2(aq) conversion,

as discussed earlier. In fact, the NO−
2(aq) intensities in Figs. 5

and 4 were similar. Moreover, the hydrogen conversion can be
estimated as 1–6% based on kinetic data [39], demonstrating
that the catalyst certainly was not exhausted in hydrogen dur-
ing hydrogenation.

The development of the other bands with time (Figs. 5B, 5D
and 5F) illustrates that in all cases, NH+

4 was initially formed
on the palladium surface while (as for the titration experiments)
NO−

2(aq) also was observed (Fig. 2). The bands of NO(ads) and
NH2(ads) increased in intensity after approximately 3 min, when
the NH+

4 signal began to decrease in intensity. This delay is
similar to that seen when nitrite was flowed only over H–
Pd/Al2O3 (Fig. 2) and can be explained by the time needed to
introduce a sufficient amount of nitrite to convert the excess
of adsorbed hydrogen on the prereduced H–Pd/Al2O3 catalyst
(vide ante). Thus, the first 10 min of all of the experiments pre-
sented in Fig. 5 represent the same transient response as shown
in Fig. 2. Only after 10 min, when stable levels were observed,
was steady-state hydrogenation achieved.

It also is evident that larger amounts of the surface inter-
mediates NO(ads), NH2(ads), and NH+

4 were observed at lower
hydrogen concentrations. Clearly, decreasing the H2/NO−

2 ratio
slowed the hydrogenation of the intermediates, thereby result-
ing in increased concentrations of the surface intermediates.
Moreover, the ratios of the amounts of the respective surface in-
termediates varied with the hydrogen concentration, as shown
in Fig. 6.

The ratio between the integrated peak intensities of NO(ads)
and NH2(ads) at steady state (after 15 min time on stream) de-
creased with increasing hydrogen concentration. Moreover, the
NH2(ads)/NH+

4 ratio remained constant in all cases. In the pre-
vious section, it was shown that NH2(ads) is converted to NH+

4 ,
whereas NO(ads) most likely is converted to N2. Consequently,
the decreased NO(ads)/NH2(ads) ratio indicates a higher selec-
tivity to NH+

4 with increasing hydrogen concentration. This
explains the increased selectivity to NH+

4 with increasing hy-
drogen pressure as reported for the hydrogenation of nitrite in
conventional batch reactors [4,9,32,33].

3.4. Nitrite hydrogenation mechanism

This paper provides some detailed insight into the surface in-
termediates and, consequently, the mechanism of the heteroge-
neous catalytic hydrogenation of nitrite in water over Pd/Al2O3
as obtained by in situ ATR-IR spectroscopy. The adsorption
of NO−

2(aq) on H–Pd/Al2O3 yields NO(ads), NH2(ads) and NH+
4 .

These species originate from reaction with hydrogen on the
palladium surface (Figs. 2 and 5). Moreover, subsequent hydro-
genation showed that NO(ads) most likely is converted into N2,
whereas the hydrogenation of NH2(ads) yields only NH+

4 . Inter-
estingly, the production of NH+

4 begins only after most of the
NO(ads) has disappeared (Fig. 3). Our findings clearly demon-
strate that NH+

4 and nitrogen are formed via two parallel step-
wise hydrogenation processes, as shown in Scheme 1. More-
over, these two reactions pathways are independent. The obser-
vation that NH2(ads) cannot be hydrogenated to N2 is obvious;
the observation that NO(ads) cannot be converted to NH2(ads) or
NH+

4 is unexpected; this is indicated by the interrupted arrow
in Scheme 1.

In Scheme 1, the actual observed species are highlighted
with a box. Clearly, the hydrogenation of nitrite to NH2(ads)
must be a sequence of elementary reaction steps. Because
NO(ads) evidently is not an intermediate for NH+

4 formation
(Fig. 3), there must be a reaction pathway from NO−

2 to NH+
4 ,

excluding NO(ads) as an intermediate species. The most fea-
sible reaction path is the addition of hydrogen to nitrite as
the first step to form HNO−

2 , which undergoes further step-
wise hydrogenation to NH2(ads). Formation of HNO− as an
2
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Fig. 5. (A, C, E) Water corrected ATR-IR spectra during hydrogenation of NO−
2(aq) (4.3 × 10−4 mol/L) over H–Pd/Al2O3 and (B, D, E) integrated peak areas

during hydrogenation ((A and B) 2.1 × 10−5 mol/L H2, (C and D) 1.3 × 10−5 mol/L H2, (E and F) 4.1 × 10−6 mol/L H2).
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Scheme 1. Improved reaction scheme of the catalytic hydrogenation of nitrite over Pd/Al2O3. The reactions in the boxes are based on the findings in the present
paper. The other reactions in the scheme have been discussed before in literature [53]. The dotted lines represent possible reaction pathways for N2O and N2
formation, although at present there is no evidence for these pathways.
Fig. 6. Ratio between the peak intensity of NO(ads) and NH2(ads) and between

NH2(ads) and NH+
4 at steady state during continuous hydrogenation at varying

hydrogen concentrations.

intermediate for the electrochemical reduction of nitrite over
platinum has been suggested in the literature [37,40–42]. In ad-
dition, the formation of NH+

4 via hydrogenation of HNO−
2(ads)

is supported by the reaction mechanisms proposed from the
electrochemical reduction of nitrate and nitrite over platinum
electrodes [36,40–43]. Dissociation of hydrogen is assumed to
be the first step, followed by reaction with nitrite [11–14]. Un-
fortunately, the present study provides no clear evidence for
the presence of HNO−

2(ads) (expected at wave numbers around

1260–1280 cm−1); however, its presence cannot be excluded,
because the signal could be easily masked by the large peak
at 1235 cm−1. NH2(ads) was observed only during adsorption of
NO−

2(aq) on H–Pd/Al2O3 (Fig. 2), suggesting that the entire step-

wise hydrogenation process starting from NO−
2 proceeds much

faster than subsequent hydrogenation of NH2(ads) into NH+
4 . In

addition, NH2OH is considered a likely intermediate during the
formation of NH+

4 (Scheme 1), because we have recently shown
that the NH2(ads) intermediate also arises from decomposition
and/or reaction of NH2OH on Pd/Al2O3 [24].

The formation of nitrogen, on the other hand, must proceed
via NO(ads) as an intermediate. From the present study, it is clear
that NO(ads) is formed on the palladium surface during the hy-
drogenation of nitrite, in agreement with proposed mechanisms
based on kinetic studies [5,6,10,11]. At present, the mechanism
of N2 formation is unclear, but the most frequently suggested
mechanism involves dimerization of NO(ads) [43–52] with N2O
as an intermediate; this was not observed in the present study,
however, possibly due to the rapid reduction of N2O to N2 re-
ported previously for palladium catalysts [50].

The proposed scheme with two parallel reaction pathways
for NH+

4 and nitrogen contradicts reaction schemes for the het-
erogeneous hydrogenation of nitrite over supported noble metal
catalysts proposed in the literature. Adsorbed NO has been pro-
posed as an intermediate in the formation of both nitrogen and
NH+

4 [5,6,10,11]. In our improved reaction scheme, adsorbed
NO is an intermediate, but it hydrogenates only to N2, whereas
NH2(ads) is converted to NH+

4 via HNO−
2(ads) as an interme-

diate. The fact that NO(ads) is apparently much more reactive
than NH2(ads) means that reasonable selectivity to N2 is within
reach for Pd catalysts. Moreover, our experiments demonstrate
that the concentrations of NO(ads) and NH2(ads) are affected by
the hydrogen concentration; at high hydrogen concentration,
the NH2(ads) concentration increased compared with the surface
coverage of NO(ads). This explains qualitatively that selectiv-
ity to N2 decreases with increasing H2 pressure, as has been
reported previously [4,8,33].

4. Conclusion

This study investigated the relevant surface intermediates in
the catalytic hydrogenation of NO−

2 over Pd/Al2O3 in water.
Adsorbed NO, NH2, and NH+

4 are detected as surface inter-
mediates on the palladium surface during reaction of NO−

2(aq)
with surface hydrogen. NO(ads) is more reactive toward hydro-
gen than NH2(ads), and hydrogenation of NH2(ads) is the rate
determining step in the reaction sequence to NH+

4 . Hydrogena-
tion of adsorbed NO on palladium results in the formation of
a reaction product that is not IR-active (most likely nitrogen),
whereas no NH+

4 is formed. NH+
4 , on the other hand, is formed

solely via hydrogenation of the NH2(ads) intermediate. Our find-
ings clearly demonstrate that the formation of nitrogen and
NH+

4 proceeds via two independent pathways. Consequently,
we have proposed a revised reaction scheme. Increasing se-
lectivity to NH+

4 with increasing hydrogen concentration is in
good agreement with preferential formation of NH2(ads) over
NO(ads) at high hydrogen concentrations.
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