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Chapter 1 

Summary

The chemical industry is always searching for more cost- and performance-efficient
processes and the trend is therefore to use water as a solvent. The selection of water
as a solvent offers many benefits; beside low cost, the advantages are the fact that it
is environmentally benign, its availability and safety. The chemical industry is a major
contributor to environmental pollution, largely due to the use of hazardous solvents.
These solvents often end up in wastewater and can be removed by for example wet-
air oxidation over several catalysts. At the same time, nitrite and nitrate levels in
groundwater have increased over the last few decades. Denitrification (nitrite and
nitrate removal) is therefore one of the most investigated hydrogenation reactions in
ground-water treatment.

So far, detailed mechanistic studies of reactions carried out in water are lacking
because it is difficult to study heterogeneous catalysis in-situ when the reaction is
carried out in water. Vibrational spectroscopy is a versatile tool to study adsorption
and reaction on catalytic surfaces in gas phase. Because liquids and water in
particular, are strong absorbers of infrared radiation, normal transmission infrared
spectroscopy is not applicable unless the pathlength of the light is very short, i.e. in
the order of a few microns. Attenuated Total Reflection Infrared Spectroscopy (ATR-
IR), however, is ideally suited for studying molecular vibrations at the solid-liquid
interface since the evanescent wave is restricted to the region near the interface,
thereby minimising the contribution from the liquid.

The work described in this thesis demonstrates the application of ATR-IR infrared
spectroscopy to study adsorption and catalytic reactions on metal surfaces during
heterogeneous catalytic reactions in aqueous phase. By coating an Internal
Reflection Element (IRE) with a stable, thin (in the order of a few microns) catalyst
layer, adsorption and reaction at the solid-aqueous interface was studied
successfully. Properties of the technique and the influence of water on the supported
metal catalysts were demonstrated using two reactions (i) CO oxidation and (ii) nitrite
hydrogenation.
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CO is a widely applied molecule to characterise supported noble metal catalysts and
CO oxidation is a very simple reaction. Therefore CO adsorption and oxidation was
used to demonstrate the technique and to give insight in the behaviour of supported
catalysts in water. Denitrification, nitrite hydrogenation, is becoming more important
due to the high nitrite and nitrate levels found in ground-water in Europe and the
increasingly strict regulations for drinking water quality. The hydrogenation can be
performed over single noble metal catalysts such as platinum and palladium
catalysts. The heterogeneous hydrogenation of nitrite was investigated by ATR-IR, in
order to resolve the hydrogenation mechanism.

Adsorption and oxidation of carbon monoxide

Adsorption and oxidation of carbon monoxide was performed in both gas and
aqueous phase over Pt/ZnSe, Pt/Al2O3 and Pd/Al2O3, investigating the influence of
water on both CO and the noble metal. Adsorption of CO from gas and aqueous
phase on the supported catalysts revealed significant differences. (i) CO adsorption
from aqueous phase results in a clear red shift of the CO stretch frequency compared
to adsorption from dry gas. This red shift is caused by the influence of water on
adsorbed CO, possibly via a direct interaction between the water molecules and
adsorbed CO, most likely via hydrogen bonding. Moreover, (ii) the ratio of integrated
intensities for linear and bridged CO (L/B ratio) decreased from gas phase to
aqueous phase. In the field of catalyst characterisation it is well-known that upon
increasing support alkalinity the red shift of linear and bridged CO is accompanied by
a lower L/B ratio as a result of the increased back-donation from the noble metal
particles. (iii) The infrared absorbance increased when adsorbing CO in aqueous
phase, compared to in gas phase adsorption.

Based on the red shift and changed L/B ratio, it is not possible to decide whether the
red shift is caused by the direct effect of water on the CO molecule, the indirect effect
via modification of the metal particle potential, inducing an increased π-back-donation
from the metal to CO, or a combination of both phenomena. Remarkably, the CO
intensity increased drastically when adsorbed from aqueous phase compared to from
gas phase. This can be caused by a polarisation of the CO molecule, for example via
hydrogen bonding, which directly influences its extinction coefficient because of an
increased transition dipole moment, thereby increasing the observed infrared
intensity.

In aqueous phase, the stretch frequency of adsorbed CO was found to shift down
with increasing pH. From electrochemistry it is known that a change in electrode
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potential causes a shift in peak position of adsorbed CO. In gas phase chemistry the
stretch frequency of adsorbed CO is regarded as a sensitive probe of metal-support
interactions, which are known to influence the electronic properties of the supported
metal and thus its catalytic activity. The observed red shift with increasing pH can be
attributed to increasing π-back-donation from the supported metal to adsorbed CO,
caused by decreasing potential of the supported metal particles.

The oxidation rate of pre-adsorbed CO increased in aqueous phase compared to in
gas phase. In addition, an increase in pH significantly enhances the CO oxidation
rate. Over Pt/Al2O3, the stretch frequency of adsorbed CO is linearly related to the
CO oxidation rate, which suggests an effect of the metal particle potential on the rate-
determining step of CO oxidation in aqueous phase. The increased π-back donation
weakens the CO bond by supplying electrons in the anti-bonding orbital, therefore
CO will be more reactive towards the p-electrons of adsorbed oxygen atoms. As a
result, the CO molecule is more easily oxidised in aqueous phase and with increasing
pH. Moreover oxidation of pre adsorbed CO on Pd/Al2O3 showed that the palladium
particles are more easily oxidised in water and with increasing pH, further increasing
the oxidation rate of adsorbed carbon monoxide. Scheme 1 summarises the
influence of water and pH on both the CO stretch frequency and the CO oxidation
rate. The presence of co-adsorbed and bulk water affect the metal particle potential
and the CO transition dipole moment respectively, most likely via complex formation
between CO and H2O. This interaction alters the reaction mechanism and rate of CO
oxidation. In addition, pH mainly affects the CO molecule via a potential change of
the metal particle, which in turn is directly related to the observed rate of oxidation of
CO. Moreover, on Pd/Al2O3, increased pH enhances the oxidation of the supported
palladium particles, increasing the oxidation rate of adsorbed carbon monoxide
further.
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 Scheme 1. Schematic presentation of the influence of water and pH on the CO stretch frequency and 
CO oxidation rate.

Nitrite hydrogenation 

Catalytic hydrogenation is a relatively new method for the removal of nitrate and
nitrite from water. Nevertheless, many groups have worked on developing active and
selective catalysts or systems. It has been suggested that the reaction pathways for
nitrite hydrogenation and electroreduction of NO adlayers are similar for both
platinum and palladium catalysts. However in the present study we have clearly
shown that there are significant differences in the heterogeneous hydrogenation of
nitrite over Pt/Al2O3 and Pd/Al2O3. The adsorption of NO2

-
(aq) and NH4

+
(aq) show

similar adsorption characteristics on both Pd/Al2O3 and Pt/Al2O3. The vibrational
spectrum of the NO2

- ion changed substantially upon adsorption, clearly indicating
that NO2

- chemisorbs onto the noble metal catalysts. Contrary, adsorption of NH4
+

does not lead to significant changes of the vibrational spectrum of the ion, indicating
that NH4

+ does not chemisorb on the noble metal, but is stabilised via an electrostatic
interaction. When comparing adsorption of hydroxylamine (NH2OH(aq)) on Pd/Al2O3

and Pt/Al2O3 significant differences were observed. On Pd/Al2O3, hydroxylamine is
converted into a stable NH2(ads) fragment, whereas on Pt/Al2O3 hydroxylamine is
converted into NO, possibly via HNO(ads) as an intermediate.

During hydrogenation of nitrite similar species to during adsorption and
decomposition of NH2OH were formed on the catalyst surface. Adsorption of NO2

- on
H-Pd/Al2O3 (where NO2

-
(aq) can react with adsorbed hydrogen) showed that nitrite

hydrogenates to adsorbed NO, NH2, and NH4
+. Moreover, subsequent hydrogenation

showed that NO(ads) is most likely converted to N2, while the hydrogenation of NH2(ads)

produces solely NH4
+. Interestingly, NH4

+ is only produced after almost all NO(ads) has
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disappeared, showing that NO(ads) is more reactive toward hydrogen than NH2(ads)

and that NO(ads) is not converted to NH4
+. On platinum, nitrite hydrogenates to NO(ads)

and NH4
+ as well. However, in contrast to hydrogenation of NO adsorbed on

Pd/Al2O3, hydrogenation of NO on Pt/Al2O3 produces both N2O and ammonia, via
"HNO"(ads) as an intermediate.

To a small extent N2O was observed during all hydrogenation experiments over
Pt/Al2O3. Nitrogen is believed to be formed from reduction of N2O over platinum, thus
indicating the formation of small amounts of nitrogen. On Pd/Al2O3, on the other
hand, nitrogen is formed via hydrogenation of NO, which was formed at relatively
high amounts compared to NH2 and NH4

+. The main species on Pt/Al2O3 are, NO and
"HNO"(ads), which hydrogenate to both N2O and NH4

+. The "HNO"(ads) intermediate is
observed during the continuous hydrogenation of nitrite over Pt/Al2O3. On Pd/Al2O3,
on the other hand, NO(ads) and NH2(ads) are observed during the continuous
hydrogenation, of which NO(ads) is more reactive to hydrogen, and hydrogenates to
nitrogen, whereas NH2(ads) hydrogenates to ammonia. These findings indicate that,
different steps in the formation of ammonia are rate limiting over platinum and
palladium; hydrogenation of "HNO"(ads) is rate limiting for Pt/Al2O3, whereas the
hydrogenation of NH2(ads) is rate limiting over Pd/Al2O3.

This study is the first to show the surface intermediates during heterogeneous
hydrogenation of nitrite over supported palladium and platinum catalysts. In literature,
it was suggested that the reaction pathways for heterogeneous catalytic
hydrogenation of nitrite and for electroreduction of NO adlayers are the same for both
platinum and palladium catalysts. However, it is clearly shown that nitric oxide
adsorbed on Pt/Al2O3 hydrogenates to ammonia, with "HNO"(ads) as an intermediate.
On Pd/Al2O3, the other hand, nitric oxide does not produce ammonia, since ammonia
is formed via hydrogenation of NH2(ads) only.

The main difference between the mechanism for hydrogenation of nitrite on Pt/Al2O3

and Pd/Al2O3 proposed here and the mechanism previously suggested in literature
involves identification of the key adsorbed intermediate. The same surface
intermediates are involved on both metals as shown in Scheme 2, but the species
observed which are involved in the rate determining step(s) are quite different:
NO(ads) and NH2(ads) on palladium versus "HNO"(ads) on platinum. It was previously
suggested that nitric oxide, formed on both noble metal catalysts, hydrogenates to
ammonia and nitrogen. Our spectroscopic evidence clearly shows that on palladium
adsorbed nitric oxide does not hydrogenate to ammonia, whereas on platinum, it is
found as a product from hydrogenation of nitric oxide.
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Only on
Pt/Al2O3

NO2
-
(aq) + Me/Al2O3

HNO2
-
(ads) NH2(ads)

NO(ads)

"HNO"(ads) H2NO(ads) NH2OH(ads) NH3(ads) NH4
+

987654

2

1

3

N2O N2

Scheme 2. Reaction scheme of the catalytic hydrogenation of nitrite over Pd/Al2O3 and Pt/Al2O3. The 
dotted lines represent possible reaction pathways for N2O and N2 formation, although at present there

is no evidence for these pathways. Step � applies for Pt/Al2O3 only.
All other steps apply for both catalysts.

This study convincingly shows that ATR-IR spectroscopy can be applied to study
adsorption and reaction on supported catalysts in dry gas, wet gas as well as
aqueous phase. As such, ATR-IR spectroscopy allows direct comparison between
adsorption and reactions in gas and liquid phase. To improve the understanding of
heterogeneous catalysis in aqueous phase in detail, theoretical calculations are
necessary. Furthermore, combination of ATR-IR spectroscopy with other techniques
offers more opportunities; e.g. a system to detect dissolved gases, can gain more
insight in reactions where gaseous products are formed.



Chapter 1 

Samenvatting

De chemische industrie is altijd op zoek naar efficiëntere processen. De trend is
daarbij om water te gebruiken als oplosmiddel. De keuze voor water biedt veel
voordelen; naast de lage kosten is het gebruik van water milieuvriendelijk, is het
overal verkrijgbaar en is het veilig in gebruik. De chemische industrie levert een grote
bijdrage aan milieuvervuiling, voor een groot deel veroorzaakt door schadelijke
oplosmiddelen. Deze oplosmiddelen eindigen vaak in afvalwater, waaruit ze
verwijderd kunnen worden met behulp van bijvoorbeeld wet-air oxidatie over
verschillende katalysatoren. Bovendien zijn de laatste decennia de nitriet en nitraat
concentraties in grondwater aanzienlijk gestegen. Denitrificatie (nitriet en nitraat
verwijdering) is daarom een van de meest bestudeerde hydrogeneringsreacties in de
behandeling van grondwater.

Tot nu toe ontbreken gedetailleerde mechanistische studies van reacties uitgevoerd
in water, omdat het moeilijk is heterogene katalysatoren in-situ te bestuderen als de
reactie in water uitgevoerd wordt. Infrarood vibratiespectroscopie is een veelzijdige
methode die gebruikt wordt om gasfase adsorptie en reactie op
katalysatoroppervlakken te bestuderen. Vloeistoffen, in het bijzonder water,
adsorberen infraroodstraling in sterke mate. Daarom is normale transmissie infrarood
spectroscopie alleen toepasbaar als de weglengte van het licht erg kort is; in de
ordegrootte van een paar micron. Attenuated Total Reflection Infrared Spectroscopy
(ATR-IR) is echter zeer geschikt voor het bestuderen van moleculaire vibraties op het
vast-vloeistof oppervlak omdat het infrarood licht beperkt is tot vlakbij het
katalysatoroppervlak, waardoor de invloed van de vloeistof minimaal is.

Het werk beschreven in dit proefschrift toont de toepassing van ATR-IR
spectroscopie om adsorptie en katalytische reacties op metaalkatalysatoren tijdens
heterogeen katalytische reacties in water te bestuderen. Door een Intern Reflectie
Element (IRE) te bedekken met een stabiele, dunne (ordegrootte van enkele
microns) katalysatorlaag, zijn de adsorptie en reactie op het grensvlak succesvol
bestudeerd. Eigenschappen van de techniek en de invloed van water op de
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gedragen metaal katalysatoren zijn aangetoond door gebruik te maken van twee
voorbeeldreacties: (i) CO oxidatie en (ii) nitriet hydrogenering.

CO is een veel toegepast molecuul om gedragen edelmetaal katalysatoren te
karakteriseren, bovendien is CO oxidatie een relatief eenvoudige reactie. Om deze
redenen is CO adsorptie en oxidatie gebruikt om de toepassing van ATR-IR
spectroscopie te tonen en om inzicht te geven in het gedrag van gedragen
katalysatoren in water. Stikstofverwijdering wordt steeds belangrijker door het hoge
nitriet en nitraat gehalte in grondwater in Europa en de steeds strengere regelgeving
voor drinkwaterkwaliteit. Hydrogenering kan worden uitgevoerd met edelmetaal
katalysatoren zoals platina en palladium katalysatoren. De heterogene hydrogenering
van nitriet is bestudeerd met behulp van ATR-IR spectroscopie, om het mechanisme
van de hydrogeneringsreactie vast te stellen.

Adsorptie en oxidatie van koolmonoxide

Adsorptie en oxidatie van koolmonoxide is uitgevoerd in gasfase en in water over
Pt/ZnSe, Pt/Al2O3 en Pd/Al2O3, waarbij de invloed van water op zowel CO als het
edelmetaal is bestudeerd. Adsorptie van CO uit gas en water op de gedragen
katalysatoren levert significante verschillen. In vergelijking met adsorptie uit de
gasfase levert CO adsorptie uit water (i) een duidelijke roodverschuiving van de CO
strekfrequentie op. Deze roodverschuiving wordt veroorzaakt door de invloed van
water op geadsorbeerd CO, mogelijk via een directe interactie tussen de water
moleculen en geadsorbeerd CO, waarschijnlijk via de vorming van waterstofbruggen.
Bovendien is (ii) de verhouding tussen de geïntegreerde intensiteiten voor lineair en
gebrugd geadsorbeerd CO (L/G verhouding) lager in water dan in de gasfase. In het
werkveld van katalysatorkarakterisering is het algemeen bekend dat als de drager
meer basisch wordt, de roodverschuiving van lineair en gebrugd CO vergezeld gaat
met een lagere L/G verhouding. Dit is als gevolg van de π-back-donation van het
edelmetaal naar het CO molecuul. (iii) Bij CO adsorptie uit water steeg de infrarood
adsorptie in vergelijking met adsorptie uit de gasfase.

Gebaseerd op de roodverschuiving en verandering in L/G verhouding is het niet
mogelijk om te bepalen of de roodverschuiving veroorzaakt wordt door het directe
effect van water op het CO molecuul, het indirecte effect via aanpassing van de
potentiaal van het metaal, dat een hogere π-back-donation veroorzaakt, of een
combinatie van beide. Het is opmerkelijk dat bij adsorptie uit water in vergelijking met
uit de gasfase de CO intensiteit dramatisch stijgt. Dit kan veroorzaakt worden door
polarisatie van het CO molecuul, bijvoorbeeld door de vorming van waterstofbruggen,
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die een directe invloed uitoefent op de absorptiecoëfficiënt door een groter dipool
moment. Hierdoor stijgt de geobserveerde intensiteit.

In water schuift de strekvibratie van geadsorbeerd CO naar lagere frequentie bij het
verhogen van de pH. Uit de elektrochemie is bekend dat een verandering van de
elektrodepotentiaal een verschuiving veroorzaakt in de positie van de piek van
geadsorbeerd CO. In gasfasechemie wordt de strekfrequentie van CO beschouwd
als een indicatie voor metaal-drager interacties, die de elektronische eigenschappen
van het gedragen metaal en daarmee op de katalytische activiteit beïnvloeden. De
geobserveerde roodverschuiving bij het verhogen van de pH kan worden
toegeschreven aan een verhoogde π-back-donation van het gedragen metaal naar
het geadsorbeerde CO, veroorzaakt door een afnemende potentiaal van de
gedragen metaaldeeltjes.

De oxidatiesnelheid van vooraf geadsorbeerd CO steeg in water ten opzichte van in
gasfase. Daarnaast levert een verhoging van de pH tevens een significante
verhoging van de CO oxidatiesnelheid. Over Pt/Al2O3 is de strekfrequentie van
geadsorbeerd CO lineair gerelateerd aan de CO oxidatiesnelheid, wat een effect van
de potentiaal van het metaal op de snelheidsbepalende stap van CO oxidatie in
water suggereert. De verhoogde π-back-donation verzwakt de CO binding doordat
elektronen in de antibindende orbitaal terechtkomen. Daardoor wordt CO reactiever
voor de p-elektronen van geadsorbeerde zuurstofatomen, met als gevolg dat het CO
molecuul makkelijker oxideert in water en bij verhoogde pH. Bovendien, laat oxidatie
van vooraf geadsorbeerd CO op Pd/Al2O3 zien dat ook de palladium deeltjes
makkelijker oxideren in water en bij verhoogde pH, wat de oxidatiesnelheid van
geadsobeerd koolmonoxide verder verhoogt. Schema 1 vat de invloed van water en
pH op de CO strekfrequentie en de CO oxidatiesnelheid samen. De aanwezigheid
van gecoadsorbeerd en bulk water beïnvloeden respectievelijk de potentiaal van het
metaal en het CO overgangsdipoolmoment, hoogstwaarschijnlijk door de vorming
van een CO-H2O complex. Deze interactie tussen CO en H2O verandert het
reactiemechanisme en de CO oxidatiesnelheid. De pH beïnvloedt het CO molecuul
via een verandering van de potentiaal van het metaal, wat direct gerelateerd is aan
de waargenomen oxidatiesnelheid van CO. Over Pd/Al2O3, verbetert bovendien een
stijgende pH de oxidatie van de gedragen palladium deeltjes. Dit levert een verdere
stijging van de oxidatiesnelheid van geadsorbeerd koolmonoxide op.



10

Gas fase Water H3O+ OH-

Al2O3

Invloed van water Invloed van pH
in water

Pt / PdPt / Pd
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 Schema 1. Schematische weergave van de invloed van water en pH op de CO strekfrequentie en de
oxidatiesnelheid van CO.

Nitriet hydrogenering

Katalytische hydrogenering is een relatief nieuwe methode om nitraat en nitriet uit
water te verwijderen. Veel groepen werken aan de ontwikkeling van actieve en
selectieve katalysatoren en systemen. Er is voorgesteld dat de reactiemechanismen
over zowel platina en palladium voor nitriet hydrogenering en elektroreductie van NO
adsorptielagen vergelijkbaar zijn. In de huidige studie wordt duidelijk aangetoond dat
er significante verschillen zijn voor de heterogene hydrogenering van nitriet over
Pt/Al2O3 en Pd/Al2O3. NO2

-
(aq) en NH4

+
(aq) hebben vergelijkbare adsorptie

karakteristieken op zowel Pt/Al2O3 en Pd/Al2O3. Het vibratiespectrum van het NO2
-

ion veranderde substantieel tijdens adsorptie op beide metalen, wat wijst op NO2
-

chemisorptie op de edelmetaalkatalysatoren. In tegenstelling tot NO2
- leidt de

adsorptie van NH4
+ niet tot significante veranderingen in het vibratiespectrum van het

ion, wat suggereert dat NH4
+ niet chemisorbeert op het edelmetaal, maar

gestabiliseerd wordt via elektrostatische interactie. Bij het vergelijken van adsorptie
van hydroxylamine (NH2OH(aq)) op Pd/Al2O3 en Pt/Al2O3 zijn significante verschillen
waargenomen. Op Pd/Al2O3 wordt hydroxylamine omgezet tot een stabiel NH2(ads)

fragment, terwijl het op Pt/Al2O3 wordt omgezet in NO, mogelijk via HNO(ads) als
intermediair.

Tijdens de hydrogenering van nitriet zijn vergelijkbare adsorbaten op het katalytische
oppervlak waargenomen als tijdens de adsorptie en ontleding van NH2OH. Adsorptie
van NO2

- op H-Pd/Al2O3 (waar NO2
-
(aq) kan reageren met geadsorbeerd waterstof)

laat zien dat nitriet hydrogeneert tot geadsorbeerd NO, NH2, and NH4
+.

Daaropvolgende hydrogenering laat bovendien zien dat NO(ads) hoogstwaarschijnlijk
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omgezet wordt naar N2, terwijl de hydrogenering van NH2(ads) alleen NH4
+ oplevert.

Interessant genoeg wordt NH4
+ pas geproduceerd als bijna al het NO(ads) is

weggereageerd. Dat betekent dat NO(ads) makkelijker met waterstof reageert dan
NH2(ads) en bovendien dat NO(ads) niet wordt omgezet tot NH4

+. Over platina
hydrogeneert nitriet ook tot NO(ads) and NH4

+, maar in tegenstelling tot de
hydrogenering van NO geadsorbeerd op Pd/Al2O3, levert de hydrogenering van NO
geadsorbeerd op Pt/Al2O3 zowel N2O als ammoniak, met "HNO"(ads) als intermediair.

Tijdens alle hydrogeneringsexperimenten over Pt/ Al2O3 werd een kleine hoeveelheid
N2O waargenomen. Dit is een indicatie voor de vorming van kleine hoeveelheden
stikstof, het meest waarschijnlijke hydrogeneringsproduct van N2O. Over Pt/Al2O3

wordt stikstof gevormd via de hydrogenering van NO, dat in grote hoeveelheden
gevormd wordt, in vergelijking met NH2 en NH4

+. De belangrijkste intermediaren op
Pt/Al2O3 zijn NO en "HNO"(ads), die hydrogeneren naar N2O en NH4

+. "HNO"(ads) is
waargenomen tijdens continue hydrogenering van nitriet over Pt/Al2O3. Op Pd/Al2O3

daarentegen, zijn NO(ads) en NH2(ads) waargenomen tijdens continue
hydrogeneringsexperimenten. Hiervan is NO(ads) het meest reactieve adsorbaat in
combinatie met waterstof en produceert stikstof, terwijl NH2(ads) hydrogeneert tot
ammoniak. Bovenstaande bevindingen duiden erop dat voor de twee katalysatoren
verschillende stappen in de vorming van ammoniak snelheidsbepalend zijn; over
Pt/Al2O3 is de hydrogenering van "HNO"(ads) snelheidsbepalend, terwijl de
hydrogenering van NH2(ads) snelheidsbepalend is over Pd/Al2O3.

Deze studie toont voor het eerst de oppervlakte-intermediaren tijdens heterogene
hydrogenering van nitriet over gedragen palladium en platina katalysatoren. In de
literatuur is gesuggereerd dat het reactiemechanisme voor zowel heterogeen
katalytische hydrogenering van nitriet als voor elektroreductie van geadsorbeerd NO
hetzelfde is over platina en palladium katalysatoren. Hier is echter aangetoond dat
geadsorbeerd stikstofoxide op Pt/Al2O3 tot ammoniak hydrogeneert, met "HNO"(ads)

als intermediair. Over Pd/Al2O3 produceert stikstofoxide geen ammoniak, maar wordt
ammoniak alleen gevormd via hydrogenering van NH2(ads).

Het belangrijkste verschil tussen het hier voorgestelde mechanisme voor de
hydrogenering van nitriet over Pt/Al2O3 en Pd/Al2O3 en het mechanisme voorgesteld
in de literatuur betreft het vaststellen van de belangrijkste geadsorbeerde
intermediair. Dezelfde oppervlakte-intermediairen zijn betrokken bij de hydrogenering
over beide edelmetaal katalysatoren, maar de intermediairen betrokken in de
snelheidsbepalende stap(pen) zijn verschillend: NO(ads) en NH2(ads) op palladium
versus "HNO"(ads) op platina. Eerder is gesuggereerd dat stikstofoxide, gevormd op
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beide edelmetaal katalysatoren, tot ammoniak en stikstof hydrogeneert. Onze
resultaten bewijzen dat stikstofoxide geadsorbeerd op palladium niet tot ammoniak
hydrogeneert, terwijl dit wel het geval is op platina.

Alleen
over

Pt/Al2O3

NO2
-
(aq) + Me/Al2O3

HNO2
-
(ads) NH2(ads)

NO(ads)

"HNO"(ads) H2NO(ads) NH2OH(ads) NH3(ads) NH4
+

987654

2

1

3

N2O N2

Schema 2. Reactieschema van de katalytische hydrogenering van nitriet over Pd/Al2O3 en Pt/Al2O3.
De stippellijnen geven mogelijke reactiepaden voor N2O en N2 weer, hoewel er op dit moment geen 
bewijs is voor deze reactiepaden. Stap � is alleen van toepassing op Pt/Al2O3, alle andere stappen 

zijn geldig voor beide katalysatoren.

Deze studie toont duidelijk dat ATR-IR spectroscopie toegepast kan worden om
adsorptie en reactie op gedragen katalysatoren, in droog en vochtig gas en in water
te bestuderen. Als zodanig biedt ATR-IR spectroscopie de mogelijkheid een directe
vergelijking te maken tussen adsorptie en reactie in gas en vloeistoffase. Voor het
verder vergroten van het begrip van heterogene katalyse in water kunnen
theoretische berekeningen behulpzaam zijn. Verder kan de combinatie van ATR-IR
spectroscopie met andere technieken nog meer mogelijkheden bieden; bijvoorbeeld
de combinatie met een systeem om opgeloste gassen in water te detecteren kan
inzicht geven in reacties waarbij gasvormige producten ontstaan.



Chapter 1 

General Introduction
Abstract
The majority of infrared studies on surface species in gas phase have been
performed on thin discs of the catalyst, where transmittance is measured. Liquids,
and especially water, are strong absorbers of infrared intensity so transmission
infrared spectroscopy is not suitable to apply. Attenuated Total Reflection Infrared
Spectroscopy however is ideally suited for studying molecular vibrations at the solid-
liquid interface since the evanescent wave is restricted to the region near the
interface. One of the most investigated and well characterised reactions in
heterogeneous catalysis is the oxidation of carbon monoxide to carbon dioxide.
Oxidation of carbon monoxide can be carried out both by molecular oxygen or by
electrochemical oxidation. Hydrogenation of nitrate and nitrite is one of the most
investigated reactions for water treatment applications. These two reactions will be
studied in the present thesis and are therefore described in detail in this chapter.

The objective of the research described in this thesis is to gain general understanding
of the reaction mechanism involved. Special emphasis will be on the influence of
water and pH on these two reactions. Based in the surface intermediates and
reaction mechanism, the influence of reaction conditions kinetics (activity and
selectivity) can be understood better. Furthermore a general understanding of
heterogeneous catalytic reactions in aqueous phase would close the gap between
studies on electrochemical and heterogeneous catalytic reactions.
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1.1 Introduction

Catalytic treatment of both waste- and groundwater treatment is receiving more and
more attention over the past decades. The majority of the processes used in water
purification are the oxidation of pollutants. To a lesser extent also hydrogenation
processes are also studied for water treatment [1].

In the chemical industry it has become a trend to use water as a solvent. It offers
many advantages over the use of organic solvents, i.e. low cost of water, its
availability and the fact that it is safe to use and environmentally friendly. At present
however the chemical industry is still a major contributor to environmental pollution,
partly due to the use of hazardous solvents. Out of the top 10 chemicals released or
disposed of by the chemical industry in the mid-1990s, five were solvents, namely,
methanol, toluene, xylene, methyl ethyl ketone, and methylene chloride [2]. These
solvents often end up in wastewater and can be removed by for example wet-air
oxidation over several catalysts [1]. At the same time, nitrite and nitrate levels in
groundwater have increased over the last few decades [3,4]. Denitrification (nitrite
and nitrate removal) is therefore one of the most investigated hydrogenation
reactions in ground-water treatment [5-16].

So far, detailed mechanistic studies of heterogeneous catalytic reactions are lacking
because it is difficult to study reactions in-situ if the reaction is carried out in water. In
gas phase, vibrational spectroscopy is a versatile tool to study adsorption and
reaction on catalytic surfaces. However, in liquid phase reactions application of
normal transmission infrared spectroscopy is not suitable unless the pathlength of the
light is very short, i.e. in the order of a few microns, because liquids, water in
particular, are strong absorbers of infrared radiation. Nevertheless Attenuated Total
Reflection Infrared Spectroscopy (ATR-IR), is ideally suited to study molecular
vibrations at the solid-liquid interface because the evanescent wave is restricted to
the region near the interface, thereby minimising the contribution from the liquid [17].

In order to gain a general understanding of the factors influencing the activity and
selectivity for reactions occurring in aqueous phase, the surface intermediates during
adsorption and oxidation of carbon monoxide as well as adsorption and
hydrogenation of nitrite hydrogenation will be investigated by ATR-IR spectroscopy in
water. For this purpose characterisation of heterogeneous catalysts in liquid phase by
ATR-IR will be described. In combination with vibrational spectroscopy carbon
monoxide is widely applied as a probe molecule to characterise supported noble
metal catalysts [18-29]. In addition, the relative simplicity of carbon monoxide
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oxidation makes this reaction an ideal model of heterogeneous catalytic reactions,
and allows for a detailed in-situ study. Furthermore hydrogenation of nitrite and
nitrate over noble metal catalysts will be studied, since this reaction is well
investigated, although no mechanistic evidence is provided. Additionally it is well
known that pH of the solution greatly influences both the activity and selectivity of the
noble metal catalysts in nitrate and nitrite hydrogenation.

1.2 In-situ characterisation of supported catalysts in liquid phase

Infrared spectroscopy has been used extensively to investigate the surface chemistry
of heterogeneous catalysts in gas phase. The technique has made great contribution
to the structural knowledge of adsorbed species during adsorption and catalytic
reactions. The majority of infrared studies on surface species have been performed
on thin wafers of the catalyst, where transmittance is measured, which was first
described in 1956 [30]. However, many catalytic reactions take place at the solid
liquid interface, where infrared spectroscopic studies have not received much
attention so far. Liquids, and especially water, are strong absorbers of infrared
intensity so transmission infrared spectroscopy is not suitable to apply unless the
pathlength is very short; i.e. in the order of a few microns. Attenuated Total Reflection
Infrared Spectroscopy (ATR-IR) however is ideally suited for studying molecular
vibrations at the solid-liquid interface since the evanescent wave is restricted to the
region near the interface, thereby minimising the contribution from the liquid. ATR-IR
is often applied as an analytical tool to study the solution composition and protein
structure in biochemistry [31] and to resolve reaction mechanisms of a variety of
homogeneously catalysed processes [32-39]. On the other hand the use of ATR-IR to
study liquid phase heterogeneous catalysis has only started to receive attention
recently [40-47] as recently reviewed [48].

Application of the ATR-IR technique to study adsorption and reactions at the interface
between solids and liquids was first reported in 1986 [46]. Herein the potential of
ATR-IR spectroscopy was discovered due to aggregation of goethite on the Internal
Reflection Element (IRE), although the signal was found to vary due to the
aggregation. This finding encouraged the same authors to study the absorption of
organic substrates on goethite [49-51]. More stable signals can be obtained by
depositing a very thin layer of solid particles on the IRE [40,43,45,52-55]. It is
essential that the thickness of the layer is in the same order as the penetration depth
of the infrared radiation (i.e. a few microns). Coating the IRE was applied for model
catalysts in organic solutions [40,56] and powder catalysts in both organic solutions
[57-60] and in aqueous solutions [41,44]. Only a few studies on the application of
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ATR-IR on the solid aqueous interface have been reported. The small number of
studies is due to instability of the coated catalyst layer in aqueous phase.

ATR-IR is well suited for studying species involved in surface processes such as
reactants, intermediates and products, and the catalytic surface itself [39]. In relation
to the study presented in this thesis, reactions involving CO have been investigated
before by ATR-IR spectroscopy, while nitrate/nitrite hydrogenation have never been
studied using ATR-IR. Recently, adsorption of CO on Pt/Al2O3 from aqueous solution
examined with ATR-IR was reported [41,44]. In one study the adsorption and
oxidation of CO over Pt/Al2O3 was investigated in several solvents including water
[44]. In another study CO adsorption on Pt/Al2O3 was investigated in relation to the
water-gas shift reaction and methanol reforming [41].

1.2.1 Internal Reflection Spectroscopy

Unlike in transmission spectroscopy, where the infrared beam passes through the
sample, in internal reflection spectroscopy, the infrared radiation is passed through
an Internal Reflection Element (IRE), which is an infrared transparent crystal of high
refractive index. Internal reflection spectroscopy was developed simultaneously and
independently by Harrick [61] and Fahrenfort [62]. The sample is placed in close
contact with the IRE. Incident infrared radiation is focussed onto the edge of the IRE,
reflected through the IRE and directed to a detector as shown in Figure 1.1; a
schematic diagram of a typical, commercially available horizontal accessory for
internal reflection spectroscopy.

Reflected radiation Incident radiation

Sample

IRE

Mirrors Mirrors

Figure 1.1. Schematic diagram of a typical, commercially available horizontal ATR accessory.

Light striking the interface between the two media (sample and IRE) of different
refractive indices (n) will be partially reflected and partially transmitted; the beam is
refracted according to Snell’s law. If the angle of incidence is closer to the reflecting
surface than the critical angle ( cθ > θ ), the light will no longer cross the reflecting

surface and will be totally reflected instead. The larger the angle to the normal, the
smaller is the fraction of light transmitted, until the critical angle when total internal
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reflection occurs (Figure 1.2A). This only occurs where light travels from a medium
with a higher refractive index into one with a lower refractive index. At the critical
angle ( cθ = θ ), the light is refracted so it travels along the reflecting surface; the

critical angle is given by:

-1
c 21θ = sin (n ) (1.1)

If cθ < θ , the beam will split. Some of the beam will reflect off the surface, and

some will refract as it passes through; grey beam in Figure 1.2A ( 1θ ).

If cθ > θ , total internal reflection occur and the entire beam reflects from the

surface; black beam in Figure 1.2A ( 2θ ).

Although total reflection occurs at the interface when cθ > θ , the electromagnetic field

penetrates a fraction of a wavelength beyond the reflecting surface into the less
dense medium. The penetration depth is defined as the distance required for the
amplitude of the electric field to fall to e-1 of its original value at the interface and is
given by equation (1.2) and illustrated in Figure 1.2B:

1
2

1
p 2 2

21

d =
2 (sin - n )

λ
⋅ π ⋅ θ

(1.2)

n1 is the refractive index of the IRE and n2 the refractive index of the medium on top
of the IRE. 1λ  is the wavelength in the IRE and is given by

1n1= λλ .

A

n2

n1

Reflecting
surface

θ1
θ2

θc

IRE

dp

θ IRE (n1)

Incident beam

Sample (n2)

B

Figure 1.2.  Schematic overview of the reflection at the surface (A) and the penetration depth into the 
sample (B).
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When a sample is brought in close proximity to the surface of the IRE so it interacts
with this penetrating field, total reflection is disrupted. If the sample absorbs the
radiation, the wave becomes attenuated and an absorption spectrum of the sample
can be obtained. This technique is known as Attenuated Total Reflection
Spectroscopy, ATR Spectroscopy.

1.3 Adsorption and oxidation of carbon monoxide

Adsorption of carbon monoxide is a widely applied molecule to characterise
supported noble metal catalysts [18-29]. Interactions between CO and the active
metal are known to be affected by modifications of the metal particles, i.e. via metal
support interactions and/or its surrounding medium. These changes are reflected in
shifts of the CO absorption bands. Co-adsorption of CO with other molecules also
affects the stretch frequency; the co-adsorption of water is known to influence the CO
stretch frequency significantly [20,21,23,41,44,63-66]. Since CO vibrations are so
sensitive, CO is an ideal model compound to characterise supported noble metal
catalysts.

Scientifically, oxidation of carbon monoxide is one of the simplest catalytic reactions
and thus is widely used as a model system to understand heterogeneous catalysis.
This reaction over noble metal catalysts was first studied in 1922 [67] and it still
remains worthy of investigation because of the unique possibility to characterise the
adsorption / reaction in-situ. Before the 1970s the oxidation of CO was believed to
proceed via an Eley–Rideal mechanism. Nowadays it is well-known that the CO
oxidation over noble metal catalysts, where platinum and palladium catalysts are
among the most active, proceeds via the three-step Langmuir-Hinshelwood reaction
scheme shown by reaction 1.3 – 1.5 [68-75]:

(g) (ads)CO  CO� (1.3)

2(g) (ads)O  2 O� (1.4)

+ →(ads) (ads) 2(g)O CO CO (1.5)

On both platinum and palladium catalysts CO adsorbs associatively and starts to
desorb above approximately 350 K, whereas O2 adsorbs dissociatively above
approximately 100 K and desorbs associatively above 720 K [76]. CO(ads) diffuses
rapidly over the surface and reacts with O(ads) to yield CO2, which immediately
desorbs into the gas phase. For gas phase CO oxidation it was reported that for
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platinum catalysts higher CO activity was found for samples with CO bands at lower
wavenumber, which was accompanied by a lower L/B ratio and attributed to
increased electron density on the metal particles [29,77].

Even though the overall reaction, as shown by reaction 1.6, looks very simple the
reaction kinetics are in fact rather complicated, and various phenomena have been
associated with its occurrence on the noble metal surface, such as: rate
dependencies varying from negative first order to positive first order for each reactant
[68,71,78-80], surface diffusion of adsorbed CO [68,81-83], adsorbate island
formation [71,84-86], rate oscillations [87-91], and metal surface restructuring under
reaction conditions [92].

2 22 CO + 2 O  2 CO→ (1.6)

Many studies have been addressed the oscillations in rate and CO coverage, and
numerous explanations have been provided to explain this behavior. These include
heat transfer effects [88], surface restructuring [93,94], redox of surface atoms
[95,96], mass transfer limitations [90], and carbon deposition [97,98]. The intent of the
present investigation is not to study the oscillatory behavior and, in fact, all CO
oxidation experiments were performed transient, avoiding any oscillatory behavior.

1.3.1 Electrochemical adsorption and oxidation of carbon monoxide

Electrochemical adsorption and oxidation of CO on platinum is among the most
extensively studied reactions in electrochemistry, since it is of great fundamental
interest [65,99-103]. Electrochemical studies are confined to dense conducting
electrodes, often single crystals, and adsorption behaviour is therefore often
compared to studies on single crystals. From electrochemical studies it is well known
that water influences the adsorbed state of CO on platinum catalysts considerably.
Furthermore, single crystal studies also report on the influence of water on adsorbed
CO [64-66]. A clear red shift was observed for both linear and bridged CO on
platinum upon gradual addition of D2O, which was explained by a combination of
increased π-back-donation from Pt to CO and a change in CO dipole moment [64,65].
Beside the influence of water it is well-known that a change in electrode potential also
causes a shift in peak position of adsorbed CO [99,104,105]. Moreover, a linear
relation between pH of the solution and the observed metal potential was published
[100], which was accompanied by a relation between the corrected potential and the
observed frequency of adsorbed CO [99,106].
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In the 1960s it was proposed that a reactant-pair of water and CO was involved in the
reaction mechanism for the electrochemical oxidation of adsorbed CO [101].
Nowadays it is generally accepted that an activated complex of water and CO is
involved in the reaction mechanism, although the exact nature of this specie is
speculative [101,103]. The mechanism assumes a Langmuir-Hinshelwood type
reaction between carbon monoxide and a oxygen containing surface specie,
adsorbed on adjacent sites, to form CO2. The oxygen containing specie for electro
oxidation is thought to result from oxidation of water at the electrode surface and is
usually supposed to be adsorbed OH. The activated complex involved in the reaction
is either a direct complex between water and CO (CO-H2O) [101] (reaction 1.7 –
1.10 below), which oxidises to give CO-OH, or a complex between CO and a specie
originating from oxidation of water; a complex between CO and OH(ads) [103]
(reaction 1.11 – 1.14).

(aq) (ads)CO  CO� (1.7)

+ →(ads) 2 2 (ads)CO H O CO-H O (1.8)

→ + -
2 (ads) (ads)CO-H O CO-OH + H + e (1.9)

→ + -
(ads) 2(aq)CO-OH CO + H + e (1.10)

Or

(aq) (ads)CO  CO� (1.11)

→ + -
2 (ads)H O  OH + H + e (1.12)

+ →(ads) (ads) (ads)CO  OH CO-OH (1.13)

→ + -
(ads) 2(aq)CO-OH CO + H + e (1.14)

Electrochemical oxidation of CO over either platinum or gold, was reported to be
fastest in alkaline solutions, where the CO stretch frequency was lowest [100,106]. It
is well known that pH influences the activity of CO oxidation in aqueous phase
significantly. Details on the influence of pH on heterogeneous catalytic reactions have
on the other hand not been resolved.

Because of the applications of CO as a probe molecule in order to examine
modifications of the metal particles and/or its surrounding medium, CO is an ideal
model compound to characterise supported noble metal catalysts. Moreover because
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of the simplicity of CO oxidation, CO adsorption and oxidation it is an ideal reaction to
study the details of the influence of water and pH on oxidation reactions.

1.4 Water treatment

Industrial plants generate increasing amounts of waste water, which often contain
toxic organic compounds. Furthermore inorganic compounds like nitrate and nitrites
arising from agricultural fertilizers, septic tank systems and animal waste disposal are
of increasing concern. Waste- and ground water treatments are therefore receiving
more and more attention.

The wet-air oxidation (WAO) process has a great potential for the treatment of waste
water containing high concentrations of organic matter. In the WAO processes, which
can be performed over several oxidation catalysts, the organic contaminants are
either partially degraded by means of an oxidizing agent into biodegradable
intermediates or converted into inorganic compounds such as CO2, H2O and
inorganic salts [107-110].

Denitrification; nitrite and nitrate hydrogenation, is retrieving increased attention due
to the high nitrite and nitrate levels found in groundwater throughout Europe. In some
cases these levels even exceed legal limits causing local wells to be closed down
[3,4]. Nitrate and nitrite are potentially hazardous to humans, especially to infants,
causing the condition methemoglobinemia, also known as blue baby syndrome [111].
Methemoglobinemia prevents blood cells from absorbing oxygen, leading to
suffocation and possible death. Consumption of high levels of nitrate and nitrite is
also under the suspicion of causing other health problems, for example gastric
cancer [111]. Three techniques for nitrate and nitrite removal are proposed; biological
denitrification, electrochemical reduction and catalytic hydrogenation over supported
noble metal catalysts. The biological processes have a slow reaction rate, causing
these processes to be insufficient for ground water treatment [112]. The most
promising method for nitrate and nitrite removal is based on selective hydrogenation
over noble metal catalysts, which was described for the first time in 1989 [6]. To date,
the catalytic hydrogenation of nitrite and nitrate for use in water purification have
been examined extensively in order to develop efficient catalysts [5-16]. Although
kinetic experiments rarely provide enough evidence to decide on reaction
mechanisms, since no in-situ studies of surface intermediates have been performed,
a reaction mechanism for the hydrogenation mechanism was proposed based on
kinetic measurements only [13-16]. Beside the heterogeneous catalytic
hydrogenation of nitrates, more insight in the surface intermediates is provided from
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electrochemical reduction of nitrite and nitrate, which has also been studied in order
to remove nitrate from ground water [113].

1.4.1 Nitrate and nitrite hydrogenation by noble metal catalysts

Over noble metal catalysts nitrate was found to hydrogenate to nitrogen and
ammonia with nitrite as an intermediate [6], as shown in reaction (1.15) to (1.17):

- + -
3 2 4 2NO + 5 H  NH + 2 OH + H O→ (1.15)

- -
3 2 2 22 NO + 5 H N + 2 OH + 4 H O→ (1.16)

- -
3 2 2 2NO + 4 H  NO + H O→ (1.17)

The produced nitrite as shown in reaction (1.17) can undergo further hydrogenation
to yield nitrogen and ammonia:

- -
2 2 2 22 NO + 3 H N + 2 OH + 2 H O→ (1.18)

- + -
2 2 4NO + 3 H  NH + 2 OH→ (1.19)

Nitrite hydrogenation can be performed over single noble metal catalysts such as
platinum and palladium catalysts, where palladium catalysts posses a higher
selectivity to nitrogen. High selectivity towards nitrogen is essential, since ammonia is
toxic and therefore an undesirable side product. Nitrate hydrogenation on the other
hand requires promoted metal catalysts; bimetallic noble metal catalysts have shown
high activity and selectivity to nitrogen [112]. It is reported that palladium catalysts
promoted by copper are the most active and selective bimetallic catalysts for the
reduction of nitrate to nitrogen [5-12]. Other suitable promoters are tin [114] and
indium [9]. Although it is generally accepted that single noble metal catalysts do not
show activity towards to nitrate hydrogenation, supported platinum and palladium
catalysts were shown to be active, but with a very low activity [115,116]. Furthermore
both pH and hydrogen concentration were found to influence the selectivity. At high
hydrogen concentration, the main product is ammonia [5,117,118], whereas the
highest selectivity to nitrogen is found at low pH [6,14,119-122]. Based on kinetic
studies, adsorbed NO was suggested as an intermediate [12]. Several authors have
proposed a reaction scheme including adsorbed NO as a key intermediate for the
catalytic hydrogenation of nitrate / nitrite [13-16] over supported bimetallic catalysts
as shown in Scheme 1.1.
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Scheme 1.1. Scheme of nitrate (and nitrite) hydrogenation over bimetallic platinum or palladium
catalysts, after [13,14].

Of the reaction intermediates and products proposed in Scheme 1.1 only the
formation of NO2

-, N2, N2O and NH4
+ were supported with experimental evidence

[7,8,12-14]. Dissociative adsorption of hydrogen on the noble metal surface [123] is
assumed to be the first step in the hydrogenation of nitrate, followed by reaction with
nitrate to form nitrite as the rate limiting step. The formed nitrite partially desorbs from
the surface and has been detected in the solution. Either adsorbed nitrite reacts with
hydrogen, via a Langmuir-Hinselwood mechanism [13,117,124,125], or NO2

-
(aq) reacts

with adsorbed hydrogen via an Eley-Rideal mechanism on adsorbed hydrogen [12].
Nitrite is believed to hydrogenate to adsorbed nitric oxide although it has never been
detected. Nitric oxide is believed to undergo further hydrogenation to nitrogen and
ammonia, as shown in Scheme 1.1.

1.4.2 Electrochemical reduction of nitrate and nitrite

Electrochemical reduction is also investigated for removal of nitrite and nitrate from
waste water. The electrochemical reduction of nitrate has been shown to be a more
complex surface reaction than the heterogeneous catalytic hydrogenation proposed
in Scheme 1.1. The electrochemical reduction was investigated on platinum
electrodes mainly and involves a large number of intermediates such as NO2, HNO2,
NO, N2O, N2, H2NO, NH2OH, NH3 and NH4

+ [126-135]. Formation of the reduction
products is dependent on the applied potential, the electrolyte, the acidity and the
nitrate concentration.

It was shown that the electro reduction of nitrate follows different mechanisms
depending of the acidity of the nitrate solution, although in all cases nitric oxide was
shown to be a stable intermediate during nitrate reduction over platinum [128,136].
Further it was shown that hydrogen inhibits the reduction, by blocking the adsorption
sites for the nitrate ions. At low nitrate concentration, the rate-determining step is the
reduction of nitrate to nitrite. Nitrite is subsequently reduced to adsorbed NO [126-
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135]. NO adlayers are normally formed from nitrite or nitrate solutions where the
electrode is held at a controlled potential according to reaction (1.20) [136], which
shows that adsorbed NO is formed as an intermediate during electro reduction of
nitrate and nitrite as well [126,133,137-140].

- + -
2 (ads) 2NO + 2 H + e  NO + H O→ (1.20)

The electrochemical reduction of adsorbed NO was shown to yield ammonia mainly
on both polycrystalline platinum and single crystal platinum electrodes [135,140-143].
The electrochemical reduction of nitric oxide to ammonia was shown to proceed via a
stepwise hydrogenation process involving the formation of HNO, HNOH, NH2OH and
NH2 [126,134,135,138,142,144-149]:

+ -
(ads) (ads)NO + H + e  NOH→ (1.21)

+ -
(ads) 2 (ads)NOH + H + e H NO→ (1.22)

+ -
2 (ads) 2 (ads)H NO + H + e H NOH→ (1.23)

+ - +
2 (ads) 4 2H NOH + 3 H + 2 e NH + H O→  (1.24)

Beside ammonia also traces of N2O were detected and shown to be an intermediate
in the formation of nitrogen. Formation of N2O was suggested to result from either
dimerisation of HNO or NOH, resulting in a NO dimer as a precursor for N2O
formation [126,135,145,148,150-155], or via dissociation of NO on steps [143].
Infrared spectroscopy is widely used to identify the surface intermediates during
electrochemical reactions, and adsorbed NO2, HNO2, NO, N2O, H2NO, NH2OH and
NH3 was proven as intermediates during electrochemical reduction of nitrate/nitrie
over platinum electrodes [126-135].

The experimental data currently available on hydrogenation/reduction of nitrate,
nitrite and NO adlayers are insufficient to understand the mechanism of
heterogeneous hydrogenation fully. Moreover there is little insight into the factors
controlling the activity and selectivity of palladium and platinum catalysts for
hydrogenation of nitrate and nitrite to nitrogen. Unfortunately, the knowledge gained
from electrochemical studies using FT-IR spectroscopy cannot be compared to
catalytic studies directly. First, FT-IR spectra can only be obtained using very thin
liquid layers, inducing mass transfer problems during experiments. Second,
electrochemical studies are confined to dense conducting electrodes, often single



General Introduction

25

crystals, which are very different from catalysts, which contain nano-particles on
porous (non-conducting) support materials. Therefore identification of the reaction
intermediates is the key step in clarifying any hydrogenation mechanism.

1.5 Scope and outline of this thesis

The objective of the research described in this thesis is to gain experimental proof for
the presence of surface intermediates present during catalytic reactions in aqueous
phase. Information on surface intermediates provides better understanding of the
reaction mechanism involved. Based in the surface intermediates and reaction
mechanism, the influence of reaction conditions kinetics (activity and selectivity) can
be understood better. Furthermore a general understanding of heterogeneous
catalytic reactions in aqueous phase would close the gap between studies on
electrochemical and heterogeneous catalytic reactions. For this purpose adsorption
and oxidation of carbon monoxide were investigated on platinum and palladium
catalysts from both gas and aqueous phase. Furthermore nitrate and nitrite
hydrogenation was investigated in aqueous phase. In order to examine both the
influence of the presence of water and the influence of pH, carbon monoxide
adsorption and oxidation were carried out in gas phase and at various pH in aqueous
phase. For that purpose an infrared cell operating in ATR mode has been developed.
The scientific output gained on the behaviour of the supported noble metal, during
adsorption and oxidation of carbon monoxide, is used to describe the mechanistic
aspects of the catalytic hydrogenation of nitrite and nitrate. Description of the ATR-IR
cell as well as preparation of stable catalyst layers are described in Chapter 2.

Chapter 3 reports on the influence of water on carbon monoxide adsorption and
oxidation on Pt/ZnSe. Chapter 4 and 5 describe the detailed study of the influence of
water and pH on adsorption and oxidation of carbon monoxide on platinum and
palladium supported on alumina. Furthermore, the results are compared to
electrochemical oxidation of carbon monoxide.

In relation to the heterogeneous hydrogenation of nitrite, adsorption and
decomposition of nitrite, ammonia and hydroxylamine from aqueous phase were
examined on Pd/Al2O3, Pt/Al2O3 and Al2O3 and presented in Chapter 6. These results
are used to describe the hydrogenation mechanism of nitrite over Pd/Al2O3 (Chapter
7) and Pt/Al2O3 (Chapter 8) at neutral pH. Furthermore, the influence of hydrogen
concentration on the reaction mechanism for nitrite hydrogenation is investigated in
Chapter 7. Finally, the results of the present research are summarised in Chapter 9.
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Chapter 2 

Experimental
Abstract
Attenuated Total Reflection Infrared Spectroscopy is a powerful tool for investigation
of heterogeneous catalysts during reactions in strongly absorbing solvents. Correct
design of the ATR-IR-cell allows for a good mimic of a normal liquid phase
heterogeneous catalytic experiment. The home built In-Situ ATR-IR flow-through-cell
used for the studies in the present thesis will be presented. For studies of the catalyst
surface, it is essential that the catalyst layer is immobilized on the IRE. Preparation
methods are described for both supported and unsupported catalysts that result in
strongly attached layers which are stable for many days in a water flow. For
experiments carried out in aqueous phase, it is necessary to subtract the signals from
the liquid water spectrum. Moreover, the presence of dissolved gasses influences the
intensity of the water spectrum. A detailed description for subtracting the water
spectrum is given. Moreover, detailed description of the experimental procedures is
included.

Infrared light inInfrared light out
(to detector)

Top plate
IRE

Bottom plate

Home built in-situ ATR-IR flow-through-cell, presented in Figure 2.1 
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2.1 In-situ ATR-IR Spectroscopy

All in-situ ATR-IR spectra were recorded using a home-built stainless steel flow-
through-cell as shown in Figure 2.1. The H-ATR accessory as shown in Figure 1.1 of
chapter 1 was used as a model for construction of the cell, which was used for the
catalytic experiments. The flow-through chamber was created by a spacer placed
between the Internal Reflection Element (IRE) and the polished steel top plate. The
thickness of the spacer was 0.3 mm, the length and width of the exposed area of the
IRE were 40 and 10 mm, respectively. This creates a total volume of the cell of 120
μL. The flow in and out of the cell takes place via connections in the top plate, as
shown in Figure 2.1. Aqueous flow was regulated by a belt pump (Watson Marlow
503s) mounted downstream of the ATR-IR cell (Figure 2.2) and if not mentioned
otherwise, aqueous flow rates were 1 mL min-1, resulting in a residence time in the
cell of 7.2 seconds. The cell was mounted within the sample compartment of an
infrared spectrometer (Bruker Tensor 27) equipped with a MCT detector. All ATR-IR
spectra were recorded at room temperature (294 K) in an air-conditioned room.
Infrared spectra were recorded by averaging of 128 scans with a resolution of 4 cm-1.
The in-situ ATR-IR cell was a part of the apparatus, schematically shown in Figure
2.2.
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Infrared light inInfrared light out
(to detector)

Top plate
IRE

Bottom plate

Flow out Flow in

Figure 2.1. Home built in-situ ATR-IR flow-through-cell.

In the present thesis, oxidation and hydrogenation reactions are examined. Therefore
the aqueous phase has to be saturated with either oxygen, hydrogen or an inert gas
(for blank experiments). Bubble tanks (Figure 2.2) were used to ensure fast and
complete saturation of the aqueous phase.
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ZnSeCatalyst layer

Spacer

Topplate
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Flow inFlow out
ATR-IR Cell

Infrared light
in

FT-IR Spectrometer

ZnSe

Flow

Top plate

Vent VentVentVent

Gas in

Catalyst Particles

Infrared light
out

Exit

Figure 2.2. Schematic presentation of experimental setup with saturators and the FTIR spectrometer
equipped with the home-built flow-through ATR-IR cell

A wide variety of materials are commercially available for use as IRE’s. The most
common among those include germanium, silicon, zinc selenide and zinc sulphide. A
summary of their properties are given in Table 2.1. . The choice for a specific IRE
material depends upon a number of factors. These include the spectral range of
interest, the adsorbent/adsorbate system under investigation, the nature of the
solvent, the pH range and the physical and chemical properties of the different IRE
materials.

Table 2.1. Physical and chemical properties of IRE materials [1]. 
Material Refractive

index at
1000 cm-1

Maximum
useful

temperature

Usable
wavelength range 

in ATR 

Remarks

Germanium
(Ge)

4.02 125 ºC 5.500-830 cm-1
Hard and brittle,

temperature sensitive;
chemically inert.

Silicon
(Si)

3.42 300 ºC 8.300-1.500 cm-1
Hard and brittle.

Withstands thermal
shock; chemically inert.

Zinc Selenide
(ZnSe)

2.49
300 ºC 

(oxidises above
300°C)

20.000-650 cm-1

Withstands limited
mechanical and thermal
shock. Soluble in acids

and strong base. 

Zinc Sulphide
(ZnS)

2.27 300 ºC 17.000-950 cm-1
Comparable to ZnSe, but
slightly harder; chemically

inert

For the investigation of powder catalysts, zinc selenide IRE’s have the advantage of
possessing a low refractive index, which results in a large penetration depth and
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consequently stronger signals. Furthermore, zinc selenide IRE’s have a better
mechanical and thermal resistance than i.e. germanium IRE’s. The transparent
window for zinc selenide is between 20.000 – 650 cm-1, making it a suitable material
for studying both CO adsorption/oxidation and nitrate/nitrite hydrogenation. For these
reasons a commercial trapezoidal 45º, 50×20×2 mm zinc selenide IRE, giving 25
reflections of which 13 is at the catalyst interface, was used for all ATR-IR
experiments (International Crystal Laboratories).

After preparation of the thin catalyst layer in the IRE (see section 2.3.3) the coated
IRE was mounted within the cell. The cell was then purged with either gaseous argon
or argon saturated Q2-water for gaseous and aqueous phase experiments
respectively (argon saturated Q2-water was flushed until a stable background
spectrum was obtained, after approximately 12 hours).

2.1.1 Materials

For all experiments Q2-water was used (prepared by use of Millipore Milli-Q water
treatment system from Amphotech Ltd). First air/oxygen was removed from the water
by saturation with argon for several days. Afterwards, the water was saturated with
CO, Ar, O2 or H2 at room temperature (294 K) using gas flow rates of 40 mL min-1. All
concentrations of gases in water are calculated based on saturation at room
temperature and 1 atm. pressure. Q2-Water saturated with CO, Ar, O2 or H2 is
denoted CO/H2O, Ar/H2O, O2/H2O and H2/H2O respectively. The pH of the solutions
were adjusted with either H2SO4 (95-97%, Merck), H3PO4 (85%, Merck), HCl (37%,
Merck) or NaOH (Merck) and measured by a pH meter (744 pH meter, Metrohm).

For pH adjustment of the solutions used for the examination of nitrite and nitrate
hydrogenation, HCl (37%, Merck) or NaOH (Merck) was used. It is known that
chlorine slightly decreases the reaction rate for nitrite and nitrate hydrogenation [2].
Still HCl is used for pH adjustment, since it is not infrared active, unlike H2SO4 and
H3PO4 as can be seen from Figure 2.3. H2SO4 and H3PO4 are characterised by
infrared peaks in the region between 1300 and 1000 cm-1, which would interfere with
the adsorption peaks for NO2

-
(aq) and adsorbed NO2

- on noble metal catalysts, as will
be described in detail in the chapters on nitrite hydrogenation (Chapter 6 – 8).
Solutions of NH4

+
(aq), NH2OH(aq) NO2

-
(aq) and NO3

-
(aq) were prepared from Ar/H2O with

NH4Cl (99.999%, Alfa Aesar), NH2OH·HCl (99%, Alfa Aesar), NaNO2 (Merck) and
NaNO3 (Aldrich) respectively.
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Figure 2.3. Water corrected ATR-IR spectra of H2SO4, H3PO4 and HCl at pH 5.

2.2 ATR-IR data treatment

For experiments carried out in aqueous phase, signals from the liquid water spectrum
have been subtracted. Figure 2.4A shows the ATR-IR spectrum of water. Both liquid
water and water vapour are characterised by two strong peaks, a broad peak at 3260
cm-1 corresponding to O–H stretching and a peak at 1635 cm-1 from the scissor
bending were detected. However, in the case of liquid water additionally weaker
near-infrared peaks (300-900 cm-1) have been reported, which have no
corresponding peaks in water vapour spectra [3]. An effect of these peaks can be
found in the mid-infrared region, where a combination of the scissor bending at 1635
cm-1 and the very broad libration band in the near-infrared region is detected as a
broad, weak peak at around 2120 cm-1 (Figure 2.4A). Clearly, the scissor bending
(1635 cm-1) and the broad combination band (2120 cm-1) are located in the same
infrared region as the adsorption peaks for nitric oxide and carbon monoxide
adsorbed on noble metal catalysts.

Figure 2.4B shows the ATR-IR spectra of water saturated with respectively H2, O2 or
CO in the region of the combination band. It is seen the intensity of the peaks
changed due to the type of dissolved gas. Compared to H2 saturated water, the
combination band broadened and decreased in intensity when saturated with CO and
O2.
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Figure 2.4. ATR-IR spectra of pure water on a clean ZnSe IRE (A) and water saturated with different
gasses in the region of the combination peak (B).

Since during the experiments water is saturated with different gases it is necessary to
include the change in peak intensity of the combination band, in the data analysis.
The effect of dissolved gases can be treated by subtraction of a scaled background
chosen by a fit to the spectrum of the sample to obtain a corresponding water
spectrum.

2.2.1 Curve fitting 

After subtraction of the water spectra, the residual spectra showed a complexity of
peaks. For this reason, curve fitting was applied, using a Lorentzian function. The
applied Lorentzian line-shape function centered at the frequency 0ω is given by:

2
0

2 wI(ω)=A
π 4  (ω-ω ) + w

⋅ ⋅
⋅

(2.1)

With:
I(ω) : the intensity at a given frequency ω .
A: the integrated area.
w: the full width at half of the maximum intensity.

The squared difference between the sample spectra and the calculated spectra is
calculated and minimised. As initial values for the peak position ( 0ω ), the maximum

intensity was used and the peak width calculated from the spectra f the pure specie
was employed.
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2.3 Preparation of powder catalysts and catalyst layers on the 
IRE

For investigation of adsorption and reaction on the supported catalysts, platinum and
palladium powder catalysts were first prepared and characterised. Investigation of the
powder catalysts requires that they are immobilised on the IRE. Several methods can
be used for the immobilisation. Preparation of stable layers of supported catalyst for
ATR-IR was reported previously by evaporation of an aqueous suspension of the
catalyst powder on the IRE without further treatment [4-6]. However, replication of
this treatment in our laboratory did not result in stable layers when water was flushed.
In the following a method to immobilize the catalyst layer by application of colloidal
alumina followed by calcination and reduction will be described. This method did
result in a smooth and stable catalyst layer, without influencing the properties of the
catalyst.

2.3.1 Pt/Al2O3

Pt/Al2O3 was prepared by wet impregnation according to the following procedure.
Al2O3 (Aluminum oxide C, Degussa, primary particle size 13 nm) was pre-calcined for
5 h at 823 K (heating/cooling rate 5 K/min) in stagnant air. The powder was then
impregnated with a solution of H2PtCl6·6H2O (Alfa Aesar) to yield a catalyst with 5
wt% metal loading. The catalyst solution was mixed for 2 h followed by drying at 335
K for 2 h in a rotating evaporator. The impregnated Pt/Al2O3 powder was calcined at
673 K for 3 h (heating rate 5 K/min) in flowing synthetic air (30 ml/min).
Subsequently, the calcined catalyst was reduced at 673 K for 3 h (heating rate 5
K/min) in flowing hydrogen (30 ml/min).

2.3.2 Pd/Al2O3

The Pd/Al2O3 powder catalyst was prepared by adsorption. Al2O3 (Aluminum oxide C,
Degussa) was pre-calcined for 5 h at 823 K (heating rate 5 K/min) in stagnant air. In
order to obtain highly dispersed palladium particles, the Al2O3 powder was
impregnated with a solution of palladium acetylacetonate (Pd(acac)2) (Alfa Aesar) in
toluene to yield a catalyst with a 5 wt% palladium loading. An excess of 30% of
Pd(acac)2 was dissolved in 400 mL toluene and 10 gram of Al2O3 was added to the
solution, which was subsequently stirred for 24 h. The mixture was filtered and dried
at 323 K for 15 h and calcined at 573 K (heating/cooling rate 1 K/min) in flowing
synthetic air (30 ml/min). After each adsorption of Pd(acac)2, the metal loading was
measured using X-ray fluorescence spectroscopy (XRF) (Phillips PW 1480
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spectrometer) and the metal dispersion was measured by CO chemisorption. To
obtain a palladium loading of 5 wt%, the procedure was repeated (sing the remaining
filtrate from the previous adsorption). The final catalyst was reduced at 223 K for 2 h
(heating/cooling rate 1 K/min) in flowing hydrogen (30 ml/min), followed by flushing at
600 K for 1 h (heating/cooling rate 1 K/min) in flowing argon (30 ml/min), to avoid
formation of palladium hydride.

2.3.3 Preparation of thin catalyst layers on the IRE

A suspension of Al2O3, Pt/Al2O3 or Pd/Al2O3 was prepared from the catalyst powders
(0.10 g Al2O3, 0.30 g Pt/Al2O3 or 0.15 g Pd/Al2O3) in 50 mL water. The pH was
adjusted to 3.5 using nitric acid to stabilise the small alumina particles. Different
amounts of the powders were used because that was necessary to prevent cracking
of the final layer. The suspension was milled for one hour in a ball-mill (Fritsch
Pulverisette) to obtain Al2O3 particles of a few nanometer in size. Colloidal alumina
(aluminum oxide, 20% in H2O colloidal suspension, Alfa Aesar, particle size 5 nm)
was added, which is the general methodology for preparing wash coats in monolithic
catalysts [7]. For preparation of the Al2O3, Pt/Al2O3 and Pd/Al2O3 layer 0.025 mL,
0.075 mL and 0.0375 mL colloidal alumina were added respectively (corresponding
to 5 wt% of the catalyst).

The catalyst layers were prepared on a ZnSe IRE by adding 1 mL of the
catalyst/water suspension on one side of the IRE. The suspension was allowed to
evaporate over night at room temperature. Subsequently, the catalyst layer/IRE was
heated to 573 K for 2 h (heating rate 1 K/min) in flowing argon to ensure removal of
all NOx species on the catalyst surface. The procedure was repeated twice for the
Al2O3 layer and once for the Pd/Al2O3 layer, in order to limit the formation of cracks in
the final catalyst layer. About 6 mg of catalyst was deposited on the IRE in all cases.
An additional reduction treatment was necessary for Pt/Al2O3 to remove all NOx

species (heating to 673 K in hydrogen, heating/cooling rate 10 K/min).

The γ-Al2O3 support used for the preparation of the supported catalysts (see below)
was also immobilised on an ATR crystal to perform reference experiments of
adsorbed species. Alumina was pre-treated by mimicking the calcination step in the
preparation of the palladium and platinum catalysts, to obtain a stable thin layer of
alumina. A suspension of 10 g of pre-calcined Al2O3 in 200 mL water was made and
stirred for 2 h at room temperature, followed by drying at 335 K for 2 h in a rotating
evaporator. Subsequently the Al2O3 powder was calcined at 673 K for 2 h (heating
rate 5 K/min) in synthetic air (30 ml/min).
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2.4 Preparation of thin film catalyst

2.4.1 Pt/ZnSe

The thin platinum catalyst layer was prepared by evaporating a solution containing
0.05 mg platinum prepared from dihydrogen hexachloroplatinate (0.088 mg
H2PtCl6·6H2O / mL H2O) (Alfa Aesar) on a ZnSe IRE. The solution was left to
evaporate overnight at 273 K in air followed by drying at 398 K for 2 hours in flowing
synthetic air and subsequent reduction in 50% H2/N2 at 498 K for another 2 hours
(flow rate 30 mL min-1, heating and cooling ramp 1 K min-1).

The catalyst is denoted Pt/ZnSe and to ensure identical conditions for intensity
comparison the same layer was used throughout all experiments presented in
Chapter 3; CO adsorption and oxidation over Pt/ZnSe.

2.5 Catalyst characterisation

The elemental composition of the powder catalysts was determined with X-ray
fluorescence spectroscopy (XRF) (Phillips PW 1480 spectrometer).

Platinum dispersion was determined with H2 chemisorption using 0.2 g of catalyst in
a home-built volumetric system. The sample was reduced at 473 K in H2 for 1 h. After
reduction the sample was degassed at 473 K in vacuum (10-6 mbar). The sample
was cooled to room temperature (293 K) in vacuum and the H2 adsorption isotherm
was measured. After the first isotherm the sample was degassed at room
temperature, followed by a second H2 adsorption isotherm. The hydrogen
chemisorption capacity (H/Pt) was calculated by extrapolation of the hydrogen uptake
to zero pressure, which corresponds to the difference between the first and second
isotherm [8].

Palladium dispersion was determined with CO chemisorption of 0.15 g of catalyst in a
dynamic system (ChemiSorb 2750, Micromeritics). The sample was reduced at 323 K 
in H2 for 1 h (heating rate 1 K/min). After reduction the sample was purged with argon
at 323 K and cooled to room temperature. Subsequently, pulses of 0.1 ml CO were
introduced to the sample, until zero uptake was observed (around 10 pulses). The
CO uptake was monitored by a Thermal Conductivity Detector (TCD). The dispersion
and palladium surface area were calculated assuming stoichiometric adsorption of
one CO molecule per Pd surface atom.
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BET specific surface area of the powders was measured with N2 adsorption-
desorption at 77 K in a ASAP 2400 (Micromiretics) instrument.

The structure of the layers deposited on the IRE was studied with Scanning Electron
Microscopy (SEM) (LEO 1550 FEG SEM). Since the ATR-crystals could not be
broken to be examined, the preparation of the sample layers was mimicked on a
glass plate. The glass plate was cut through from the back side using a diamond
cutter and the sample layer was carefully broken and studied by SEM. In the case of
Pt/ZnSe, Atomic Force Microscope (AFM) was used to characterise the platinum
catalyst film. 

Temperature Programmed Desorption (TPD) of NxOy-species was carried out to
determine the required temperature for total removal of nitric acid during calcination
and reduction of the catalyst layer on the IRE. A suspension of 5 wt% colloidal
alumina - 5 wt% Pt/Al2O3 (or Pd/Al2O3) was prepared in water with nitric acid at pH
3.5. The suspension was dried and 2 gram of 5 wt% Pt/Al2O3 or Pd/Al2O3 powder
was loaded into a glass tube reactor. TPD was performed in either synthetic air
(calcination) or hydrogen (reduction) and a combination of synthetic air followed by
hydrogen. NxOy-species were detected with an on-line mass spectrometer (Omnistar
GSD 300, Balzers Instruments). It is crucial that all NxOy species are removed during
the pre-treatment of the catalyst, to ensure that the observed adsorbed species
during the reaction originate from the reaction investigated and not from the pre-
treatment.

2.6 Results

2.6.1 Catalyst characterisation

2.6.1.1 Pt/ZnSe

Atomic Force Microscope was used to characterise the platinum catalyst layer on the
ZnSe IRE. The catalyst layer consisted of platinum clusters up to 30 nm as shown in
Figure 2.5. From an average particle size of 30 nm, the dispersion of the platinum
was calculated to be 3% to 4%, resulting in a surface area of 0.015 m2. The catalyst
layer prepared by evaporation was found to adhere to the IRE in such way that no
loss of IR signal was observed when water was flown over the layer for over three
days. The film was sufficiently transparent for ATR-IR experiments, as it shows
transmission of 15% approximately.
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Figure 2.5.  AFM image of prepared platinum film on the ZnSe IRE.

2.6.1.2 Al2O3/ZnSe

The specific surface area after calcination at 823 K, as determined by N2 fysisorption
of the Al2O3 support powder, was 125 m2/g. After pre-treatment (suspension and
drying) the surface area of the Al2O3 powder was 120 m2/g. For measurement of the
thickness of the alumina layer deposited on the IRE, a layer prepared on a glass
plate was studied by SEM. Figure 2.6 shows typical SEM micrographs of the Al2O3

layer on a glass plate. The thickness of the catalyst layer was measured to be 6.50 ±
0.5 μm over the full length of the plate. Even though the layer was cracked, as can be
seen in the top view of Figure 2.6, it remained stable during aqueous flow for several
days. Based on the layer thickness and the catalyst amount the void fraction
including pore volume is calculated to be 75%.

6.5 µm

Side view

Al2O3

Glass
plate

2 µm

Top view

Figure 2.6. SEM micrographs of a Al2O3 layer on a glass plate with identical dimensions as the ZnSe 
IRE (Left: side view; right: top view).
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2.6.1.3 Pt/Al2O3 and Pt/Al2O3/ZnSe

After impregnation, calcination and reduction, the 5 wt% Pt/Al2O3 powder sample had
a surface area of 115 m2/g. Hydrogen chemisorption capacity (H/Pt) was 0.75,
resulting in 1.92·10-4 mol surface platinum atoms per gram catalyst. Figure 2.7 shows
typical SEM micrographs of the Pt/Al2O3 catalyst layer on a glass plate. The layer
was smooth on the nanometer length scale and consisted of small particles of
approximately 20-30 nm in size. No distinction between alumina and platinum
particles can be made because of the high platinum dispersion. The thickness of the
catalyst layer was measured to be 3.50 ± 0.25 μm over the full length of the plate.
Based on the layer thickness and the catalyst amount the void fraction including pore
volume was calculated to be 50%.

Figure 2.7. SEM micrographs of a Pt/Al2O3 layer on a glass plate with identical dimensions as the 
ZnSe IRE (Left: side view; right: top view).

After preparing a suspension of 5 wt% colloidal alumina - 5 wt% Pt/Al2O3 in water
with pH adjusted to 3.5 with nitric acid, the suspension was dried and TPD was
performed. Figure 2.8A and B shows the TPD of nitric acid performed on 5 wt%
Pt/Al2O3 – 5 wt% colloidal alumina performed in synthetic air (Figure 2.8A) and
hydrogen (Figure 2.8B).
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Figure 2.8. TPD of nitric acid performed on 5wt% Pt/Al2O3. (A) in synthetic air, (B) in hydrogen.

During calcination (Figure 2.8A) mass 30, 44 and 46 (NO, N2O and NO2) were
detected and removal of NxOy-species in air occur up to 750 K. The IRE (ZnSe) can
only withstand temperatures up to 573 K in air, since it oxidises at higher
temperatures. It is therefore necessary to reduce the catalyst/IRE at high temperature
to remove the remaining NxOy-species, since it is known that the ZnSe IRE is stable
in H2 at higher temperatures. During reduction (Figure 2.8B) mass 28, 30 and 44 (N2,
NO, N2O and NO2) were detected and all NxOy-species were removed at 750 K. 

2.6.1.4 Pd/Al2O3 and Pd/Al2O3/ZnSe

The Pd/Al2O3 catalyst was prepared by repeated adsorption of Pd(acac)2 as
described in section 2.3.2. After adsorption the palladium loading and dispersion
were determined by XRF and CO chemisorption, as shown in Figure 2.9.
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After the first adsorption of Pd(acac)2 the palladium loading was 1.9 wt%, with
palladium dispersion of 43%. After the final, the palladium loading increased to 5.0
wt%, while the palladium dispersion remained constant (45% after the 6th adsorption).
The results shown in Figure 2.9 clearly show that by repeated adsorption of
Pd(acac)2 on Al2O3 it is possible to prepare highly dispersed Pd/Al2O3 catalysts with
high palladium loading. The palladium loading of the final catalyst was 5.0 wt% with a
dispersion of 45%, resulting in 2.06·10-4 mol surface palladium atoms per gram
catalyst. TPD of nitric acid was performed on the palladium catalyst, where all NxOy-
species was removed during inert flow at 600 K. 

For measurement of the thickness of the Pd/Al2O3 catalyst layer deposited on the
IRE, a catalyst layer was prepared on a glass plate. Figure 2.10 shows typical SEM
micrographs of the prepared 5 wt% Pd/Al2O3 catalyst layer on the glass plate. The
prepared layer consisted of small particles of a few nanometer size and the layer was
cracked as was the case for the Al2O3 layer. The thickness of the Pd/Al2O3 layer was
5.0 ± 0.5 μm, resulting in a void fraction including pore volume of 70%.

2 µm

Top view

20 µm

Top view

5 µmPd/Al2O3

Glass
plate

Side view

Figure 2.10. SEM micrograph of the 5 wt% Pd/Al2O3 layer on glass plate.

Table 2.2 summarises the characterisation data of the Al2O3, Pd/Al2O3 and Pt/Al2O3

catalyst layers.
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  Table 2.2. Characterization of the Al2O3, Pd/Al2O3 and Pt/Al2O3 catalyst layers.
Metal

content
Metal

dispersion
Accessible

metal/g
catalyst

Layer
thickness

BET
surface

area

Void fraction +
pore volume

Al2O3 — — — 6.5 ± 0.5 μm 125 m2.g-1 75%

Pt/Al2O3 5.0 wt% Pt 0.75b 0.192 mmol 3.5 ± 0.25 μm 115 m2.g-1 50%

Pd/Al2O3 5.0 wt% Pd 0.45a 0.206 mmol 5.0 ± 0.5 μm 115 m2.g-1 70%
a - Pd dispersion was determined by CO chemisorption assuming CO:Pd = 1.
b - Pt dispersion was determined by H2 chemisorption assuming H:Pt = 1. 

In order to investigate whether the preparation method influences the catalytically
active noble metal particles CO adsorption on Pt/Al2O3 was performed on a thin layer
of Pt/Al2O3 on an ZnSe IRE and as a self-supporting wafer. Figure 2.11 shows the
normalised ATR-IR and transmission FTIR spectra after CO adsorption on
respectively a thin layer of Pt/Al2O3 on an ZnSe IRE and a self-supporting wafer, both
prepared from the same 5 wt% Pt/Al2O3 powder catalyst. It can clearly be seen that
both spectra are identical, so any change of the catalytically active platinum particles
due to the preparation method can be excluded.
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Figure 2.11. Normalised ATR-IR and transmission FTIR spectra after CO adsorption on respectively a
Pt/Al2O3 layer on the IRE and a self-supporting wafer.
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2.6.2 Penetration depth for ZnSe in gas and aqueous phase

To compare the intensities in gas and aqueous phase, the penetration depth is
calculated for both situations. The penetration depth (dp) can be calculated according
to

( )
λ

⋅π θ−
= 1

1
2 2 2

21
p

2 sin n
d as described in equation (1.25) in the Introduction (Chapter 1).

n2 for air and water are 1.00 and 1.33 respectively [9] and n1-ZnSe is 2.43. Therefore
the penetration depths in gas and aqueous phase are:

dp – Air: 0.55 μm
dp – Water: 0.69 μm

2.6.3 Penetration depth for Pt/Al2O3 and Pd/Al2O3 in gas and aqueous phase

The IRE-catalyst-reactant system consists of several phases of which the exact
reflective indices are unknown. Therefore the calculation of the exact penetration
depth when a porous catalyst layer is deposited on the IRE is complicated. Although
both dense Al2O3, palladium and platinum have high reflective indices, it has been
published that porosity significantly decreases the index of reflection [10].

It has recently been shown that the reflective index of a porous material can be
calculated with:

( )= − φ + φ2 2
eff c dn 1 n n (2.2)

Where n being the respective refractive index and φ the porosity [10]. The refractive
index n2 can be calculated from the respective indices for Al2O3, platinum, palladium,
air and water [9]:

n2 - Al2O3: 1.67
n2 - Pt: 4.70
n2 - Pd: 3.10
n2 - Air/vacuum: 1.00
n2 - Water: 1.33

First, the refractive index neff of the present Pt/Al2O3 (or Pd/Al2O3) catalyst was
calculated. Assuming a mixture of 99.07 vol% Al2O3 and 0.93 vol% of Pt (calculated
from 5 wt% Pt/Al2O3 and the density of respectively Al2O3 and Pt): 
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2 3

2 2
eff, Pt/Al On = 0.9907(1.67) +0.0093(4.7) =1.72 . Subsequently, the porosity was taken

into account. The Pt/Al2O3 layer has a void fraction including pore volume of 50% as
calculated from the layer thickness and deposited amount on the IRE. This result in
the following refractive indices for pores filled with either air or water:

2 3

2 2
Pt/Al O , pores filled with airn 0.5(1.72) 0.5(1.00) 1.41= + =

2 3

2 2
Pt/Al O , pores filled with watern 0.5(1.72) 0.5(1.33) 1.54= + =

When calculating the respective penetration depth according to the above formula
(1.25), the penetration depths when the pores are filled with either air or water are:

2 3p - Pt/Al O , pores filled with aird  : 0.81 mμ

2 3p - Pt/Al O , pores filled with waterd  : 1.06 mμ

Calculation of the penetration depth for Pd/Al2O3 was performed as described for
Pt/Al2O3, assuming a mixture of 99.46 vol% Al2O3 and 0.54 vol% palladium for the 5
wt% Pd/Al2O3 and a void fraction including pore volume of 70%. Table 2.3
summarises the calculated refractive indices (neff) and penetration depths of the
various catalyst layers in both gas and aqueous phase.

Accordingly the penetration depth for the Pt/Al2O3 catalyst layer in aqueous phase is
1.06 times the penetration depth for the Pd/Al2O3 catalyst layer.

  Table 2.3. Calculated refractive index (n) and penetration depth (dp) of the various catalyst layers in
gas and aqueous phase.

n2 – Gas phase n2 – Aqueous phase dp – Gas phase dp – Aqueous phase
p - Aqueous

p - Gas

d
d

ZnSe 1.00 1.33 0.55 μm 0.69 μm 1.25

Pt/Al2O3/ZnSe 1.41 1.54 0.81 μm 1.06 μm 1.29

Pd/Al2O3/ZnSe 1.24 1.44 0.79 μm 1.00 μm 1.27
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2.7 Estimation of the amount of probed metal sites for Pt/Al2O3

and Pd/Al2O3

For both Pt/Al2O3 and Pd/Al2O3, 6 mg is deposited on the IRE. For Pt/Al2O3 the
thickness of the layer is 3.5 μm and assuming an equal distribution of the catalyst
particles, this result in an amount of catalyst in the first micrometer (equal to the
penetration depth) of 1.7 mg. In 1.7 mg of catalyst there are 0.33·10-6 mol accessible
platinum sites (0.192 mmol / g catalyst).

For Pd/Al2O3, the thickness was 5.0 μm resulting in 0.9 mg of catalyst in the first
micrometer, resulting in 0.19·10-6 mol accessible palladium sites (0.206 mmol / g
catalyst).

As a consequence of the denser Pt/Al2O3 catalyst layer approximately 1.75 times
more metal sites will be probed for Pt/Al2O3 than for Pd/Al2O3.
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Chapter 2 

CO adsorption and oxidation over Pt/ZnSe
Abstract
Adsorption of carbon monoxide and oxidation of pre-adsorbed carbon monoxide from
gas and aqueous phase were studied on a platinum catalyst deposited on a ZnSe
Internal Reflection Element (IRE) using Attenuated Total Reflection Infrared
Spectroscopy (ATR-IR Spectroscopy). The results of this study convincingly show
that it is possible to prepare platinum metal layers strongly attached to an IRE, which
are stable for over three days in aqueous phase experiments. It is shown that ATR-IR
spectroscopy is a suitable technique to study adsorption and catalytic reactions
occurring at the interface of a solid catalyst in an aqueous reaction mixture, even with
an extreme low surface area catalyst. Clearly, ATR-IR spectroscopy allows direct
comparison of reactions on a catalytic surface in gas and liquid phase on the same
sample. CO was found to adsorb both linearly and bridged on the platinum metal
layer when adsorbed from gas phase, but only linear CO was detected in aqueous
solution, though with five times higher intensity. Oxidation of pre-adsorbed CO on
platinum occurs in both gas phase, wetted gas and in aqueous media, and was found
to be two times faster in aqueous phase compared to gas phase oxidation due to a
promoting effect of water. Moreover, during oxidation at room temperature CO2

adsorbed on Pt/ZnSe was detected in both gas and aqueous phase.
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3.1 Introduction

Vibrational spectroscopy plays a key role in studies of adsorption and catalytic
reactions at metal surfaces. Infrared spectroscopy has long been used as a sensitive
technique for detection of adsorbed species at the metal-gas interface. However, also
many catalytic reactions take place at a metal-liquid-interface e.g. the catalytic
removal of nitrate from drinking water. It is important to be able to examine the
interface by infrared spectroscopy to gain insight in adsorption and reaction
mechanism. However infrared spectroscopic studies at the metal-liquid-interface
have not yet received much attention, although recently some papers have shown
the clear difference between adsorption in gas phase and liquid phase as will be
reviewed below [1-4].

Normally, liquids are strong absorbers of infrared radiation so transmission infrared
spectroscopy is not suitable to apply unless the pathlength is very short, i.e. in the
order of a few microns. Attenuated Total Reflection Infrared Spectroscopy (ATR-IR),
however, is ideally suited for studying molecular vibrations at the solid-liquid interface
because the evanescent wave is restricted to the region near the interface, thereby
minimizing the contribution from the liquid [5]. The restriction of the infrared radiation
to the interface is especially important when water is used as solvent, since water is a
very strong absorber in the mid-infrared region. ATR-IR have for long been used as
a analytical tool to study the solution composition and to study protein structure in
biochemistry [6]. On the other hand application of ATR-IR to study adsorption and
reactions at the solid-liquid-interface has only recently started [1,2,7-11].

In the earlier applications of ATR-IR to study the solid-liquid-interface, the technique
was used to study the goethite-aqueous-interface where the oxide particles were
suspended in water [11]. The signal intensity varied due to aggregation of the
suspension [8].

More stable signals can be obtained by depositing a very thin solid layer on an
internal reflection element (IRE). In that case, it is essential that the thickness of the
layer does not exceed the penetration depth of the infrared radiation (i.e. less than
one micron). This approach was first introduced by depositing an Al2O3 film on the
IRE by sputtering, to study adsorbed species at the Al2O3/water interface [10].
However, it was not possible to examine adsorption for longer periods than three
hours since the Al2O3 layer became continuously thinner during water exposure [10].
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In addition, in the field of heterogeneous catalysis, ATR-IR was applied to study
reactions with supported catalysts in organic solvents (cyclohexane or
dichloromethane) [7,9] Supported and unsupported model catalysts were prepared
by physical vapor deposition [7]. Recently, adsorption of CO on Pt/Al2O3 from
aqueous solution examined with ATR-IR was reported [1,2]. In one study the
adsorption and oxidation of CO over Pt/Al2O3 was investigated in several solvents
including water [2]. In another study CO adsorption on Pt/Al2O3 was investigated in
relation to water-gas shift reaction and methanol reforming [1]. Clear spectral
differences were observed between adsorption from gas and liquid phase [1,2] and
the reaction order for the water-gas shift reaction and methanol reforming was
reported to be influenced by the presence of water [1].

In addition to supported catalysts, ATR-IR was used to compare CO adsorption from
gas and aqueous phase on thin platinum and palladium films [12]. Adsorption was
performed from aqueous solution and subsequently infrared spectra were collected
after removing the liquid by flushing. Comparison was only possible for the palladium
film because the platinum film was unstable in contact with water, whereas palladium
films were more resistant [13]. The stability of thin metal layers used as catalyst films
for ATR-IR is generally a problem in aqueous phase, especially in the case of
platinum [12-14]. The interaction of monolayers of water (D2O) and CO was
examined on single crystal platinum (Pt(100) and Pt(111)) by Infrared Reflection
Absorption Spectroscopy [3,4]. In both cases the electronic properties of adsorbed
CO were found to be altered by the presence of water.

On the other hand, in electrochemistry the use of thin metal layers combined with
infrared spectroscopy has been applied. Electrochemical studies combined with
infrared spectroscopy at the solid-liquid-interface are mainly done by RAIRS
(Reflection Absorption Infrared Spectroscopy) and not ATR-IR. In electrochemistry
several studies reported the use of RAIRS to study the electro oxidation of CO on
platinum [15,16]. However, in RAIRS the catalyst (e.g. a platinum film or electrode) is
placed in close contact with the prism, thereby displacing the liquid during IR
measurements, to ensure a short pathlength through the liquid and having the
catalyst film in the infrared beam; during reaction the catalyst is pulled back from the
prism and exposed to the solution [15,16]. Although in electrochemistry many
publications appeared on RAIRS, the main disadvantage of this technique is that the
sample has to be put very close to the IR-window, which does not allow rapid
transport of adsorbing/reacting molecules in the liquid. In contrast, with ATR-IR it is
possible to follow the reaction in-situ without the need to displace the solution since
the catalyst film is in contact with the IRE. Nevertheless, the combination of
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electrochemistry and ATR-IR has only been applied by one group to study the electro
oxidation of CO over platinum, but only very poor spectra for adsorbed CO were
reported [17].

In conclusion, application of ATR-IR allows for mimicking operating conditions of
liquid phase catalytic reactions, without introducing additional mass-transfer
limitations. Moreover, experiments can be performed in both gas and liquid phase on
the same sample, offering the possibility to clarify the effect of solvent, and water in
particularly, on the spectral properties and reactivity of adsorbed species on metal
surfaces. It is the objective of this work to prepare and investigate a stable thin
platinum layer at an IRE and show the possibilities for in-situ ATR-IR examination of
adsorption and reactions occurring on a stable platinum layer in both gas and
aqueous solution. As a first step towards examination of catalytic reactions on
unsupported catalysts in aqueous phase, adsorption and oxidation of pre-adsorbed
carbon monoxide on a platinum layer is examined in dry and wetted gas as well as in
aqueous solution.

3.2 Experimental

The experimental procedure, materials and catalyst preparation are described in
detail in the Experimental Section (Chapter 2).

The characteristics of the Pt/ZnSe catalyst film examined in this chapter are also
described in detail experimental section. The catalyst layer consisted of platinum
clusters up to 30 nm. Dispersion of the platinum was calculated to be between 3%
and 4% assuming a particle size of 30 nm resulting in a surface area of 0.015 m2.

3.2.1 In-situ ATR-IR Spectroscopy

Attenuated Total Reflection Infrared (ATR-IR) spectra were recorded at room
temperature (294 K) with a Tensor 27 (Bruker) infrared spectrometer by averaging of
100 scans with a resolution of 4 cm-1. Infrared spectra were recorded using a home
built stainless steel flow through cell as described in the Experimental Section
(Chapter 2).

For experiments performed in wetted atmosphere, gasses (Ar, CO and O2) were
moistened with 2.5 vol% water (calculated on saturation at room temperature and
1 atm. pressure) in the two glass saturators. A schematic presentation of the
experimental setup is shown in the Experimental Section (Chapter 2).
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After purging the sample compartment with dry nitrogen for 2 hours (during the
reduction in 10% H2/Ar, gas), the cell was flushed with argon while the background
spectrum was recorded. When experiments were performed in aqueous solution, the
cell was flushed with hydrogen-saturated water while a background spectrum was
recorded. All flow rates used in the experiments were 5 mL min-1 for both gases and
liquid.

3.3 Results

3.3.1 Adsorption of dry CO on Pt/ZnSe

After reduction (see experimental section) 1% CO/Ar was introduced into the cell.
Figure 2.1 shows the ATR-IR spectra obtained during flow of carbon monoxide over
Pt/ZnSe. During CO flow no gaseous CO was detected but only adsorbed CO was
found with a distinct asymmetric infrared peak at 2030 cm-1 (width at half height of
about 50 cm-1), and a small broad peak at 1830 cm-1. The intensity levelled off in time
and a saturation value was reached after about 30 minutes. During adsorption the
peak positions remained constant.

A
TR

-IR
ab

so
rb

an
ce

(a
.u

.)

0.0000

17501850195020502150
Wavenumber (cm-1)

2030 cm-1

Linear CO
1830 cm-1

Bridge CO

120 min

15 min

0 min

0.0010

0.0005

0.0015

0.0020

0.0025

0.0030

0.0035

Figure 2.1. ATR-IR spectra as a function of time showing the region of CO adsorption on Pt/ZnSe 
while dry CO was flown (1% CO/Ar).
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3.4 Adsorption of wetted CO on Pt/ZnSe 

To examine whether water has an influence on the adsorption of carbon monoxide on
the Pt/ZnSe catalyst, CO adsorption was performed in wetted atmosphere. After
background measurement, argon moistered with water was flown over, and adsorbed
water on Pt/ZnSe was observed (not shown).

Subsequently wetted 1% CO/Ar (2.5 % H2O) was introduced into the cell. Again two
bands developed at 2030 and 1830 cm-1 (not shown). When adsorbing CO from
wetted gas the observed intensities were comparable to adsorption from dry gas as
shown in Figure 2.5. Peak positions and widths for adsorbed CO remained constant
during adsorption.

3.5 Adsorption of carbon monoxide on Pt/ZnSe from aqueous 
phase

Subtraction of the scaled background from the spectra of adsorbed CO on Pt/ZnSe
resulted in the spectra shown in Figure 2.2. An asymmetric infrared peak at 2030
cm-1, developed in time when an aqueous solution saturated with CO was flown over
the sample. With increasing coverage the peak position shifted from around 2020
cm-1 to 2030 cm-1 at saturation level. The width at half height was found to be
between 50 and 55 cm-1 similar to gas phase experiments. However, no bridged
adsorbed CO could be detected at 1830 cm-1, which can be either due to the lower
signal to noise ratio or to the absence of bridged CO. When adsorbed from aqueous
solution it took approximately one hour to approach saturation level, the intensity kept
increasing slightly as for adsorption in wet atmosphere (Figure 2.5). Moreover the
intensity was around 5 times higher for adsorption from aqueous phase compared to
adsorption from dry or wetted gas. After oxidation of CO (vide infra) and drying of the
sample, adsorption of CO from dry gas resulted again in a five times lower intensity
compared to adsorption from aqueous solution, illustrating the stability of the sample.
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Figure 2.2. ATR-IR spectra as a function of time showing adsorbed CO on Pt/ZnSe while water
saturated with CO was flown (0.035 % CO/H2O).

3.5.1 Oxidation of pre-adsorbed carbon monoxide on Pt/ZnSe

Figure 2.3 shows the ATR-IR spectra collected during oxidation of pre-adsorbed CO
on Pt/ZnSe by flowing dry 10% O2/Ar. Both linear and bridge adsorbed CO peaks
decreased during oxidation, while simultaneous a sharp peak developed at 2340 cm-1

(close to the gas phase signal for CO2 at 2340-2360 cm-1).
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Figure 2.3. ATR-IR spectra as a function of time while flowing dry gas phase oxygen
(10% O2/Ar) over Pt/ZnSe with pre-adsorbed CO. 
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Oxidation of pre-adsorbed CO from wetted gas was performed in wetted 10% O2/Ar
over Pt/ZnSe (not shown). Again both peaks for linear and bridge adsorbed CO
decreased, while a peak developed at 2340 cm-1.

Figure 2.4 shows the ATR-IR spectra collected during oxidation of pre-adsorbed CO
in aqueous solution. When oxygen saturated water (0.5 % O2/H2O) was flown over
the Pt/ZnSe catalyst, first a shift in peak position of linear adsorbed CO on platinum,
from 2030 cm-1 to 2035 cm-1 occurred within five minutes, while the intensity
remained constant. After the shift in peak position, adsorbed CO disappeared and a
peak at 2340 cm-1 evolved.
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Figure 2.4. ATR-IR spectra showing adsorbed CO and CO2 on Pt/ZnSe while oxygen saturated water
was flown (0.5 % O2/H2O).

3.6 Discussion

This study convincingly shows that it is possible to prepare platinum metal layers
strongly attached to an IRE, which are stable for many hours in aqueous phase
experiments. Especially in water, the stability of metal layers was reported to be a
major problem [12-14]. In previous studies the metal layer was prepared by
sputtering, while in the present study a chemical route was chosen. Deposition of the
layer by evaporation of a solution containing a platinum precursor, followed by
calcination and reduction treatments obviously leads to a stable metal layer.
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3.6.1 CO adsorption

When Pt/ZnSe was exposed to CO, in dry gas, wetted gas or water, distinct peaks
developed in all cases around 2030 cm-1, which can be assigned to linearly adsorbed
CO on platinum metal particles. In addition, small bands developed at 1830 cm-1

when adsorbed from either dry or wet gas, which can be assigned to bridged CO. In
general, CO stretch frequencies vary between 2000 and 2100 cm-1 when adsorbed in
linear geometry onto platinum metal surfaces, though mostly between 2050 cm-1 and
2090 cm-1 [18-21]. Stretch frequencies for CO adsorbed in bridged geometry are
normally found between 1750 cm-1 and 2000 cm-1 [20-23]. The high linear to bridge
ratio as observed for Pt/ZnSe sample indicates the presence of large metal particle
[24] in agreement with the AFM picture (Shown in the experimental section, Chapter
2). However, normally large platinum metal particles show CO absorption frequencies
above 2065 cm-1 [24], while in this study, a much lower peak position is found (2030
cm-1). A possible explanation for this could be that he platinum electronic properties
are affected via a metal-support interaction [25]. Since the AFM picture, and the
linear to bridge ratio indicate the presence of large particles, this metal-support
interaction must be extensive, otherwise such a large shift cannot be explained.
Consequently, these results might be explained by an alloying of Pt with ZnSe from
the IRE as a result of the preparation method of the sample that includes calcination
at 398K and reduction at 498K. This alloying could alter the platinum electronic
properties in such a way that a unique adsorption is created, which is different from
pure platinum layers or single crystals. Unfortunately, no techniques are available to
investigate this hypothesis. Characterization techniques, such as XPS, LEIS, SEM-
EDX will not be able to distinguish Se signals of the crystal from Pt-Se alloys.

Interestingly, the observed integrated intensity of the linear CO band increased with
higher water content on the sample (Figure 2.5), while no shift in peak position was
detected. The intensity change was found to be reproducible on the same sample by
alternating dry and wet experiments, indicating sample stability under the applied
experimental conditions. A slight increase in intensity was found from dry to wet gas,
but a five-times higher intensity was observed when CO adsorbed from aqueous
phase compared to gas phase.
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Figure 2.5. Integrated peak areas of linear CO adsorbed on Pt/ZnSe when CO was adsorbed from
either dry (○) or wetted (+) gas or CO-saturated water (◊).

Comparison of CO adsorption on Pt/Al2O3 from gas and aqueous phase showed a
clear red shift of up to 35 cm-1, both in our laboratory (to be published) and in
literature [1,9]. The shift in infrared frequency is a complex matter and involves
several factors such as the dipole moment, adsorption geometry, metal – CO bond
length and strength [4]. The interaction of monolayers of heavy water (D2O) and CO
has been examined on single crystal platinum (Pt(100) and Pt(111)) by IRAS [3,4]. In
both cases the spectral properties of adsorbed CO were found to be altered by the
presence of water. A clear red shift was observed for the frequency of both linear and
bridge CO adsorbed on platinum, which was explained a combination of increased π-
backdonation from Pt to CO and a change in CO dipole moment [3,4]. Changes in
intensity of the infrared peaks have, however, not been discussed in literature to the
best of our knowledge. Possible causes for this higher intensity could be (1) increase
of number of adsorption sites, (2) higher coverage, (3) change in penetration depth,
(4) larger extinction coefficient.

An increased number of adsorption sites, due to disintegration of platinum particles
when exposed to water, can be excluded as an explanation for the increased
intensity, since the experiments showed that the results are reproducible in both gas
and liquid phase when performing repeating dry and wet experiments on the same
sample, Further, the intensities levelled off in time in all cases (Figure 2.5). CO is well
known to adsorb strongly on platinum, and full coverage is easily reached in gas
phase at 1 atmosphere. For this reason CO is often used for determination of metal
dispersion [26]. It seems therefore impossible that adsorption of CO from aqueous
solution would lead to a five times higher monolayer coverage on the platinum
particles compared to gas phase adsorption.
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According to the calculations of the penetration depth shown in the experimental
section (Chapter 2) an increase of more than 1.25 times due to the difference in
refractive index of water and air, can not be explained by a change in penetration
depth [27]. This increase in penetration depth is much less than the factor five
observed in the intensity of the CO band. Secondly, the platinum layer was probed by
AFM to be around 30 nm thick, which is much smaller than the penetration depth of
the light in either gas or water phase. As a result, the change in penetration depth
cannot change the number of sites that is being probed in these samples and thus
cannot account for the increase in intensity when CO is adsorbed from aqueous
solution.

Finally, it was reported that addition of water does not change the extinction
coefficient of adsorbed CO when water vapor was added to adsorbed CO on Pt/Al2O3

[28]. This is in agreement with our present results, since hardly any change in
intensity was observed between CO adsorption from dry or wet gas. An increased
intensity of the infrared peaks when adsorbed from aqueous media was previously
reported for CO adsorption on palladium supported on a germanium IRE, but no
explanation for this phenomenon was given [12]. Based on the results of this study,
we suggest that the observed intensity change can be attributed to a higher extinction
coefficient of the CO stretch vibration caused by the presence of water in liquid
phase. In this situation the adsorbed CO molecules are fully surrounded by polar
water molecules which will affect the dipole moment of the CO molecule, which in
turn is reflected in the larger extinction coefficient. It would be expected that a change
in dipole moment of the adsorbed CO molecule would also result in a shift of the
peak position. However, since the overall shift is a complex matter involving both
dipole moment and back donation, as discussed above, it might be speculated that
these factors cancel out in this specific case of Pt/ZnSe.

3.6.2 CO oxidation

When oxygen was flown over Pt/ZnSe containing pre-adsorbed CO, a decrease in
intensity of adsorbed CO was observed in dry gas, wet gas and aqueous phase,
accompanied by the development of a peak with increasing intensity at 2340 cm-1

(Figure 2.3 and 5), which is about 9 cm-1 lower than gas phase CO2. Moreover, the
ATR-IR technique is very sensitive to adsorbed species while free reactants and
products are very difficult to observe. For example, in our experiments gas phase CO
could not be observed in any experiment. In electrochemistry the peak at 2340 cm-1

is normally assigned to trapped CO2 at the interface between platinum and water,
formed by oxidation of adlayer CO during a potential sweep [16,29]. In gas phase
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however, CO2 was reported to desorb from Pt(111) at temperatures above 95 K [30].
In our experiments nevertheless, a flow of CO2 at room temperature over reduced
Pt/ZnSe yielded the exact same peak at 2340 cm-1, which could not be removed by
flushing with inert gas. Moreover, nothing was detected when CO2 was flown over a
clean ZnSe IRE. It is clearly surprising to find CO2 adsorbed on platinum at room
temperature. Based on literature and our experiments it seems reasonable to assign
the peak at 2340 cm-1 to adsorbed CO2. However, it also seems that the Pt/ZnSe
sample does not contain pure platinum metal particles, since then no adsorption of
CO2 in gas phase should have been found at room temperature. In addition, Pt/ZnSe
also showed extremely low linear CO stretch frequencies for CO adsorption on large
pure Pt particles (vide ante). Both observations suggest a chemical modification of
the platinum particles by interaction with the ZnSe IRE, for example via alloy
formation or strong SMSI effects. This could alter the platinum electronic properties in
such a way that a unique adsorption and reaction behavior is created, which is
different from pure platinum layers or single crystals. Unfortunately, as said above, at
present no techniques are available to investigate this hypothesis. Nevertheless, this
result immediately illustrates the extreme sensitivity of ATR-IR for adsorbed species
and enables the detection of adsorbed CO2 on low surface area Pt/ZnSe at room
temperature, which was not reported before.

The normalized integrated peak areas for linear CO during the oxidation of carbon
monoxide in the three different media are shown in Figure 2.6. Remarkably, the initial
rate of oxidation, defined as Δ (normalized integrated peak area for linear CO) per
minute, was found to increase from dry gas (9.7 10-3), to wetted gas (12.5 10-3), to
aqueous solution (20.8 10-3) (Figure 2.6B). The larger observed oxidation rate cannot
be attributed to the increased extinction coefficient, since the data were normalized.
Consequently, the data show an enhancement of the CO oxidation rate induced by
the presence of water.
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Figure 2.6. A: Normalized integrated peak areas of linear CO on Pt/ZnSe during oxidation from either
dry (○) or wetted (+) gas or CO-saturated water (◊); B: normalized initial oxidation rate in the three

media.

Further, when oxidation was performed in aqueous solution, the peak for linear CO
first shifted to a higher wavenumber (from 2030 to 2035 cm-1) before it started to
loose intensity. Similar shifts in peak position have been reported for gas phase
oxidation of CO on Pt/Al2O3 [31]. In that study, the authors attributed the blue shift to
an electronic effect of adsorbed oxygen atoms close to the adsorbed CO molecules.
In the present study, the blue shift is not observed in dry or wet gas phase
experiments, but only in solution. In addition, the CO oxidation rate also remarkably
enhanced in excess of water, while wet gas only had a moderate influence.
Interestingly, in literature DFT calculations have been published indicating that during
CO oxidation in water over Pt(111) and PtRu(111) surfaces, the dissociation of water
is favored over PtRu(111) surfaces while it is found to be more difficult on Pt(111)
[32]. The increased water dissociation contributes to the bifunctional mechanism
proposed for CO oxidation in solution [33,34]. Since in the present study the spectral
phenomena of both adsorbed CO and CO2 on Pt/ZnSe suggest a chemical
modification of the platinum particles via for example alloying with the ZnSe IRE, it
could be speculated that the increased oxidation rate is also caused by an enhanced
water dissociation due to this alloy formation. Nevertheless, in the absence of oxygen
no CO oxidation is observed, indicating that the observed increased oxidation rate
must be the overall result of a complex interaction between water, CO and oxygen on
the Pt/ZnSe surface.

3.7 Conclusion

This study convincingly shows that ATR-IR spectroscopy can be applied to study CO
adsorption and reaction on extremely low surface area Pt/ZnSe samples in dry gas,
wet gas as well as aqueous solution. As such, ATR-IR spectroscopy allows direct
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comparison between adsorption and reactions in gas and liquid phase. For the first
time it is shown to be possible to prepare a catalyst film that is stable in aqueous
solution for over three days. The layer was found to adhere strongly to the IRE during
aqueous flow, and consequently, the catalyst layer could be used repeatedly.

Even that no change in infrared frequency for adsorbed CO was detected comparing
adsorption in gas and aqueous phase the properties of CO considerably changed.
The integrated peak area of linearly adsorbed CO on Pt/ZnSe was found to increase
drastically in aqueous phase compared to adsorption from gas phase. Moreover, the
presence of water promoted CO oxidation, most likely by a complex interaction of
water, CO and oxygen and the Pt/ZnSe surface. Finally, the oxidation product CO2

was found to be adsorbed on the Pt/ZnSe surface at room temperature in dry, wetted
and aqueous phase, giving rise to an infrared peak at 2340 cm-1. All observations
suggest a chemical modification of the platinum particles by interaction with the ZnSe
IRE, for example via alloy formation or strong SMSI effects.
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Chapter 4 

CO adsorption and oxidation over Pt/Al2O3
Promotion effects by water and pH 
Abstract
The adsorption and oxidation of carbon monoxide over a Pt/Al2O3 catalyst layer
deposited on a ZnSe Internal Reflection Element was investigated both in gas phase
and water using Attenuated Total Reflection Infrared Spectroscopy. A preparation
method is described which results in a strongly attached layer that is stable for many
days in a water flow. Both adsorption and oxidation of CO are largely affected by the
presence of liquid water. It influences the metal particle potential as well as the CO
molecule directly, which is reflected in large red shifts (45 cm-1) and a fourfold higher
intensity when the experiments are carried out in water. Furthermore, the rate of CO
oxidation changes significantly when carried out in water as compared to gas phase.
Finally, with increasing pH, CO stretching frequencies shift to lower wave numbers
accompanied by a large increase in CO oxidation rate.
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The influence of water and pH on the CO stretch frequency and CO oxidation rate,
presented in Figure 4.8. 
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4.1 Introduction

Detailed mechanistic studies of heterogeneous catalytic reactions in aqueous phase
are lacking because it is difficult to study heterogeneous catalysts in-situ if the
reaction is carried out in water. Only recently, ATR-IR spectroscopic studies at the
metal-liquid-interface have started to receive attention [1-7]. For example, the
adsorption and oxidation of CO, and dissociation of small molecules such as
formaldehyde over Pt/Al2O3 catalysts was reported [6]. In addition, ATR-
spectroscopic studies of the water-gas shift reaction and methanol reforming over
Pt/Al2O3 was combined with kinetic studies [4]. In our lab, we showed the large effect
of water on the oxidation rate of CO compared to gas phase CO oxidation over
Pt/ZnSe [2]. CO is a widely applied molecule to characterize supported noble metal
catalysts [8-19]. Interactions between CO and the active metal are reflected in shifts
of the CO absorption bands, which in turn are know to be affected by metal support
interactions. Since the vibrations are so sensitive for modifications of the metal
particles and/or its surrounding medium, CO is an ideal model compound to
characterize supported noble metal catalysts. In addition, CO oxidation is a very
simple reaction which allows for a detailed in-situ study of reaction parameters, such
as the effect of solvent or pH.

Especially the details of the influence of pH on heterogeneous catalytic reactions in
water have not been resolved completely. For this reason, the objective of this study
is to unravel the details of the influence of water and the pH on the CO adsorption
and oxidation on Pt/Al2O3 using in-situ ATR-IR spectroscopy

4.2 Experimental

The experimental procedure, materials and catalyst preparation are described in
details in the experimental section (Chapter 2). All spectra presented in the following
section are corrected for the water background as published by our group.

The characteristics of the 5 wt% Pt/Al2O3 catalyst (dispersion 75%) examined in the
present study are described in detail in the experimental section. 6 mg. of catalyst
was deposited on the Internal Reflection Element (IRE), resulting in 1.16 10-6 mol
surface platinum atoms. The thickness of the catalyst layer was measured to be 3.50
± 0.25 μm.

After assembling the cell in the IR spectrometer the cell was purged with gaseous
argon followed by a reducing gas flow for 2 hours (10% H2/Ar) to remove surface
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oxygen, hereafter adsorption experiments were performed. For experiments in
aqueous phase, the catalyst was reduced in hydrogen saturated Q2-water (denoted
H2/H2O) (7.8 10-5 mol H2/L) prior to adsorption experiments.

4.3 Results

4.3.1 Adsorption of CO from gas and aqueous phase

After assembling the ATR-IR cell and reducing the catalyst layer (see experimental
section), dry gas phase CO was introduced into the cell. Figure 4.1 shows the ATR-
IR spectra obtained during flow of CO over Pt/Al2O3.
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Figure 4.1. ATR-IR spectra as a function of time (time interval: 1.5 minutes) showing the region of CO 
adsorption on Pt/Al2O3 while dry CO was flown (1% CO/Ar).

During CO flow no gaseous CO was detected whereas linearly adsorbed CO on
platinum was initially detected with a distinct asymmetric infrared peak appearing at
2065 cm-1, which shifted to 2071 cm-1, due to dipole-dipole coupling with increasing
surface coverage [20,21] at saturation level after 5 minutes. Since the CO
concentration was low, this time was needed to dose the stoichiometric amount of
CO for the platinum particles to adsorb; it is not the result of diffusion limitations
within the catalyst layer. Bridging CO on platinum was identified by a very broad peak
with low intensity between 1750 and 1900 cm-1. Peak positions for both linear and
bridging CO on Pt/Al2O3 are similar to positions reported in literature [10,21-23]. After
flowing dry CO, the cell was flushed with dry argon for 15 min and subsequently a dry
oxygen rich stream (10 % O2/Ar) was introduced to oxidize the adsorbed CO. CO
was only partly removed during oxidation at room temperature (see also section:
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Oxidation of pre-adsorbed CO). In order to be able to use the catalyst layer again, the
IRE with catalyst was oxidized ex-situ at 523 K for 2 hours in flowing synthetic air (30
ml.min-1, heating/cooling rate 1 K.min-1) followed by reduction at 523 K for 2 hours in
flowing hydrogen (30 ml/min, heating/cooling rate 1 K.min-1), exposed to air and
mounted in the ATR-IR cell. Subsequently, the cell was purged with gaseous argon
(15 min.) and followed by reduction for 2 hours (10% H2/Ar) to remove surface
oxygen. Subsequently, hydrogen saturated Q2-water (7.8 10-5 mol H2/L) was
introduced (until a stable background was obtained, several hours) followed by a flow
of Q2-water at pH 6.9 saturated with CO (1.4 10-6 mol CO/L) and ATR-IR spectra
were collected (Figure 4.2).
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Figure 4.2. Water corrected ATR-IR spectra as a function of time (time interval of 1.5 minutes)
showing the region of CO adsorption on Pt/Al2O3 while CO in water (1.4 10-6 mol CO/L) was flown at 
pH 6.9. Note the four times higher infrared intensity for adsorbed CO as compared to adsorption from

gas phase (Figure 4.1).

When adsorbed from aqueous phase, linear CO was initially detected by a peak at
2015 cm-1 which shifted to 2024 cm-1 at increasing coverage, due to dipole-dipole
coupling [20,21]. Bridging CO was detected by a very broad peak with its maximum
around 1780 cm-1. During subsequent flow of pure Q2-water the intensity of the
bands for both linear and bridging CO remained constant, indicating that the layer
with adsorbed CO was stable. After flowing water, the adsorbed CO was oxidized by
oxygen in Q2-water (1.3 10-4 mol O2/L) removing all CO (see also section: Oxidation
of pre-adsorbed CO). Subsequently, the catalyst layer was reduced in-situ by
hydrogen in water (7.8 10-5 mol H2/L) for several hours in order to repeat
experiments. Repetition of experiments showed that the oxidation/reduction
treatment to clean the catalyst from CO had no influence on the observed CO
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spectra. This was particularly important, since this allowed comparison of intensities
of different experiments on the same Pt/Al2O3 sample.

Additionally, the effect of pH on CO adsorption in aqueous phase was examined. CO
in Q2-water at pH 4.9, 5.0, 6.9 and 9.1 (pH adjusted with either H2SO4, H3PO4 or
NaOH) was flown over the same Pt/Al2O3 catalyst layer as used for CO adsorption in
gas and aqueous phase and ATR-IR spectra were recorded (Figure 4.3). After each
adsorption experiment, adsorbed CO was oxidized by introducing oxygen in water
(1.3 10-4 mol O2/L) at the same pH as during CO-adsorption; as a result CO was
removed completely. After oxidation the catalyst layer was reduced in-situ by
hydrogen in water as described above.
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Figure 4.3. A: Water corrected ATR-IR spectra of linearly adsorbed CO on Pt/Al2O3 while CO in
aqueous phase (1.4 10-6 mol CO/L) at different pH was flown and B: ATR-IR frequency of linearly

adsorbed CO on Pt/Al2O3 in aqueous phase as a function of pH (Δ: adjusted with H3PO4, ◊: adjusted
with H2SO4, ○: adjusted with NaOH).

Figure 4.3A and B clearly shows a shift of 12 cm-1 to lower wave number with
increasing pH from 5.0 to 9.1 for the band of linearly adsorbed CO. Likewise, shifts
were found for bridging CO (not shown), but because of the very broad peaks the
exact peak positions could not be reliably determined. At pH 5, we find no significant
differences in peak position between H3PO4 and H2SO4 solutions, indicating that
influence of the counter ion is insignificant as compared to the influence of pH.
Although peaks clearly shifted with changing pH, only slight differences in linear to
bridge ratio were observed, and no relation between pH and linear to bridge ratio
could be determined.
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4.3.2 Oxidation of pre-adsorbed CO 

After CO adsorption on the Pt/Al2O3 layer, the adsorbed CO was oxidized by oxygen
(either dry gas phase or in aqueous phase), during which ATR-IR spectra were
recorded. The normalized integrated peak area of linearly adsorbed CO, during
oxidation, is shown in Figure 4.4 as a function of time, for both gas and aqueous
phase (pH 6.9). In both experiments, an immediate decrease in the peak intensity of
linear and bridging CO was observed during oxidation of pre-adsorbed CO, but no
CO2 was detected. Chromatic effects are absent in this experiment, because of the
high amount of oxygen in the feed compared to the amount of platinum present on
the IRE.

0.0

0.2

0.4

0.6

0.8

1.0

0 5 10 15 20 25 30
Time (min)

N
or

m
al

iz
ed

in
te

gr
at

ed
pe

ak
ar

ea
fo

rl
in

ea
rC

O
(a

.u
.)

Figure 4.4. Normalized integrated peak area of linear CO adsorbed on Pt/Al2O3 versus time during
oxidation from gas (○) and aqueous phase at pH 6.9 (+).

The initial rate of disappearance of adsorbed CO was the lowest in gas phase and
approximately doubled in aqueous phase. After flowing oxygen in water for 10 min,
98% CO was oxidized whereas only 65% of the CO was oxidized in gas phase after
10 min. The initial rate of disappearance of adsorbed CO in aqueous phase was also
investigated at different pH (Figure 4.5), each point indicates an individual experiment
at a specific pH and the experiments were performed randomly. As a reference, the
gas phase oxidation rate is indicated as a horizontal line.

Clearly, the initial rate of disappearance of adsorbed CO increased with increasing
pH and the rates in aqueous phase were always higher than in gas phase.
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Figure 4.5. Initial rate of disappearance of pre-adsorbed CO in aqueous phase as a function of pH 
(integrated peak area for linear CO/min) (Δ: adjusted with H3PO4, ◊: adjusted with H2SO4, ○: adjusted

with NaOH).

4.4 Discussion

4.4.1 Catalyst characterization

The applied method of catalyst immobilisation on an IRE resulted evidently in a
stable catalyst layer when applied for days in flowing aqueous solutions. Although
previously preparation of stable layers of supported catalyst for ATR-IR was reported
by evaporation of a aqueous suspension of the catalyst powder on the IRE without
further treatment [1,4,6], replication of this treatment in our laboratory did not result in
stable layers when water was flushed. The modified method reported here by
application of colloidal alumina followed by calcination and reduction to immobilize
the catalyst layer did result in a very smooth and stable Pt/Al2O3 layer, without
influencing the properties of the catalyst, which could be used repeatedly.

4.4.2 CO adsorption from gas and aqueous phase

Adsorption of CO from gas or aqueous phase on the same catalyst sample revealed
clear differences, as can be seen from Figure 4.6. CO adsorption from aqueous
phase results in a CO redshift of 47 cm-1 compared to dry gas phase adsorption.
Moreover, the IR absorbance increased approximately four times. Third, the ratio of
integrated intensities for linear and bridging CO (L/B ratio) decreased from 6.9 in gas
phase to 4.1 in aqueous phase.
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Figure 4.6. ATR-IR spectra showing the region of CO adsorption on Pt/Al2O3 from gas phase CO or
CO in aqueous phase.

The observed red shift in the presence of water is in accordance with several other
studies reporting shifts from 11 cm-1 to 34 cm-1 to lower wave number [4]. Also single
crystal studies report on the influence of water on adsorbed CO [5,7,24]. The spectral
properties of adsorbed CO were altered by the presence of heavy water for both
Pt(100) and Pt(111) [5,7]. A clear red shift was observed for both linear and bridging
CO on platinum upon gradual addition of D2O, which was explained by a combination
of increased π-back-donation from Pt to CO together with a change in CO dipole
moment [5,7]. For a differently pretreated Pt – Al2O3 sample, CO was adsorbed from
CH2Cl2, and linear adsorbed CO on Pt was found between 2030 and 2058 cm-1 ,
depending on the pre-treatment procedure [3]. Unfortunately, no gas phase spectra
were shown in that paper, so the effect of the solvent could not be estimated for that
particular sample. Nevertheless, the authors report large Pt particles (6 nm) for which
it is generally accepted that gas phase CO adsorption leads to bands around 2070 –
2090 cm-1 [10,21,23,25]. As such it seems that also CH2Cl2 induced a shift of the CO
stretch frequency. This suggests for both water and CH2Cl2 the possibility of a direct
interaction between solvent molecules and adsorbed CO, most likely via hydrogen
bonding. Preliminary calculations, however, show that the effect of co-adsorption of
water has a more distinct effect on the CO peak position than the formation of
hydrogen bonds [26].

In the field of catalyst characterization it is well-known that upon increasing support
alkalinity the red shift of linearly and bridging CO is accompanied by a lower linear to
bridge ratio as a result of the increased back-donation from the noble metal particles
[15,19,27,28]. Also in the present study, the linear to bridge ratio shows a clear
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decrease from 6.9 to 4.1 when the CO bands shifts to lower wave number. Based on
the red shift and changed L/B ratio, no distinction can be made between a direct
effect of water on the CO molecule or an indirect effect via modification of the metal
particle potential, inducing an increased back-donation from the metal to CO, or a
combination of both phenomena.

Remarkably, the CO intensity increased about 4 times when adsorbed from aqueous
phase compared to gas phase adsorption. This observation is similar to previous
results where we found a 5 times higher intensity for CO on Pt/ZnSe comparing CO
adsorption from aqueous phase with gas phase [2]. Unfortunately, papers reporting
on intensity changes upon addition of water are scarce.

At first instance, it seems likely that the increase in intensity could be caused by a
larger penetration depth, which depends on the refractive index of the sample on top
of the IRE [29]. In general, the refractive index of a porous material can be calculated
from the individual refractive indices of the porous material and the surrounding
medium [30]. Calculations showed that changing the medium from gas to water only
increases the penetration depth 1.29 times (see supplementary information), which is
significantly less than the factor of 4 increase in intensity.

A higher CO-coverage in aqueous phase can also be excluded as a reason for the
higher IR intensity, since CO is well known to adsorb strongly on platinum, and full
coverage is easily reached in gas phase at 1 atmosphere. For this reason CO
chemisorption is often used to determine metal particle dispersion [31]. It is therefore
not possible that adsorption of CO from aqueous phase leads to a four times higher
coverage compared to gas phase adsorption.

A possible remaining explanation for the increase in intensity is a change in extinction
coefficient upon addition of water. It was shown that adsorption of wetted CO (with
water vapour) on Pt/Al2O3 did not change the extinction coefficient of adsorbed CO
[10]. However, the addition of bulk water showed a dramatic effect on the intensity of
adsorbed CO, similar to the present study [2]. For this reason, we propose that the
surrounding of adsorbed CO by an excess of water molecules results in a
polarisation of the CO molecule, for example via hydrogen bonding, which directly
influences its extinction coefficient because of an increased transition dipole moment.

In addition, the stretch frequency of linearly CO adsorbed on Pt/Al2O3 was found to
shift down with increasing pH as shown in Figure 4.3B. In electrochemistry it is well-
known that a change in electrode potential causes a shift in peak position of
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adsorbed CO [32-34]. Moreover, a linear relation between pH of the solution and the
observed metal potential was published [35] which was accompanied by a relation
between the corrected potential and the observed frequency of adsorbed CO [32,36].
Unfortunately, it is difficult to compare those results directly with the observations in
the present study because of the applied potential in electrochemistry. In fact, to do
so we would need IR spectra of adsorbed CO at open circuit potential of a reacting
electrode, which are not available to the best of our knowledge because of severe
mass transfer problems. In gas phase chemistry the stretch frequency of adsorbed
CO is regarded as a sensitive probe of metal-support interactions [8-19], which are
known to influence the electronic properties of the supported metal and thus its
catalytic activity [13]. As a final point, a strong direct effect of pH on the CO stretch
frequency, for example through the formation of a CO-H+ adduct, can be excluded.
Such adduct formation would result in a weakening of the CO bond, which would
result in a shift to lower frequency with decreasing pH. However, exactly the opposite
trend is observed.

In conclusion, we attribute all observed spectral changes when comparing gas phase
and adsorption from aqueous phase with different pH, i.e. the red shifts, decreased
L/B ratio and fourfold increased intensity, to a combination of increased back-
donation from the supported metal and a direct effect of water on the transition dipole
moment of adsorbed CO. 

4.4.3 Oxidation of pre-adsorbed CO in gas and aqueous phase

Figure 4.4 clearly shows an increased rate of disappearance of adsorbed CO in
aqueous phase compared to the gas phase oxidation experiment. In addition,
increasing pH from 4.9 to 9.1 significantly enhances the CO oxidation rate. Similarly,
we showed recently that the oxidation rate of pre-adsorbed CO on Pt/ZnSe was
about twice as fast in aqueous phase at neutral pH compared to gas phase [2]. In
electro-oxidation of CO over either platinum or gold in acidic and alkaline solutions, it
was found that the electro oxidation was fastest in alkaline solutions where the CO
stretch frequency was lowest [35,36], which is in agreement with this study.
Moreover, the stretch frequency of adsorbed CO can be linearly related to the CO
oxidation rate as depicted in Figure 4.7. This linear relationship points towards an
effect of the metal particle potential on the rate-determining step of CO oxidation in
aqueous phase.
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Figure 4.7. Initial rate of disappearance of pre-adsorbed CO in aqueous phase as a function of infrared
frequency of linearly adsorbed CO on Pt/Al2O3; for comparison, gas phase oxidation rate is indicated

with the dotted line.

For gas phase CO oxidation it was reported that for zeolite supported catalysts higher
CO activity was found for samples with CO bands at lower wave number, which was
accompanied by a lower L/B ratio [19]. Based on XAFS experiments, the authors
attributed the increased oxidation activity to an increased electron density on the
metal particles. The increased potential induces a higher π-back donation from the
metal particle to CO, which results in a red shift of the CO stretch frequency and a
lower L/B ratio. Similar trends were observed for sulphur poisoned Pt/SiO2 catalysts
[37]. For the first time we show here that the same relation holds for CO oxidation
over Pt/Al2O3 in aqueous phase. In gas phase experiments the red shift is normally
accompanied by a decreased L/B ratio, which is only observed when comparing the
gas phase and aqueous phase experiments in the present study. With changing pH
no significant difference in L/B ratio was found. However, in gas phase the reported
shifts in band position are much larger (up to 100 cm-1) than in our study (13 cm-1

from pH 4.9 to 9.1). The increased π-back donation weakens the C-O bond by
supplying electrons in the anti-bonding orbital [38], that will be more reactive towards
the p-electrons of adsorbed oxygen atoms. As a result, the CO molecule is more
easily oxidized with increasing pH.

From this perspective it is also interesting to extrapolate the found linear relationship
to the gas phase oxidation rate indicated in Figure 4.7. The two lines intercept at
2037 cm-1 which is significantly lower than the observed frequency for adsorbed CO
in gas phase (2071 cm-1). This observation demonstrates that the linear relation
between peak position and oxidation rate can not be universally applied. The most
likely explanation for this is a change of mechanism in the presence of water. For a
given mechanism, the CO band position can be directly related to the oxidation
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activity as shown in Figure 4.7 and published in literature for gas phase oxidation
[19].

It is well accepted that the mechanism for CO oxidation in gas phase on platinum
catalysts proceeds via a three step Langmuir-Hinselwood reaction mechanism,
where adsorbed CO reacts with dissociatively adsorbed oxygen (Scheme 4.1)
[39,40]. In addition, CO oxidation in aqueous phase has been examined extensively
in electrochemistry [5,32,35,41-43]. The oxygen containing species for electro
oxidation is thought to result from oxidation of water at the electrode surface and is
usually supposed to be adsorbed OH [41,43]. Previously, also an activated complex
was proposed, such as adsorbed CO-H2O on platinum which forms CO-OH during
oxidation [41]. Since in the present study the oxidation of CO on Pt/Al2O3 in aqueous
phase did not take place in the absence of O2 we can exclude the formation of OH-

from water on the platinum surface. This is in agreement with DFT calculations
showing that during CO oxidation in water over Pt(111) water could not dissociate on
uncharged Pt(111) [44]. Moreover, in heterogeneous catalysis it is well-known that
water does not dissociate on platinum particles in water-gas-shift or steam reforming
at high temperatures.

Obviously, the reaction mechanism of CO oxidation by O2 over Pt/Al2O3 in aqueous
phase is not only different from gas phase oxidation, but also from electro-chemical
oxidation where water is generally accepted as the oxygen source, electrons are
removed via the electrode and the reaction can be performed in the absence of
dissolved molecular oxygen. Since the adsorption of CO from aqueous phase already
revealed a direct effect of liquid water on the CO molecules (reflected in a higher
extinction coefficient, vide ante) we propose an activated complex of CO molecules

and water, ( ) ( )⎡ ⎤⋅⎣ ⎦2CO H O *
y

to be a reaction intermediate for CO oxidation by O2 in

aqueous phase (Scheme 4.1). Due to hydration of the adsorbed CO molecule, the
CO bond is weakened to a large extent, as reflected in the large red shift and
decreased L/B ratio, which facilitates its oxidation. The exact configuration of the CO-
water complex remains unclear for the moment and is currently subject of theoretical
calculations. Moreover, an effect of water on adsorbed dissociated oxygen cannot be
excluded yet.
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Scheme 4.1. Proposed reaction mechanism of CO and O2 in gas phase and aqueous phase.

Gas phase [39,40] Aqueous phase [this paper]

CO + * CO*�

2O + 2 *  2 O*�

2O* + CO*  CO + 2*→

CO + * CO*�

( ) ( )2 2 y
CO* + y H O(l) CO × H O *⎡ ⎤

⎣ ⎦�

2O + 2 *  2 O*�

( ) ( )2 2 2y
O* + CO × H O *  CO + y H O(l) + 2*⎡ ⎤ →⎣ ⎦

The asterisk signifies a platinum site, and X* an adsorbed specie on platinum.

Finally, Figure 4.8 summarizes the findings of this study. The presence of co-
adsorbed and bulk water affect respectively the metal particle potential and the CO
transition dipole moment, most likely via complex formation between CO and H2O.
This interaction alters the reaction mechanism and rate of CO oxidation. In addition,
the pH mainly affects the CO molecule via a potential change of the metal particle,
which in turn is directly related to the observed rate of oxidation.
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Figure 4.8. Schematic presentation of the influence of water and pH on the CO stretch frequency and
CO oxidation rate (more details can be found in the text).

4.5 Conclusion

This study convincingly shows the benefit of ATR-IR spectroscopy to compare
properties of adsorbed molecules on supported noble metal catalysts in gas phase
and aqueous phase, since exactly the same catalyst can be used for both types of
experiments. The aqueous solution influences the properties of CO adsorbed on



Chapter 4

82

Pt/Al2O3 considerably. A large red shift, a decreased L/B ratio and a fourfold
increased intensity are observed, resulting from a combination of increased back-
donation from the metal and a direct effect of water on the transition dipole moment
of adsorbed CO. As a result the reaction mechanism is altered by the presence of
liquid water compared to gas phase or electro-chemical CO oxidation. The pH effect
on the CO oxidation rate can be fully attributed to a potential change of the metal
particles, which in turn affects the CO stretch frequency that is linearly related to the
oxidation rate.
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Chapter 5 

CO adsorption and oxidation over Pd/Al2O3
Promotion effects by water and pH 
Abstract
Adsorption and oxidation of carbon monoxide over a Pd/Al2O3 catalyst layer was
investigated both in gas and aqueous phase. Both adsorption and oxidation of CO
are significantly affected by the presence of liquid water. Water influences the
potential of the metal particles as well as the dipole moment of the adsorbed CO
molecule directly, which is both reflected in large red shifts and a threefold higher
intensity when experiments are carried out in aqueous phase. Furthermore, the rate
of CO oxidation increases significantly by both the presence of water and by
increasing the pH. Enhancement of the oxidation rate is attributed to both weakening
of the CO bond by increasing potential of the metal particle, similar to CO oxidation
over Pt/Al2O3. However, palladium differs from platinum because the oxidation of
palladium is promoted in water and with increasing pH, further enhancing the
oxidation of CO over Pd/Al2O3.
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5.1 Introduction

The relative simplicity of CO oxidation makes the reaction an ideal model of a
heterogeneous catalytic reaction and allows for a detailed in-situ study. Interactions
between CO and the active metal are reflected in shifts of the CO absorption bands,
which in turn are known to be affected by metal support interactions. Since the
vibrations are so sensitive for modifications of the metal particles and/or its
surrounding medium, adsorption of CO as a probe molecule in combination with
vibrational spectroscopy is widely applied to characterise supported noble metal
catalysts [1-18].

CO oxidation has been frequently studied over both single-crystal palladium surfaces
and over well-dispersed, supported palladium catalysts [19-22]. In gas phase the
addition of water vapour was shown to increase the oxidation activity over palladium
catalysts, but no explanation was given for this increase [23]. Only a few studies have
reported on reactions involving CO in aqueous phase. For example, the adsorption
and oxidation of CO and the dissociation of small molecules such as formaldehyde
over Pt/Al2O3 catalysts was reported [24]. In addition, ATR-spectroscopic studies of
the water-gas shift reaction and methanol reforming over Pt/Al2O3 were combined
with kinetic studies [25]. In our lab, we showed the large effect of water on the CO
stretch frequency and observed an increase of the CO oxidation rate compared to
gas phase CO oxidation over Pt/Al2O3 and Pt/ZnSe [1,26]

It is the objective of this study to examine the effect of water and pH on the palladium
supported on alumina and on the oxidation of CO over Pd/Al2O3. CO adsorption and
oxidation on Pd/Al2O3 is therefore investigated as a model reaction, using in-situ
ATR-IR spectroscopy. Similarities and differences between adsorption and oxidation
of CO over Pt/Al2O3 and Pd/Al2O3 will be discussed.

5.2 Experimental

The experimental procedure, materials and catalyst preparation are described in
detail in the Experimental Section (Chapter 2). All spectra presented in the following
section are corrected for the water background. The integrated peak areas are
calculated using curve fitting of the spectra, following the procedure described in the
Experimental Section (Chapter 2).

The characteristics of the 5 wt% Pd/Al2O3 (dispersion 45%) catalyst examined in the
present study are also described in detail in the Experimental Section (Chapter 2).
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6 mg of catalyst was deposited on the Internal Reflection Element (IRE), resulting in
1.3·10-6 mol accessible surface palladium atoms deposited on the IRE. The thickness
of the catalyst layer was 5.0 ± 0.5 μm.

After assembling the cell in the IR spectrometer the cell was purged with gaseous
argon followed by a reducing gas flow for 2 hours at 294 K (10% H2/Ar) to remove
surface oxygen, before adsorption experiments were performed. For experiments in
aqueous phase, the catalyst was reduced in hydrogen saturated Q2-water H2/H2O
(4.1·10-4 mol/L H2; saturation at 0.1 bar). In gas phase, formation of β-palladium-
hydride occurs at hydrogen pressures above 0.025 bar [27]. Even though the
concentration is lower in aqueous phase, the chemical potential of hydrogen is
assumed to be equal in gas and aqueous phase, if the same concentration is used
for saturation. Saturation of the aqueous phase with a hydrogen pressures above
0.025 bar will therefore result in formation of β-palladium-hydride during reduction in
aqueous phase. The Pd/Al2O3 catalyst used in this study therefore consists of
β-palladium-hydride after reduction in both gas and aqueous phase.

5.3 Results

5.3.1 Adsorption of CO from gas and aqueous phase

After assembling the ATR-IR cell and reduction of the catalyst layer, dry gas phase
CO was introduced into the cell. Figure 5.1 shows the ATR-IR spectra obtained
during flow of CO over the pre-reduced Pd/Al2O3 catalyst.
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Figure 5.1. ATR-IR spectra as a function of time showing CO adsorption on Pd/Al2O3 while dry CO 
was flown over the catalyst layer (1% CO/Ar).

During CO flow no gaseous CO was detected whereas adsorbed CO on palladium
was detected with a distinct asymmetric infrared peak, with a shoulder at the low
frequency side, appearing at 2086 cm-1, shifting to 2091 cm-1 with increasing time
and two broad peaks; one at 1975 cm-1 shifting to 1978 cm-1 and one at 1928 cm-1

shifting to 1934 cm-1 with increasing time. These blue shifts are attributed to dipole-
dipole coupling of adsorbed CO with increasing surface coverage [10,16]. Infrared
bands in the range of 2060 – 2100 cm-1 are normally assigned to linear bound CO on
palladium, while bands in the range between 1750 – 2000 cm-1 are assigned to
bridged and multi bonded CO on palladium [28-34]. Therefore the peak at 2091 cm-1

is assigned to linear bonded CO. The other two overlapping peaks, can be assigned
to bridged CO (1979 cm−1) and multi bonded CO (1934 cm−1) adsorbed on palladium.
The ratio between the integrated peak intensities of the linear and bridged/multi
bonded absorption band (L/B-M ratio) is 0.27. This ratio is significantly lower
compared to CO adsorption on platinum (L/B ratio of 6.9), as shown in Chapter 4,
and is a result of the difference in the electronic properties of platinum and palladium
[10,17,28-36].

After flowing dry gaseous CO, the cell was first flushed with dry argon for 10 minutes.
During flow of argon the intensity of the peaks for both linear and bridge CO
remained constant. Subsequently a dry oxygen rich stream (10% O2/Ar) was
introduced into the cell to remove adsorbed CO (see section 5.3.3). After oxidation,
the cell was flushed with argon and the catalyst layer was reduced in-situ for several
hours by H2 (gas) in order to repeat adsorption/oxidation experiments.
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After finalising the gas phase experiments, Ar/H2O was introduced into the cell,
containing the same catalyst layer. Subsequently, the catalyst layer was reduced
in-situ by H2/H2O (8.2·10-5 mol H2/L; saturated at 0.1 bar) until a stable background
spectrum was obtained, after approximately 12 hours. After reduction, CO/H2O
(1.4·10-6 mol CO/L; saturated at 0.01 bar) at pH 7.1 was introduced and ATR-IR
spectra were collected, as shown in Figure 5.2.

0.0000

0.0020

0.0040

0.0060

0.0080

0.0100

0.0120

0.0140

0.0160

165017501850195020502150

Wavenumber (cm-1)

A
TR

-IR
ab

so
rb

an
ce

(a
.u

.)
2034

Linear

Time

150 min

0 min

1870
Multi

1911
Bridge

Figure 5.2. Water corrected ATR-IR spectra recorded while CO/H2O (1.4·10-6 mol CO/L) was flown
over Pd/Al2O3 at pH 7.1.

CO adsorbed on Pd/Al2O3 from aqueous phase at pH 7.1 was detected by a peak for
linear CO at 2028 cm-1, shifting to 2034 cm-1 with increasing time. Bridged and multi
bonded CO was again detected by two peaks; bridged CO was observed at 1906
cm-1 shifting to 1911 cm-1 and multi bonded CO was detected at around 1870 cm-1.
Again the blue shifts are attributed to an increased dipole-dipole coupling of adsorbed
CO with increasing surface coverage [10,16]. Compared to gas phase adsorption
(Figure 5.1) linear, bridged and multi bonded CO show a significant red shift of
57 cm-1 for linear CO; 67 cm-1 for bridge CO and 67 cm-1 for multi bonded CO in the
presence of water (Figure 5.1 and Figure 5.2). The shifts are in agreement with
previous studies performed by our group on CO adsorption on Pt/Al2O3 [1].

After CO adsorption in aqueous phase, the cell was flushed with Ar/H2O. The
intensity of the peaks for linear, bridged and multi bonded CO remained constant,
indicating that the layer with adsorbed CO was stable. Subsequent to Ar/H2O
flushing, adsorbed CO was oxidised/removed by flowing O2/H2O (1.3·10-4 mol O2/L).
Thereupon, the cell was flushed with Ar/H2O and the catalyst layer was reduced
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in-situ by H2/H2O (7.8·10-5 mol H2/L) for several hours. After this treatment
experiments could be repeated with reproducible results.

5.3.2 CO adsorption from pH 5.0 – 9.0 in aqueous phase

Beside the influence of water, the effect of pH on CO adsorption in aqueous phase
was also examined. The ATR-IR cell, containing the same Pd/Al2O3 catalyst layer as
used for CO adsorption in gas and aqueous phase, was flushed with Ar/H2O first.
Subsequently, the catalyst layer was reduced In-Situ by H2/H2O at respectively pH
5.0, 7.0, 7.1, 8.5 and 9.0 followed by inert flow (Ar/H2O) at the according pH. CO/H2O
with the same pH was flown over the Pd/Al2O3 catalyst layer and ATR-IR spectra
were recorded. Figure 5.3 shows the ATR-IR spectra of CO adsorbed on Pd/Al2O3 at
pH 5.0, 7.1 and 9.0. The spectra for the intermediate pH values vary gradually
between those shown in Figure 5.3. After each adsorption experiment, adsorbed CO
was oxidised by O2/H2O (1.3·10-4 mol O2/L) at the same pH value as used during CO
adsorption. Subsequently, the cell was flushed with Ar/H2O and the catalyst layer
was reduced in-situ by H2/H2O (7.8·10-5 mol H2/L) for several hours as a pre-
treatment for the next adsorption/oxidation experiment.
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Figure 5.3. Water corrected ATR-IR spectra for CO adsorption on Pd/Al2O3 after CO in water (1.4·10-6

mol CO/L) at pH 5.0, 7.1 and 9.0 was flown for 150 minutes.

As described in the previous section (Figure 5.2), when CO was adsorbed at neutral
pH (pH 7.1), linear CO was detected at 2034 cm-1, bridged CO at 1912 cm-1 and multi
bonded CO at 1870 cm-1 (Figure 5.3), By lowering the pH to 5.0 a blue shift of 8 cm-1

to 2042 cm-1 was observed for linear CO (Figure 5.3). Bridged and multi bonded CO
also showed a blue shift to 1925 and 1885 cm-1, respectively. Increasing the pH to
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9.0, which is just above the isoelectric point of alumina (
2 3Al OIEP = 8.5 [37]), resulted in

a small red shift for all adsorbed CO species. Linear adsorbed CO was detected at
2031 cm-1, bridged bonded CO at 1909 cm-1 and multi bonded CO was observed at
1865 cm-1 (Figure 5.3).

Figure 5.3 clearly shows that the intensity of adsorbed CO varies with pH; the
integrated area increased from 0.55 a.u. at pH 5.0 to 1.18 a.u. at pH 9.0. The
integrated peak areas for at pH 7.0 (1.07) was similar to pH 9.0. Moreover, the ratio
between the integrated peak intensities of the linear and bridged/multi bonded
absorption band (L/B-M ratio) decreased with increasing pH; the L/B-M ratio
decreased from 0.14 at pH 5.0 to 0.06 at pH 7.1 and 0.04 at pH 9.0. Furthermore, the
ratio between bridged/multi bonded CO (B/M ratio) also decreased; from 0.63 at pH
5.0 to 0.56 at pH 7.1 and 0.39 at pH 9.0.

5.3.3 Oxidation of pre-adsorbed CO 

5.3.3.1 Oxidation in gas phase

As described above, after adsorption of CO on the Pd/Al2O3 catalyst layer, adsorbed
CO was oxidised by dry gas phase oxygen. Figure 5.4A shows ATR-IR spectra
recorded during oxidation of pre-adsorbed CO on Pd/Al2O3 in gas phase. The
integrated peak areas for adsorbed CO, shown in Figure 5.4B, are calculated by
curve fitting of the spectra into the respective peaks following to the procedure
described in the Experimental Section (Chapter 2).
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Figure 5.4. A: ATR-IR spectra obtained while oxygen (10% O2/Ar) was flown over Pd/Al2O3, with pre-
adsorbed CO; B: Integrated peak areas of observed species during oxidation.
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During oxidation of pre-adsorbed CO a decrease in the peaks for linear and bridged
CO was observed, but no CO2 was detected. Initially the peak for linear CO
decreases while shifting from 2091 to 2088 cm-1, followed by a decrease of bridged
and multi bonded adsorbed CO after 8 minutes, with a simultaneous red shift of
approximately 3 cm-1 for both species. The red shifts are caused by decreased
dipole-dipole coupling at lower coverage of adsorbed CO [10,16]. The observation
that linear CO is more reactive to oxygen, and is oxidised before oxidation of bridged
and multi bonded CO occurs, is in agreement with literature reporting on CO
oxidation over Pd/Al2O3 [38].

5.3.3.2 Oxidation in aqueous phase

As described above, CO oxidation was also performed in aqueous phase. After
adsorption of CO in aqueous phase the cell was flushed with Ar/H2O, at the same pH
as for CO adsorption. During flow of Ar/H2O the intensity of the peaks for linear,
bridged and multi bonded CO remained constant. Subsequently, O2/H2O (1.3·10-4

mol O2/L) was flown over the same Pd/Al2O3 catalyst layer with pre adsorbed CO.
The oxidation experiments were performed at respectively pH 5.0, 7.0, 7.1, 8.5 and
9.0 (same pH as for CO adsorption), but for clarity only the spectra at pH 5.0, 7.1 and
9.0 are shown in Figure 5.5A, C and E, respectively. The integrated peak areas for
adsorbed CO during oxidation are shown in Figure 5.5B, D and F. On first sight, it
seems like bridged CO is the main specie adsorbed on the palladium surface at pH
5.0 and 7.1 (Figure 5.5A and C). However, the integrated peak areas based on peak
deconvolution (shown in Figure 5.5B and D) reveal multi bonded CO as the
dominating specie. This is caused by the fact that the peak for multi bonded CO is
approximately twice as broad as the peak for bridge bonded CO (as normally found
for CO adsorbed on palladium catalysts).
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Figure 5.5. Water corrected ATR-IR spectra and integrated peak areas during oxidation of pre
adsorbed CO on Pd/Al2O3 in aqueous phase at A, B: pH 5.0; C, D: pH 7.1 and E, F: pH 9.0. 
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As for gas phase, during oxidation of pre adsorbed CO a decrease in the peaks for
linear and bridged CO was observed, but again no CO2 was detected. During
oxidation in water at pH values ranging from 7.0 – 9.0 the peaks for linear, bridged
and multi bonded CO initially decreased. At lower pH (5.0), an initial period, where
only linear and bridged CO were oxidised, was observed. This was also the case for
gas phase oxidation, although for oxidation in aqueous phase at pH 5.0 this initial
period was only 1.5 minutes (Figure 5.5A, B) compared to the 8 minutes during gas
phase oxidation (Figure 5.4A, B). In addition, the peak positions for adsorbed CO in
aqueous phase show a blue shift during oxidation. The blue shift is 9 – 10 cm-1 during
oxidation at pH 5.0; 13 – 14 cm-1 at pH 7.1 and 16 – 17 cm-1 at pH 9.0. The oxidation
rate of adsorbed CO increases with increasing pH, as shown in Figure 5.5. The
oxidation rate is highest at pH 9.0, where CO was completely removed after 7.5
minutes, whereas it took 10.5 minutes to remove all CO at pH 7.1. The CO oxidation
rate was lowest at pH 5.0, where 12 minutes were not sufficient for complete removal
of CO, despite the fact that the initial CO coverage at pH 5.0 was low.

5.4 Discussion

5.4.1 CO adsorption from gas and aqueous phase

Comparison of the adsorption of CO from gas or aqueous phase revealed clear
spectral differences. For comparison, Figure 5.6 shows the ATR-IR spectrum at
saturation level for both situations. CO adsorption was performed on the exact same
catalyst layer in both experiments, allowing for direct comparison between adsorption
from gas and aqueous phase.
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Figure 5.6. ATR-IR spectrum of CO adsorbed on Pd/Al2O3 from gas phase CO and water corrected
ATR-IR spectrum of CO adsorbed on Pd/Al2O3 from aqueous phase at pH 7.1. 

From Figure 5.6 it can clearly be seen that, when changing from gas to aqueous
phase, a significant red shift for absorbed CO is observed. Linear CO shifted from
2091 to 2034 cm-1 (57 cm-1), bridged adsorbed CO shifted from 2978 to 2011 cm-1

(67 cm-1) and multi bonded CO shifted from 1934 to 1870 cm-1 (64 cm-1). In addition,
the integrated peak areas of adsorbed CO were three times higher when adsorbed
from aqueous phase than from gas phase. Moreover, the ratio between the
integrated peak intensities of the linear and bridged/multi bonded absorption band
(L/B-M ratio) decreased from 0.27 in gas phase to 0.06 in aqueous phase, i.e. more
CO is adsorbed in bridged and multi bonded configuration in aqueous phase.

The red shift of 57 – 67 cm-1 in peak position for adsorbed CO in the presence of
water, is similar to results obtained on Pt/Al2O3, as recently published by us, where a
red shift of around 50 cm-1 was observed for adsorbed CO [1]. In literature, CO has
also been adsorbed on Pd/Al2O3 from dichloromethane and cyclohexane [11,39]. It
was found that CO adsorbed from these solvents shows a lower frequency than
found in gas phase adsorption. Using dichloromethane, linear CO was observed
between 2054 and 2048 cm-1, while multi bonded CO was detected between 1860
and 1820 cm-1 [11]. Adsorbed from cyclohexane, linear CO was detected at 2068
 cm-1 and multi bonded CO was detected 1968 cm-1 [39]. CO adsorbed on palladium
in presence of water has been investigated in a few studies only. CO adsorbed on
Pd(100) was characterised by one peak at 1860 cm-1, shifting to 1955 cm-1 with
increasing coverage [40]. On Pd(111), adsorbed CO at low coverage was
characterised by one peak (1840 – 1870 cm-1), which split into two peaks with
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increasing coverage. At saturation, one study reported that the two peaks were
located at 1925 cm-1 and 1882 cm-1 [40], whereas another study reported the location
to be 1956 cm-1 and 1917 cm-1 [41]. On Pd(poly), adsorbed CO in the presence of
water was characterised by two peaks; one at 2064 cm-1 (linear CO) and one at 1959
cm-1 (either bridged or multi bonded CO) [42].

In all cases the peak frequencies of adsorbed CO were found to show a significant
red shift in the presence of solution (water, cyclohexane or dichloromethane)
compared to gas phase adsorption, in agreement with the present study.

In addition to the clear shift in peak position, Figure 5.6 also shows a threefold
increase in intensity when CO is adsorbed from aqueous phase compared to gas
phase adsorption. This increase in intensity is in good agreement with previous
results of CO adsorption on both Pt/Al2O3 and Pt/ZnSe in gas and aqueous phase
[1,26]. A higher CO-coverage in aqueous phase can be excluded as an explanation
for the increased intensity, since CO is well known to adsorb strongly on palladium
and full coverage is easily reached in gas phase at 1 atmosphere [43]. According to
the calculations of the penetration depth shown in the Experimental Section (Chapter
2) the difference in refractive index of water and air, can cause a maximal increase in
intensity of 1.27 times, because of the increased penetration depth. This increase is
significantly lower than the observed increase in the intensity of the CO band.

It is well-known that a red shift of linear and bridged adsorbed CO is accompanied by
a lower linear to bridged/multi bonded ratio as a result of the increased π-back-
donation from the noble metal particles, e.g. upon increasing support alkalinity
[12,14,44,45]. A significant decrease in the L/B-M ratio from 0.27 in gas phase to
0.06 in aqueous phase was indeed found in the present study (Figure 5.6).

On platinum, a clear red shift was observed for both linear and bridged CO upon
gradual addition of D2O, which was explained by a combination of increased π-back-
donation from platinum to CO along with a change in CO dipole moment [15,46]. On
Pt/Al2O3 we showed that the shift in peak position caused by water was accompanied
by a decrease in the L/B ratio. We propose that the surrounding of adsorbed CO on
Pd/Al2O3 by an excess of water molecules results in polarisation of the CO molecule,
via hydrogen bonding, a modification of the metal particle potential or a combination
of both phenomena. This explains the observed increased CO intensity, the red shift
of the peak position and the decrease in the L/B ratio. Polarisation directly influences
the extinction coefficient, because of an increased transition dipole moment.
Modification of the metal particle potential shifts the peak position, inducing increased
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π-back-donation from the metal to CO. This explanation is identical to the explanation
offered previously for the influence of water on CO adsorbed on Pt/Al2O3 [1].

In conclusion, the red shift, increased infrared intensity and decreased L/B-M ratio
can be explained by both a direct effect of water on the CO molecule as well as an
indirect effect via modification of the metal particle potential, inducing an increased π-
back-donation from the metal to CO.

5.4.1.1 CO adsorption in aqueous phase at pH 5.0 – 9.0

The stretch frequency of both linear, bridged and multi bonded CO on Pd/Al2O3 was
found to shift down with increasing pH. The peak positions for linear adsorbed CO
are correlated to pH, as shown in Figure 5.7. Because of the overlap of the broad
peaks no correlation between peak position and pH can be claimed for bridged and
multi bonded CO. The broad overlapping peaks for bridge and multi coordinated CO,
did not allow for precise determination of the peak position, even though the peaks
were fitted into two separate peaks, the uncertainty in the peak position was ± 3 cm-1.
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Figure 5.7. ATR-IR frequency of linearly adsorbed CO on Pd/Al2O3 in aqueous phase as a function of 
pH.

By increasing the pH from 5.0 to 9.0 a red shift of 13 cm-1 was detected and the L/B-
M ratio decreased from 0.14 to 0.04. Remarkably the shift in peak position for CO
adsorbed at pH 5.0 compared to pH 9.0 is exactly the same as we have recently
published for CO adsorbed on Pt/Al2O3 in the same pH interval [1]. The red shift in
CO stretch frequency with increasing pH can not be due to dipole-dipole coupling, as
this would cause a blue shift with increasing coverage with increasing pH, opposite to
the observation shown in Figure 5.7.

A direct effect of pH on the CO stretch frequency, for example through the formation
of a CO-H+ or CO-OH- adduct, can be excluded. The formation of a CO-H+ adduct at
low pH would result in a weakening of the CO bond, shifting the CO adsorption band
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to lower frequency with decreasing pH. However, exactly the opposite trend is
observed. At high pH the CO absorption band would shift to higher frequency if a
CO-OH- adduct were formed; again, exactly the opposite trend is found.

In electrochemistry, it is well-known that a change in electrode potential causes a
shift in peak position of adsorbed CO [47-49]. Moreover, a linear relation between pH
of the solution and the observed metal potential was reported [50], which was
accompanied by a relation between the corrected potential and the observed
frequency of adsorbed CO [47,51]. Furthermore, the stretch frequency of adsorbed
CO is regarded as a sensitive probe of metal-support interactions in gas phase
chemistry [2-9,12,14,17,18]. Metal-support interactions are known to influence the
electronic properties of the supported metal and consequently its catalytic activity [9].
These observations indicate that the pH of the solution influences the electrode
potential, which can be observed by the change in the stretch frequency of adsorbed
CO, comparable to metal-support interactions in gas phase.

The increased potential of the metal particles, suggested both in electro chemistry
and gas phase chemistry, leads to an increased π-back-donation from the supported
metal to CO. Hereby electrons are supplied to the anti-bonding orbital, consequently
weakening the CO bond [52], leading to both a red shift of the CO adsorption band
and a lower L/B-M ratio. Therefore we attribute the observed spectral changes when
increasing pH to an increased potential of the supported metal particles, similar to
over Pt/Al2O3.

From Figure 5.3, it is clear that the intensity of the CO bands vary with pH. As shown
in Chapter 4, the pH of the solution does not influence the CO intensity of the CO
peak over Pt/Al2O3; apparently both the extinction coefficient and the surface
coverage remain unchanged with changing pH. A compensating effect is unlikely,
because CO is known to adsorb strongly on platinum and full coverage is to be
expected. The response of the extinction coefficient to pH is assumed to be the same
over both palladium and platinum. Thus, the lower intensity for adsorbed CO at low
pH, as shown in Figure 5.3, must be caused by a lower coverage. At present this
effect of pH can not be explained, but it can be speculated that after reduction H/H+ is
more strongly adsorbed on the surface at low pH (vide infra). This will induce a
competitive effect between CO and H/H+ and as a consequence a lower CO
coverage is observed at low pH.
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5.4.2 Oxidation of pre-adsorbed CO 

5.4.2.1 CO oxidation from gas and aqueous phase

From Figure 5.4 and Figure 5.5 it is clear that the oxidation rate of adsorbed CO in
aqueous phase increased considerably compared to oxidation in gas phase, which is
in good agreement with our recent publication of CO oxidation over Pt/Al2O3 [1] and
Pt/ZnSe [26]. In addition, increasing pH from 5.0 to 9.0 significantly enhances the CO
oxidation rate, again in good agreement with our recent publication of CO oxidation
over Pt/Al2O3 [1]. Titration effects can be excluded, as sufficient oxygen is available to
oxidise all adsorbed CO within 10 seconds, assuming stoichiometric adsorption of
one CO molecule per palladium surface atom.

For gas phase CO oxidation it was reported that for zeolite supported catalysts higher
CO activity was found for samples with CO bands at lower wave number, which was
accompanied by a lower L/B ratio [14]. Based on XAFS experiments, the authors
attributed the increased oxidation activity to an increased electron density on the
metal particles. Oxidation of CO in aqueous phase has been examined extensively in
electrochemistry, although mostly over platinum electrodes [46,47,50,53-55]. The
oxygen containing species for electro oxidation is thought to result from
electrochemical oxidation of water, resulting in an activated complex between CO
and water [53,55]. Obviously, oxidation of CO on Pd/Al2O3 in aqueous phase did not
take place in the absence of oxygen and chemical formation of OH- from water on the
palladium surface is excluded. Nevertheless, formation of an activated complex of
CO and water, similar to an activated complex proposed in electrochemistry, as a
reaction intermediate for CO oxidation by oxygen in aqueous phase is a reasonable
proposition to explain the increased reaction rate in water, as suggested previously
for Pt/Al2O3 [1]. The CO bond in the activated complex is weakened by a combination
of increased π-back-donation from the supported metal and a direct effect of water on
the transition dipole moment of adsorbed CO. The increased π-back donation
weakens the CO bond by supplying electrons in the anti-bonding orbital [52]. The CO
molecule will therefore be more reactive toward the p-electrons of adsorbed oxygen
atoms. As a result, the CO molecule is more easily oxidised in aqueous phase.

During oxidation in aqueous phase, a clear blue shift in CO stretch frequency of
adsorbed CO was observed (Figure 5.5). No such effect was observed during
oxidation in gas phase (Figure 5.4) or during oxidation of CO in aqueous phase over
Pt/Al2O3 (Chapter 4). The observed blue shifts are certainly not due to decreasing
dipole-dipole coupling with decreasing coverage, since this would cause a red shift
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[10,16]. On the other hand, it is well known that CO stretch frequencies shift to higher
wave number on oxidised metal particles [32]. The observed blue shifts are therefore
attributed to surface oxidation of the supported palladium particles, indicating that
oxidation of palladium is facilitated in aqueous phase. We propose that the resulting
increase in the surface coverage of oxygen is not only causing the observed blue
shift, but also contributes to the increase in the oxidation rate (Figure 5.4 and Figure
5.5). Increased oxidation of noble metal catalysts in the presence of water was
previously reported [56]. In short, the presence of water influences the adsorbed CO
molecule as well as the oxidation of palladium, both phenomena leading to an
increased CO oxidation rate.

5.4.2.2 CO oxidation in aqueous phase at pH 5.0 – 9.0

Besides lowering the CO stretch frequency, an increase in pH was also found to
enhance the oxidation of adsorbed CO on palladium (Figure 5.5 and Figure 5.7). In
addition, the blue shift observed during CO oxidation in aqueous phase increased
with increasing pH (9 – 10 cm-1 at pH 5.0; 13 – 14 cm-1 at pH 7.1 and 16 – 17 cm-1 at
pH 9.0), indicating an increased oxidation of the supported palladium particles with
increasing pH. This leads to a higher surface coverage of oxygen, increasing the
oxidation rate (Figure 5.5).

The larger blue shift observed during oxidation of pre adsorbed CO with increasing
pH, indicates that palladium is oxidized faster at higher pH values, as shown in
Figure 5.5. In our previous study on CO oxidation over Pt/Al2O3, no indications on
oxidation of platinum was observed, in agreement with the slower oxidation found for
CO on platinum and with the fact that pH only slightly increases the oxidation of
platinum compared to palladium [57]. Beside the oxidation of palladium, the CO
oxidation rate is also increased by the increased π-back donation weakening the CO
bond and causing the CO molecule to be more easily oxidised with increasing pH.
Consequently, the same mechanism applies for both the effect of water and the
increase in pH; the negative charge and the oxidation rate of palladium particles are
increased, both leading to a higher oxidation rate of adsorbed CO.

In electro oxidation of CO over both platinum and gold in acidic and alkaline
solutions, it was found that the electro oxidation was fastest in alkaline solutions,
where the CO stretch frequency was lowest [50,51], in agreement with this study.
Moreover, an increased rate of oxidation of palladium with an increase in pH was
reported [57,58]. The increased oxidation rate of adsorbed CO with increasing pH
points toward an effect of the metal particle potential on the rate-determining step of
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CO oxidation in aqueous phase. This is further supported by the decreasing L/B-M
ratio with increasing pH.

As for Pt/Al2O3, both the presence of water and increased pH influence the potential
of the supported palladium particles, reflected in the changed CO stretch frequency
and altered L/B-M ratio. The change in potential influences the adsorbed CO
molecule by weakening the CO bond. Contrary to CO adsorption / oxidation on
Pt/Al2O3, the oxidation of palladium during CO oxidation is also influenced by both
the presence of water and pH; water and increased pH increase the oxidation of
palladium. The increased oxidation indicates a higher surface coverage of adsorbed
oxygen on palladium, increasing the oxidation rate of adsorbed CO. Both the
weakening of the CO bond and the increased oxidation of palladium result in a higher
CO oxidation rate in aqueous phase and with increasing pH.

5.5 Conclusion

Both the presence of water and the pH of the aqueous solution influence the
properties of CO adsorbed on Pd/Al2O3 considerably. A large red shift, a decreased
L/B-M ratio and a threefold increased intensity are observed when CO adsorption is
carried out in aqueous phase compared to in gas phase. These phenomena result
from a combination of increased π-back-donation from the metal and a direct effect of
water on the transition dipole moment of adsorbed CO. By increasing the pH the
π-back-donation increases even further, causing a further red shift and decrease in
L/B-M ratio.

The oxidation rate of pre-adsorbed CO is increased in the presence of water and by
increasing pH. Both cause an increase in the potential of the supported metal
particles, leading to a weakening of the CO bond and to increasing the CO oxidation
rate. Furthermore, water and high pH facilitate the oxidation of the palladium
particles, which contributes to a further increase of the CO oxidation rate.
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Chapter 6 

Adsorption of NO2
-, NH4

+ and NH2OH on
Pd/Al2O3, Pt/Al2O3 and Al2O3
Abstract
In relation to the heterogeneous hydrogenation of nitrite, adsorption of NO2

-, NH4
+

and NH2OH from aqueous phase was examined on Pd/Al2O3, Pt/Al2O3 and Al2O3.
None of the investigated inorganic nitrogen compounds adsorb on alumina. NO2

-
(aq)

and NH4
+

(aq) on the other hand show similar adsorption characteristics on both
Pd/Al2O3 and Pt/Al2O3. The vibrational spectrum of the NO2

- ion changed
substantially upon adsorption, clearly indicating that NO2

- chemisorbs onto the
supported metal catalysts. Contrary, adsorption of NH4

+ does not cause significant
change in the vibrational spectrum of the ion, indicating that electrostatic interaction
dominates the adsorption of ammonia ions instead of chemisorption. When
comparing interaction of NH2OH(aq) on Pd/Al2O3 and Pt/Al2O3 significant differences
were observed. On Pd/Al2O3, NH2OH is converted into a stable NH2(ads) fragment,
whereas on Pt/Al2O3, NH2OH is converted into NO, possible via HNO(ads) as an
intermediate.
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6.1 Introduction

Waste- and ground-water treatments are retrieving more and more attention because
of increasing pollution of ground-water [1]. Water purification in general includes
oxidative treatments next to hydrogenation processes [2]. Denitrification, like nitrite
and nitrate hydrogenation, is becoming more important due to the high nitrite and
nitrate levels found in ground-water in Europe, which in some cases exceeds legal
limits, and local wells had to be closed [1,3].

Nitrate and nitrite are potential human health hazards, especially to infants, causing a
condition known as methemoglobinemia, also called blue baby syndrome [4].
Methemoglobinemia prevents blood cells from absorbing oxygen, leading to
suffocation and possible death. Consumption of high levels of nitrate and nitrite are
also under the suspicion to cause other health problems, for example gastric cancer
[4].

Denitrification is one of the mostly investigated hydrogenation reactions in ground-
water treatment. Hydrogenation of nitrate and nitrite over noble metal catalysts was
for the first time reported in 1989 [5]. Nitrate was reported to first hydrogenate to
nitrite, which in turn converted into nitrogen and ammonia.

Nitrite hydrogenation can be performed over single noble metal catalysts such as
platinum and palladium catalysts, of which palladium shows higher selectivity to
nitrogen. On the other hand, single noble metal catalysts hardly show any activity
towards nitrate [6,7]. To obtain high activity the noble metal catalysts have to be
promoted by a transition-group metal [8]. In this way also high selectivity towards
nitrogen is achieved, which is important because ammonia is toxic as well. It was
reported that palladium promoted with copper is the most active and selective
bimetallic catalyst for nitrate reduction to nitrogen [5,9-15] .

Based on kinetic studies, adsorbed NO wad suggested as an intermediate [9], and
several authors have proposed a reaction scheme including adsorbed NO as the key
intermediate for the catalytic hydrogenation of nitrate and nitrite [16-19] over
supported bimetallic catalysts. Dissociation of hydrogen is assumed to be the first
step, followed by reaction with nitrate to form nitrite as the rate limiting step.
Subsequently, adsorbed nitrite reduces to adsorbed NO, which undergoes further
reduction to nitrogen and hydrogenation to ammonia. In addition, some of the nitrite
desorbs from the surface and was detected in the solution. Experimental evidence for
the presence of the proposed intermediates and products in the solution is limited so
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far to NO2
-, N2 and NH4

+ [9,10,14,17,18]. Moreover, the proposed adsorbed species
were never directly observed.

In electrochemical research, electro-catalytic reaction of inorganic nitrogen
compounds on transition metals is a classical topic. The electrochemical reduction of
nitrate was shown to be more complex than the catalytic hydrogenation. The
electrochemical reduction has been mainly investigated on platinum electrodes,
which points to the presence of a variety of intermediates such as NO2, HNO2, NO,
N2O, N2, H2NO, HNO, NH2OH and NH3, depending on reaction conditions [20-34].
However, only limited infrared data is available on surface intermediates in these
systems during electrochemical reaction. The formation of specific products depends
on applied potential, electrolyte, acidity, and nitrate concentration. In addition, it was
shown that the presence of adsorbed hydrogen inhibits nitrate reduction by blocking
the adsorption sites for NO3

- ions. The rate-determining step is the reduction of
nitrate to nitrite, which in turn yields adsorbed NO [25-34]. Several papers report on
the experimental evidence of adsorbed NO as an intermediate during electro
reduction of nitrate and nitrite [20,22-26]. The subsequent electro-reduction of
adsorbed NO mainly yielded ammonia, while also traces of N2O were detected. In
addition, N2O was demonstrated to be an intermediate for the production of nitrogen
[28,35].

Unfortunately, the insights obtained from electrochemical studies with FT-IR
spectroscopy cannot be compared directly to catalytic studies because of two
reasons. First, FTIR spectra can only be obtained operating with very thin liquid
layers, inducing mass transfer problems during experiments. Second, these studies
are confined to dense conducting electrodes, often single crystals, which are
definitely different from practical catalysts containing nano-particles on porous (non-
conducting) support materials. Moreover, because it is difficult to study
heterogeneous catalysts in-situ if the reaction is carried out in water, detailed
mechanistic studies of the heterogeneous catalytic hydrogenation of both nitrate and
nitrite over supported noble metal catalysts is lacking.

Recently, we have demonstrated the benefit of Attenuated Total Reflection Infrared
Spectroscopy (ATR-IR) to study in-situ the development of adsorbates on supported
noble metal catalysts when performing liquid phase reactions in water [36]. ATR-IR is
ideally suited for studying molecular vibrations at the solid-liquid interface because
the evanescent wave is restricted to the region near the interface, thereby minimising
the contribution from the liquid [37]. ATR-IR spectroscopic studies at the metal-liquid-
interface have only recently started to receive attention [38-43]. For example, the
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adsorption and oxidation of CO, and dissociation of small molecules such as
formaldehyde over Pt/Al2O3 catalysts was reported [42]. In addition, ATR-
spectroscopic studies of the water-gas shift reaction and methanol reforming over
Pt/Al2O3 was combined with kinetic studies [40]. In addition, we showed for CO
oxidation in water over Pt/Al2O3 that the properties of the adsorbed intermediate
species are significantly altered by the presence of liquid water compared to gas
phase or electro-chemical CO oxidation [36].

Presently, we work in our laboratory on resolving the reaction mechanisms of nitrite
and nitrate reduction over supported metal catalysts by identifying adsorbed reaction
intermediates on the catalyst surface using ATR-IR spectroscopy. It is the objective
of this chapter to investigate the spectral properties of adsorbed NxOyHz species on
Pt/Al2O3 and Pd/Al2O3 produced by adsorption of model compounds. In the following
chapters (Chapter 7 and 8), the hydrogenation of nitrite will be reported.

6.2 Experimental

The experimental procedure, materials and catalyst preparation are described in
details in the experimental section (Chapter 2). All spectra presented in the following
section are corrected for the water background as published by our group. The
integrated peak areas are calculated using curve fitting of the spectra following the
procedure described in the experimental section (Chapter 2).

The characteristics of the 5 wt% Pd/Al2O3 (dispersion 45%), and 5 wt% Pt/Al2O3

(dispersion 75%) catalyst examined in the present study are described in details in
the experimental section (Chapter 2). In both cases 6 mg of catalyst was deposited
on the IRE, resulting in 1.3 10-6 mol accessible surface palladium atoms, whereas the
accessible surface platinum atoms are 1.2 10-6 mol surface platinum deposited on
the IRE. The thickness of the catalyst layer was measured to be 5.0 ± 0.5 μm for the
Pd/Al2O3 catalyst layer, whereas the thickness of the Pt/Al2O3 layer was 3.50 ± 0.25
μm.

After assembling the ATR-IR cell, with a coated IRE, the catalyst was flushed with
Ar/H2O. Subsequently the Al2O3, Pt/Al2O3 or Pd/Al2O3 catalyst was exposed to nitrite,
ammonia or hydroxylamine.
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6.3 Results

6.3.1 NO2
-
(aq) adsorption

Figure 6.1A shows the ATR-IR spectra obtained after 15 minutes flowing with a
solution of NO2

-
(aq) on either a clean ZnSe IRE, and layers of Al2O3, Pd/Al2O3 or

Pt/Al2O3. For both ZnSe and Al2O3, one distinct peak is observed at 1235 cm-1, while
on Pt/Al2O3 and Pd/Al2O3 additional peaks are found at 1390 and 1305 cm-1

(Pt/Al2O3) and 1405 and 1325 cm-1 (Pd/Al2O3). In addition, small shoulders at 1460
cm-1 (Pt/Al2O3) and 1475 cm-1 (Pd/Al2O3) can be observed on the noble metal
catalysts.
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Figure 6.1. A: Water corrected ATR-IR spectrum from 1900 to 1050 cm-1 while a solution of NO2
-
(aq) at 

pH 7 was flown over a clean ZnSe IRE, (2.5 10-2 mol/L NO2
-
(aq) intensity scaled)  or a solution of 4.3 

10-4 mol/L NO2
-
(aq) at pH 7 was flown over Pt/Al2O3, Pd/Al2O3  and Al2O3 and B: after subsequent flow

of Ar/Q2-water over Pd/Al2O3  and Pt/Al2O3.

Subsequent flow with Ar/H2O removed the species giving rise to the peak at 1235
cm-1 for all samples within 90 sec (which is the time resolution of the spectrometer).
The resulting spectra for Pt/Al2O3 and Pd/Al2O3 are shown in Figure 6.1B. For
Pd/Al2O3 the integrated intensity of the peaks at 1405 and 1325 cm-1 remained
constant during flushing. However, on Pt/Al2O3 a decrease in intensity for the peaks
at 1390 and 1305 cm-1 was observed.

Figure 6.2 shows the evolution of the peaks observed on Pt/Al2O3 when flowing
NO2

-
(aq) (0 – 16.5 min.) and subsequent Ar/H2O (16.5 – 30 min.). During nitrite

adsorption a stabilisation period of about 10 minutes is observed. This is due to a
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chromatographic effect, because of the low flow rate (1 mL.min-1) and the low
concentration of nitrite in the solution. As an illustration, at least 3 minutes are
needed to introduce sufficient NO2

- to the catalysts to obtain a NO2
-/Pt ratio of 1.

However, longer flow times will be required if nitrite adsorbs also on the support. The
delay is clearly not due to slow diffusion into the catalyst layer, since the peak at
1235 cm-1 disappears instantaneously (that means within 90 seconds which is the
time resolution of the experiment) when flowing Ar/H2O.

In addition, for Pt/Al2O3 a very slow decrease in integrated intensity of the peak at
1390 cm-1 was detected, while the intensity of the 1305 cm-1 peak decreased much
more rapidly with about 30% in 14 minutes.
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Figure 6.2. Integrated peak areas during adsorption of NO2
-
(aq) and during subsequent inert flow over

Pt/Al2O3.

6.3.2 NH4
+

(aq) adsorption

Figure 6.3 shows the ATR-IR spectra obtained after flowing a solution of NH4
+

(aq)

during 15 minutes on either a clean ZnSe IRE, and layers of Al2O3, Pd/Al2O3 or
Pt/Al2O3. In all spectra, one evident peak with similar peak width (60 – 70 cm-1) was
found at 1455 cm-1 (ZnSe, Al2O3 and Pt/Al2O3) or 1450 cm-1 (Pd/Al2O3). During
subsequent Ar/H2O flow, the peak instantaneously disappeared from the ZnSe and
Al2O3 spectra. The peaks appeared much more stable on  Pt/Al2O3 and Pd/Al2O3 ; the
integrated intensity decreased with only 5% and 15% respectively in 90 seconds,
whereas peak positions did not change at all. Interestingly, a subsequent flow of
H2/H2O completely removed the peaks at 1450 cm-1 on Pd/Al2O3 and 1455 cm-1 on
Pt/Al2O3 within 90 seconds.
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+ was flown over a clean ZnSe

IRE

6.3.3 NH2OH(aq) adsorption

NH2OH(aq) (hydroxylamine) can disproportionate to ammonia, nitrous oxide and
nitrogen [44,45]. As a typical example, Figure 6.4 shows the spectrum of Pt/Al2O3

after flowing a hydroxylamine solution at pH 7. Mainly one single peak is observed at
1455 cm-1, similar to the peak observed after adsorption of ammonia (Figure 6.4),
together with a small shoulder at 1550 cm-1. In addition, a clear peak at 2231 cm-1

was found, which can be attributed to N2O, since bulk N2O is recognised be the N-N
stretching vibration at 2224 cm-1 [46], and peaks around 2230 cm-1 are generally
assigned to N2O [26,35,47,48].
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Pt/Al2O3 at pH 7. 
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The rate of the disproportionation reaction is known to decrease with decreasing pH.
As the ZnSe crystal will start to corrode at pH 4, additional experiments were
performed at pH 5, attempting to suppress the disproportionation of hydroxylamine.
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Figure 6.5. Water corrected ATR-IR spectra during adsorption of NH2OH(aq) at pH 5 on a: Pt/Al2O3 and
Pd/Al2O3 and the fitted peaks after adsorption on b: Pt/Al2O3 and c: Pd/Al2O3.

Figure 6.5 shows ATR-IR spectra after flowing NH2OH(aq) at pH 5 over Pd/Al2O3 and
Pt/Al2O3. Clearly, both catalysts show signals of adsorbed species but at different
frequencies. No adsorption bands were observed during adsorption of NH2OH(aq) on
both Al2O3 as well as clean ZnSe. On Pd/Al2O3 a broad asymmetric peak was
observed at 1510 cm-1, which could be fitted into two peaks, positioned at 1510 cm-1
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and 1450 cm-1 (Figure 6.5C). The peak intensities and positions remained constant
during both subsequent Ar/H2O flow and subsequent O2/H2O flow.

For Pt/Al2O3, a broad peak at 1540 cm-1 with a shoulder on each side was detected.
This overall signal was composed out of three specific peaks at respectively 1575
cm-1, 1540 cm-1 and 1455 cm-1 (Figure 6.5B). Moreover, for Pt/Al2O3 also a peak at
2231 cm-1 was found, which was absent for Pd/Al2O3. Contrary to the stable signals
on Pd/Al2O3, for Pt/Al2O3 the spectra significantly changed during Ar/H2O flow after
hydroxylamine adsorption as shown in Figure 6.6. The peak at 2231 cm-1

disappeared quickly within 90 sec. during Ar/H2O flow, while the peak at 1540 cm-1

seemed to shift to 1580 cm-1. Peak fitting of the signal, however, again revealed the
presence of two peaks at 1540 and 1575 cm-1, the latter shifting to 1580 cm-1 with
increasing time. The evolution of the intensities of these two peaks with time is shown
in Figure 6.6B.
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Figure 6.6. A: Water corrected ATR-IR spectra during flow of Ar/H2O after adsorbing NH2OH(aq) on 
Pt/Al2O3 and B: Corresponding integrated peak areas.

Figure 6.6B clearly shows that the decrease in intensity of the peak at 1540 cm-1 is
accompanied by a simultaneously increase of the peak at 1575 - 1580 cm-1. Both
signals stabilise after approximately 20 minutes of Ar/H2O flow.

To examine the stability of the species at 1540 cm-1 towards oxygen, NH2OH was
adsorbed on Pt/Al2O3 and subsequently O2/H2O was introduced to the cell while
ATR-IR spectra were recorded (Figure 6.7). Similar to the experiment with Ar/H2O
flow, the peak at 2231 cm-1 disappeared instantaneously. However, the signal at
1540 cm-1 diminished in about 15 minutes and a new peak at 1305 cm-1 appeared
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concurrently. A similar peak at 1305 cm-1 was also observed during NO2
- adsorption

on Pt/Al2O3, although with much higher intensity (see Figure 6.1).
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Figure 6.7. A: Water corrected ATR-IR spectra during flow of O2/H2O after adsorbing NH2OH(aq) on
Pt/Al2O3 and B: Corresponding integrated peak areas.

6.4 Discussion

The final goal of our work is to study the surface intermediates during the
heterogeneous catalytic hydrogenation of nitrite over supported noble metal catalysts
[49,50]. As a first step, this study reports on the spectral properties of adsorbed
NxOyHz species on Pt/Al2O3 and Pd/Al2O3 produced by adsorption of model
compounds. In the following the catalyst characterisation and the assignments of the
peaks will be discussed.

6.4.1 NO2
-
(aq) adsorption

In literature, several peak positions for the νas of the free nitrite ion have been
reported, varying between 1235 and 1286 cm-1[51,52]. When flowing a solution of
NO2

-
(aq) over a clean ZnSe IRE or an Al2O3 layer, in both cases a single peak at

1235 cm-1 with identical peak width was observed, which rapidly disappeared during
inert Ar/H2O flow (Figure 6.1). Consequently, the peak at 1235 cm-1 is assigned to
free, dissolved NO2

-. In addition, it can be concluded that NO2
- does not adsorb

strongly on Al2O3 under the applied experimental conditions.



Adsorption of NO2
-, NH2OH and NH4

+ on Pd/Al2O3, Pt/Al2O3 and Al2O3

115

Nitrite adsorption on Pd/Al2O3 or Pt/Al2O3 also showed the presence of free NO2
- as

indicated by the peak at 1235 cm-1, which quickly disappeared during Ar/H2O flow
(Figure 6.1). In addition, peaks at higher wave number were found at 1405 and 1325
cm-1 (Pd/Al2O3) and 1390 and 1305 cm-1 (Pt/Al2O3), together with a small shoulder at
1460 cm-1 (Pt/Al2O3) and 1475 cm-1 (Pd/Al2O3) (Figure 6.1). Clearly, these peaks
must be associated with species adsorbed on the metal particles, because the bands
are not observed on either ZnSe or Al2O3. In addition, the peak shift of about 20 cm-1

to higher wave number observed for Pd/Al2O3 compared to Pt/Al2O3 strongly
suggests that the adsorbed species are similar in nature for Pd/Al2O3 and Pt/Al2O3. In
general, for a given adsorbed species, observed frequencies on palladium are at
higher wave number than on platinum. For example, CO on palladium absorbs
approximately 20 cm-1 higher than CO on platinum [53-58]. Similarly, NO on Pt(111)
in water is characterised by a peak at 1660 – 1680 cm-1 [20,24], whereas linear
adsorbed NO on Pd(111) is located at 1720 – 1748 cm-1 [59].

Figure 6.2 shows that during inert flow the ratio of integrated intensities of the two
peaks on Pt/Al2O3 changed. On the other hand, on Pd/Al2O3, the intensity remained
constant (not shown) indicating a stronger adsorption of nitrite on palladium
compared to on platinum. Furthermore, the integrated intensity ratio of the two peaks
on each sample varied with pH (not shown). Therefore, the two peaks must be
assigned to two different adsorbed species.

It is well-known that nitrite can adsorb in different geometries, which can be divided
into two main categories: nitro (coordinated via the nitrogen atom) and nitrito
(coordinated by one or two of the oxygen atoms). All of these species have N-O
stretch frequencies reported between 1500 and 1200 cm-1; there is significant
disagreements in literature concerning the exact assignment [51]. Moreover, infrared
frequencies for nitrate species have been reported in the same range. Since the
experiments were performed on catalyst surfaces that were passivated during
transport through the air, the formation of nitrates cannot be excluded at this point.
Furthermore, the high dispersion of the metal particles indicates that many different
crystal planes, steps and kinks will be present, which provide a variety of metal
adsorption sites. From single crystal studies it is well-known that each type of
adsorption site gives rise to unique metal-adsorbate vibrational properties.

In conclusion, the peaks at 1405 and 1325 cm-1 (Pd/Al2O3) and 1390 and 1305 cm-1

(Pt/Al2O3), and the accompanying shoulders at 1460 cm-1 (Pt/Al2O3) and 1475 cm-1

(Pd/Al2O3) are assigned to NOx
- (x = 2,3) species adsorbed on respectively palladium

and platinum, without further precision.
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6.4.2 NH4
+

(aq) adsorption

A peak at 1455 cm-1, with a peak width of peak width 61 cm-1, was observed when
flowing a solution of NH4

+
(aq) over a clean ZnSe IRE or an Al2O3 layer, which rapidly

disappeared during inert Ar/H2O flow (Figure 6.3) The band at 1455 cm-1 can be
assigned to the symmetric bending mode of NH4

+ [60-62]. Its frequency is
approximately 30 to 60 cm-1 lower than in typical ammonium salts, suggesting that
NH4

+ forms strong hydrogen bonds with the surrounding water molecules [62].
Clearly, NH4

+ does not adsorb strongly on either ZnSe or Al2O3 under the applied
experimental conditions, since the band rapidly disappears when flushing with
Ar/H2O.

Adsorption of NH4
+

(aq) on Pd/Al2O3 or Pt/Al2O3 showed similar bands, at respectively
1450 and 1455 cm-1, which decreased with respectively 5% and 15% in intensity
within 90 seconds during flushing with Ar/H2O. The small red shift for Pd/Al2O3

compared to Pt/Al2O3 and the relative high stability of the signals during inert flow
indicates that NH4

+ is interacting with the metal particles. The similarity in peak
position, width and shape between NH4

+ detected on respectively Al2O3 and the
catalysts, however, suggests that NH4

+ is not chemisorbed, but is interacting
electrostatically as hydrated ions with the noble metal catalysts. Chemisorption would
induce a significant change in the vibrational spectrum of the ion, since then H+ would
need to dissociate, resulting in an adsorbed NH3 fragment. NH3(ads) would show an
umbrella mode between 1300 and 1250 cm-1, which was not observed in our
experiments [62]. Moreover, introduction of hydrogen (H2/H2O) resulted in
instantaneous disappearance of the ammonium signal, most likely caused by the
complete reduction of metal particles. As indicated earlier, the catalysts are
passivated in air, before mounted in the ATR cell. As a result, the surface of the
metal particles is oxidised. This surface oxidation introduces charge separation, and
the oxygen-atoms on the surface are slightly negatively charged. Obviously, NH4

+

can be stabilised on this oxide layer electro-statically. As soon as hydrogen is
introduced, the oxygen is removed and the metal particles are covered by
chemisorbed hydrogen, leaving no adsorption sites for electrostatic interaction with
ammonium ions. This explanation is supported by electrochemical experiments that
show that NH4

+ cannot adsorb on a clean metal surface, but only adsorbs when
negatively charged ions are stabilised on the electrode surface [62].
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6.4.3 NH2OH(aq) adsorption

Remarkably, a hydroxylamine solution flown over either ZnSe or Al2O3 did not result
in any observable infrared bands. In literature, only infrared spectra of solid
hydroxylamine have been reported so far [63].The fact that no signals are observed
from the solution might be due to a low extinction coefficient of dissolved
hydroxylamine in water. Also, it demonstrates that no disproportionation whatsoever
takes place in the absence of palladium and platinum.

When a hydroxylamine solution at pH 7 is flown over Pt/Al2O3, mainly adsorbed NH4
+

(1455 cm-1) is observed (Figure 6.4), but also nitrous oxide (2231 cm-1) was observed
together with an increased infrared intensity at 1570 cm-1 and 1540 cm-1, which will
be discussed below. It has been reported that hydroxylamine undergoes a
disproportionation reaction which is accelerated by the presence of metals like
platinum or palladium. In acidic and neutral media the disproportionation results in
ammonia and nitrous oxide according to the overall reaction [45]:

+ + +
3 4 2 24NH OH  NH + N O + 2 H + 3 H O→  (6.1)

When the spectra of Pt/Al2O3 and Pd/Al2O3 during flow of hydroxylamine at pH 5 are
compared (Figure 6.5), clear differences can be seen. On Pd/Al2O3 a broad
asymmetric peak was observed, which could be fitted with two bands at respectively
1510 and 1450 cm-1 (Figure 6.5C). The band at 1450 cm-1 corresponds to the
vibration of NH4

+ (vide ante), indicating that at pH 5 still some disproportionation
occurred on Pd/Al2O3, although no N2O was detected. The observed peak at 1510
cm-1 is close to what has been reported for the NH2 scissors mode in solid NH2OH at
1515 cm-1 [63]. Moreover, the NH2 scissor mode in inorganic complexes such as
such as Me(NH2)xCly is normally found between 1560 and 1500 cm-1 [52]. Further,
the band is about 200 cm-1 too low to be assigned to NO species on palladium [59].
For solid hydroxylamine, also a band at 1191 cm-1 was reported, suggested to arise
from the N-OH bending vibration in NH2OH [63]. Further, the N-O stretch frequency
in NH3

+OH in vacuum was calculated to be at 1196 cm-1 [48]. In both cases a band
around 1190 cm-1 is associated with oxygen in hydroxylamine. Clearly, in our data
this band is completely absent (Figure 6.5A and C), from which we conclude that the
species giving rise to the peak at 1510 cm-1 on Pd/Al2O3 does not contain oxygen. As
a result, we assign the band at 1510 cm-1 to the scissor mode of NH2(ads) on
palladium. Since this peak is completely stable during Ar/H2O and O2/H2O flow, it can
be concluded that it is strongly adsorbed on the palladium particle and cannot be
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easily oxidised. In Chapter 7, it will be shown that this species is sensitive to
hydrogen, and can be converted into ammonia [49].

During adsorption of NH2OH(aq) at pH 5 on Pt/Al2O3, a peak was observed at 2231
cm-1 (Figure 6.5A and B). This band indicates the presence of N2O, which is
dissolved in the water in the pores and voids in the catalysts layer, since it
immediately disappears when Ar/H2O is introduced (Figure 6.6A and B).
Nevertheless, weak adsorption on the catalyst cannot be ruled out. Therefore, N2O is
continuously being removed from the catalyst layer and must be continuously formed
on Pt/Al2O3 during the presence of NH2OH(aq). The fact that no N2O could be
detected on palladium indicates that the rate of formation of N2O on palladium is
much lower or even absent, which is in agreement with the fact that platinum is an
order of magnitude more active then palladium for the disproportionation of
hydroxylamine, as reported in literature [45].

For Pt/Al2O3, also a broad peak was observed centered at 1540 cm-1 with a shoulder
on each side. Peak fitting indicated the presence of three bands: a shoulder at
1575 cm-1, a main peak at 1540 cm-1 and a shoulder at 1455 cm-1 (Figure 6B). The
latter peak can be assigned to NH4

+ (vide ante). During subsequent Ar/H2O flow, the
band at 1540 cm-1 decreased in intensity, and the peak at 1575 cm-1 gained intensity
and shifted gradually to 1580 cm-1 after 24 minutes of inert flow (Figure 6.6), while
the band at 1455 cm-1 remained its position and intensity. From Figure 6.5 and Figure
6.6, it can be concluded that the peaks at 1540 and 1575 - 1580 cm-1 represent two
different adsorbed species. The observed blue shift for the band at 1575 cm-1 with
increasing intensity is characteristic for molecules with a dipole such as NO. With
increasing coverage, dipole-dipole coupling would occur which causes a blue shift of
the band [64,65]. The peak at 1575 cm-1 indicates thus the production of NO(ads) from
the species giving rise to the band at 1540 cm-1, since during Ar/H2O flow no
hydroxylamine was present (Figure 6.6). Obviously, we cannot rule out that other
routes to form NO(ads) are open when hydroxylamine is present. This observation is in
agreement with literature, reporting the reduction of platinum-ions by hydroxylamine
as well as the dehydrogenation of hydroxylamine over metallic platinum, both
resulting in the formation of NO(ads) [48], The remarkable stability of the band at 1455
cm-1 in Figure 6.6 indicates that the electrostatic interaction of hydrated NH4

+ is rather
strong; possibly the platinum surface is partly covered with O, inducing sufficient
charge on the surface to bind ammonia ions.

NO adsorbed on platinum was reported at infrared frequencies ranging from 1430 to
1800 cm-1 depending on coverage, surface orientation, and experimental conditions
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[20,22-27]. Characterisation of the water-metal interface during adsorption of NO has
so far only been reported in electrochemical studies, where beside coverage and
surface orientation also applied potential is influencing the infrared frequency [24].
Table 6.1 summarises the NO stretch frequencies reported on a variety of platinum
surfaces in electrochemistry. Most importantly, on Pt(111) and Pt(110) bands below
1600 cm-1 (bridging NO) were only observed at low NO-coverage, and always
combined with bands above 1650 cm-1 (Linear NO) [20,23,24]. NO(ads) on Pt(100)
only yields one peak at 1590 shifting to 1625 cm-1 with increasing coverage and
applied potential [22-24]. Finally, on polycrystalline platinum, adsorbed NO at low
coverage is characterised by one single infrared frequency at 1580 cm-1  [25,26].

In conclusion, the band at 1575 - 1580 cm-1 observed on Pt/Al2O3 in the present
study can be assigned to the stretch frequency of NO(ads) at low coverage. This
assignment is also consistent with the observation that N2O forms on Pt/Al2O3 during
NH2OH(aq) flow, since it was shown that N2O is the product of the (electro)catalytic
reaction between NO and hydroxylamine on supported platinum catalysts [45,66,67].
The low coverage of NO during hydroxylamine exposure is therefore consistent with
its continuous conversion into N2O. Only in the absence of hydroxylamine, the NO
stays adsorbed on the platinum surface, and no N2O is observed anymore. It was
indeed published before that the rate of disproportionation of hydroxylamine
increases when NO is added [45]. The presence of NO(ads) on Pt/Al2O3 and its
absence on Pd/Al2O3 strongly suggests that the easy formation of NO from NH2OH
on platinum elegantly explains its high activity for hydroxylamine disproportionation,
as compared to the low activity of Pd/Al2O3 on which no NO can be detected.
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Table 6.1. Summary of vibrational frequency for adsorbed NO on platinum electrodes.
Electrode Frequency (cm-1) Comment Reference

Low
coverage

High
coverage

Pt(111)
1440

1430

1666→1680

1680

[24]

[20]

1590→1620 Shift with applied potential [22]

1590→1625
Shift with increasing coverage or applied

potential
[24]Pt(100)

Between 1630 - 1610 No shift with increasing coverage [20]

Pt(110)
1582

1590

1770

1740

[23]

[20]

Pt(poly) 1580 Low coverage [25,26]

Finally, the only remaining band to be assigned is the peak observed on Pt/Al2O3 at
1540 cm-1. The simultaneous decrease of the peak at 1540 cm-1 and increase of the
1575 cm-1 band in Figure 6.6 indicates that species giving rise to a vibration at 1540
cm-1 is converted into NO(ads) during inert flow after hydroxylamine adsorption.
According to the literature cited in Table 6.1, the species detected at 1540 cm-1

cannot be NO(ads) on platinum. The frequency is, on the other hand, located in the
region of the scissor mode of coordinated NH2 groups in inorganic complexes such
as Me(NH2)xCly, which is found between 1560-1500 cm-1[52,68]. However, it is 25
cm-1 higher than reported for the NH2 scissors mode of solid NH2OH [63]. In addition,
it is 30 cm-1 blue shifted compared to a similar band on palladium which was
assigned above to an NH2(ads) species, which would not be expected if it would be an
identical adsorbate. As mentioned above, generally, adsorbed species on
platinumexhibit lower vibrational frequencies compared to the same species
adsorbed on palladium [53,55-58,69]. Another relevant example is the NH2 scissor
mode in Pt(NH3)4Cl2 at 1563 cm-1, whereas the NH2 scissor mode in Pd(NH3)4Cl2
was reported at 1601 cm-1 [70]. Finally, theoretical studies have shown that NH2

fragments are not stable on Pt(111), which would be the most common crystal facets
in our metal particles [70]. From all this we conclude that the 1540 cm-1 band also
cannot be due to an NH2 fragment adsorbed on platinum.

Clearly, the species characterised at 1540 cm-1 is reactive towards oxygen (Figure
6.7) in contrast to NH2(ads) on palladium. The species is converted into a product with
an absorption band at 1305 cm-1. This band is identical to the peak observed during
nitrite adsorption on Pt/Al2O3 and was assigned to NOx

-(x = 2,3). So, it is clear that
the species at 1540 cm-1 is formed from NH2OH and still contains nitrogen. NO and
NH2 can be excluded based on the reasons given above. Also H2NO can be
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excluded, since this would give rise to an NH2 scissor vibration as well as an N-O
stretch frequency, but only one band is detected. The only remaining possibilities are
HNO, NOH or HNOH. It has been shown previously by theoretical calculations that
HNO is the more stable fragment in vacuum [70,71]. Since the 1540 cm-1 species on
platinum can be easily converted into NO, it is most likely HNO(ads) because only a
single dehydrogenation step would be required. However, the other two options can
certainly not be ruled out at this stage. Theoretical calculation of the IR absorbance of
these species, taking into account the influence of the surrounding water, would be
necessary answer this question. In the rest of this discussion this specie will be
denoted "HNO"(ads). The oxidation of "HNO"(ads) with O2/H2O results in the production
of NOx

-
(ads) without a notable presence of Pt-NO, since no peak was found at 1575

cm-1 during oxidation. This indicates that either production of NOx
-
(ads) occurs via the

formation of HNO2(ads), or the oxidation of NO(ads) is much faster than the oxidation of
"HNO"(ads).

In summary we can conclude that Pd/Al2O3 and Pt/Al2O3 show similar adsorption
behaviour towards NO2

-
(aq) and NH4

+
(aq), while during the adsorption of hydroxylamine

at pH 5 significant differences were observed. Table 6.2 summarises the
assignments for the species observed in this chapter. These assignments will be
used in our future work on the hydrogenation of nitrate and nitrite.

Clearly, on Pd/Al2O3 hydroxylamine is converted into a stable NH2(ads) species, while
on Pt/Al2O3, first "HNO"(ads) is observed, which decomposes into NO. These
observations also explain why on Pd/Al2O3 no nitrous oxide is observed. Normally,
N2O is thought to be produced from either dimerization of NO, or dimerization of
speculated "HNO"(ads) fragments or a reaction between NO and adsorbed HNO
[26,28,48,72-80]. Since neither NO(ads) nor "HNO"(ads) is observed on Pd/Al2O3, the
formation of N2O was not expected, which is in agreement with our experimental
findings. This also agrees well with the fact that palladium is less active for
disproportionation of hydroxylamine.
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Table 6.2. Peak assignment during adsorption of NO2
-
(aq), NH2OH(aq) and NH4

+
(aq) on Pd/Al2O3 and 

Pt/Al2O3.

Infrared frequency Assignment
1235 cm-1 NO2

-
(aq)

1455 cm-1 NH4
+

(aq)

Pd/Al2O3

1510 cm-1 Pd-NH2(ads)

1450 cm-1 NH4
+

(ads) on PdO

1405 cm-1 Pd-NOx
-
(ads) (x = 2,3)

1325 cm-1 Pd-NOx
-
(ads) (x = 2,3)

Pt/Al2O3

2231 cm-1 N2O

1575 - 1580 cm-1 Pt-NO(ads) (low coverage)

1540 cm-1 Pt-"HNO"(ads)

1455 cm-1 NH4
+

(ads) on PtO 

1390 cm-1 Pt-NOx
-
(ads) (x = 2,3)

1305 cm-1 Pt-NOx
-
(ads) (x = 2,3)

6.5 Conclusion

The surface intermediates during heterogeneous catalytic hydrogenation of nitrite
over supported noble metal catalysts were so far not investigated spectroscopically.
This study convincingly shows, for the first time, the potential of in-situ ATR-IR
spectroscopy to detect and identify inorganic nitrogen compounds, i.e. NO2,3

-, NH2,
NH4

+, NO and HNO, adsorbed on supported metal catalysts in water.

Pd/Al2O3 and Pt/Al2O3 show similar adsorption behaviour towards NO2
-
(aq) and

NH4
+

(aq). Adsorption of NO2
- leads to comparable adsorbed NOx

- species on the metal
particles for both catalysts, which could not be further identified. Adsorption of
ammonia suggests that NH4

+ is not chemisorbed but interacting as hydrated ions via
an electrostatic interaction on oxygen containing surfaces.

On the other hand, major differences were found when adsorbing NH2OH(aq) on
Pd/Al2O3 and Pt/Al2O3. On Pd/Al2O3, hydroxylamine is converted into a stable NH2(ads)

fragment, which is even not reactive to oxygen, while on Pt/Al2O3 hydroxylamine is
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converted into NO via a intermediate, which is probably HNO(ads) or possible NOH(ads)

or HNOH(ads). This intermediate is reactive to oxygen, forming NOx
-
(ads). These

observations can explain why platinum is much more active than palladium for
disproportionation of hydroxylamine.

The observations on the adsorption behaviour will be used in Chapter 7 and 8, in
which the hydrogenation of nitrite on respectively Pd/Al2O3 and Pt/Al2O3 will be
described.
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Chapter 7 

Hydrogenation of nitrite over Pd/Al2O3
Abstract
The mechanism of nitrite hydrogenation over a Pd/Al2O3 catalyst layer deposited on a
ZnSe Internal Reflection Element was investigated in aqueous phase using
Attenuated Total Reflection Infrared Spectroscopy. Nitrite hydrogenates to NO(ads),
NH2(ads) and NH4

+ 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 ammonia is formed. Ammonia is formed solely from
hydrogenation of the NH2(ads) intermediate. The present study clearly shows that
formation of nitrogen and ammonia proceeds via two separate pathways, which calls
for a revised reaction scheme as presented in this study.
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7.1 Introduction

Much attention has been focused on technologies for the treatment of ground water
for nitrite and nitrate due to increasing nitrite and nitrate concentration of ground
water and increasingly strict regulation of drinking water quality [1]. Both biological
and catalytic denitrification processes have potential for water purification [2]. The
biological processes has a slow reaction rate, making these processes insufficient for
ground water treatment [2]. The catalytic hydrogenation of nitrate 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
hydrogenation of nitrite and nitrate for use in water purification has been examined
extensively in order to develop efficient catalysts [3-14]. However the mechanism of
the nitrite hydrogenation over supported noble metal catalysts has not yet been
resolved. Based on kinetic studies, adsorbed NO was suggested as an intermediate
[10]. Several authors have proposed a reaction scheme including adsorbed NO as
the key intermediate for the catalytic hydrogenation of nitrate and nitrite [11-14],
although this was never supported by experimental evidence. We have recently
examined adsorption of nitrite, hydroxylamine and ammonia on Pd/Al2O3 and
Pt/Al2O3 by ATR-IR spectroscopy, in order to determine the adsorbed reactants and
possible intermediates during hydrogenation of nitrite [15]. Nitrite and ammonia
adsorb on Pd/Al2O3, whereas hydroxylamine decomposes on the palladium surface
to form NH2(ads). The objective of this study is to gain insight in the mechanism of the
heterogeneous hydrogenation of nitrite over Pd/Al2O3 in aqueous phase by
examination of the surface intermediates during steady state as well as transient
(stepwise adsorption followed by hydrogenation) hydrogenation of nitrite over the
Pd/Al2O3 catalyst using ATR-IR spectroscopy.

7.2 Experimental

The experimental procedure, materials and catalyst preparation are described in
details in the experimental section (Chapter 2). All spectra presented in the following
section are corrected for the water background. The integrated peak areas are
calculated using curve fitting of the spectra following the procedure described in the
experimental section (Chapter 2).

The characteristics of the 5 wt% Pd/Al2O3 (dispersion 45%) catalyst examined in the
present study are also described in details in the experimental section (Chapter 2).
6 mg of catalyst was deposited on the Internal reflection Element (IRE), resulting in
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1.3·10-6 mol accessible surface palladium atoms deposited on the IRE. The thickness
of the catalyst layer was measured to be 5.0 ± 0.5 μm.

After assembling the ATR-IR cell, with a coated IRE, the catalyst was reduced in-situ
by introducing H2/H2O (4.1·10-4 mol/L H2; saturation at 0.5 bar). This catalyst is
denoted H-Pd/Al2O3, because the Pd/Al2O3 catalyst contains hydrogen. Even though
the concentration is lower in aqueous phase, the chemical potential of hydrogen is
assumed to be equal in gas and aqueous phase, if the same concentration is used
for saturation. In gas phase, formation of β-palladium-hydride occurs at hydrogen
pressures above 0.025 bar [16]. Saturation of the aqueous phase with a hydrogen
pressures above 0.025 bar will therefore result in formation of β-palladium-hydride
during reduction in aqueous phase. The H-Pd/Al2O3 catalyst used in this study
therefore consists of β-palladium-hydride (PdH0.7) after reduction in aqueous phase.
Reduction using lower hydrogen concentration (8.2·10-6 mol/L H2; saturation at 0.01
bar) results in surface hydrogen and α-Pd-hydride only (PdH0.05). The results
obtained after reduction at low concentration are qualitatively identical with
experiments after reduction at high pressure (not presented in this study).

7.3 Results and discussion

7.3.1 Adsorption of NO2
-
(aq) on H-Pd/Al2O3

Adsorption of NO2
-
(aq) (4.3·10-4 mol/L) was performed at pH 7 on H-Pd/Al2O3 and

infrared peaks evolved as shown in Figure 7.1A. The integrated peak areas during
adsorption are shown in Figure 7.1B.
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Figure 7.1. A: Water corrected ATR-IR spectra while flowing a solution of NO2
-
(aq) (4.3·10-4 mol/L) over

H-Pd/Al2O3 at pH 7; B: Integrated peak areas of observed species during NO2
-
(aq. Flow.

Initially, i.e. the first two minutes, infrared peaks evolved at 1450 (width of 62 cm-1)
and 1235 cm-1. Subsequently, two other bands developed at 1510 cm-1 and 1705
cm-1, the latter shifting to 1720 cm-1 with increasing time, as can be seen in Figure
7.1A.

NO2
-
(aq) was detected at 1235 cm-1, with a peak width of 78 cm-1, which is identical to

the peak for NO2
-
(aq) during blank experiments, recently published by our group [15].

During adsorption on H-Pd/Al2O3 the intensity of the peak for NO2
-
(aq) continued to

increase with time slightly, which can be due to conversion of NO2
- during the first

minutes and the concentration of NO2
-
(aq) is thereby for some time lower than offered

in the feed. No clear peaks for NOx
-
(ads) (x = 2,3) on palladium were detected

(expected at 1405 and 1325 cm-1) as compared to adsorption of NO2
-
(aq) on Pd/Al2O3,

without pre-adsorbed hydrogen (passivated in air) [15]. However, the presence of a
small amount of NOx

-
(ads) cannot be excluded because of the increased intensity

between 1300 and 1450 cm-1. Nevertheless, the intensity of a possible broad band at
that position would be at least one order of magnitude lower as compared to NOx

-
(ads)

on a passivated Pd/Al2O3 catalyst [15].

According to previous blank experiments with NH4
+, the band developing initially at

1450 cm-1 can be assigned to NH4
+ [15]. The band at 1510 cm-1 was observed during
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decomposition of hydroxylamine on Pd/Al2O3 and was assigned to NH2(ads) [15].
Ammonia is either adsorbed on palladium or present in the liquid; no distinction is
possible based on the infrared spectrum [15].

The only new signal is observed at 1705 cm-1, shifting to 1720 cm-1 with increasing
time. The observed blue shift is characteristic for molecules with a dipole such as
NO. To the best of our knowledge, only one paper reported on NO adsorption on
palladium in presence of water examined by IR spectroscopy [17]. 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 [17]. The formation of
adsorbed NO during heterogeneous hydrogenation of nitrite over supported noble
metal catalysts was proposed in literature, but was never supported with
experimental evidence [5,6,10,11]. In electrochemistry, on the other hand,
NO adlayers were prepared from nitrite and nitrate solutions on platinum electrodes
[18-20], thereby showing formation of adsorbed NO as an intermediate during
electrochemical reduction of nitrite on platinum electrodes. Based on the literature
and the observed blue shift, we assign the infrared peak at 1705 – 1720 cm-1 to NO
adsorbed on palladium.

Initially the peak for ammonia dominates the spectrum; in addition to ammonia, a
small shoulder indicating the formation of NH2(ads) can already be seen in the first
spectrum (after 90 seconds of adsorption) in Figure 7.1A. Formation of ammonia on
the palladium surface during the initial adsorption of NO2

-
(aq) can occur via reaction

with hydrogen on the H-Pd/Al2O3 catalyst. Formation of ammonia at high hydrogen
concentrations is in good agreement with reports on heterogeneous hydrogenation of
NO2

- in batch reactors over palladium catalysts. The selectivity to ammonia was
found to increase with increasing hydrogen concentrations [4,8,21,22]. Figure 7.1B
clearly shows that the ammonia signal is initially high, subsequently, the ammonia
signal decreases while both NH2(ads) and NO2

-
(aq) gain intensity during respectively the

following 4 to 6 minutes. Clearly, the signal of NH2(ads) stabilises earlier than that of
NO2

-
(aq). Moreover, the formation of NO(ads) is delayed and stabilises not earlier than

after 12 minutes, along with the NO2
-
(aq) signal. Since no hydrogen is added during

the adsorption of nitrite, NH4
+ and NH2(ads) species must have been formed from

hydrogen on the catalyst. Assuming an H/Pdsurface ratio of unity, an H/Pd ration of 0.7
in β-palladium-hydride and assuming complete conversion of nitrite, it can be
estimated that just two and a half minute of nitrite flow would be required to convert
all hydrogen present in/on the catalyst into ammonia. This is in reasonable
agreement with the fact that the initial intensity of ammonia is high where after it
drops close to zero after four minutes. Subsequently, NO is formed which seems to



Chapter 7

132

originate from NO2
- similarly to preparation of NO adlayer on platinum electrodes in

electrochemistry [18-20].

7.3.2 Hydrogenation of NO(ads) and NH2(ads) on H-Pd/Al2O3

After adsorption of NO2
-
(aq) on H-Pd/Al2O3 as shown in Figure 7.1 and described

above, the cell was flushed with Ar/H2O. During flushing all adsorbed species
appeared stable, whereas NO2

-
(aq) (1235 cm-1) was flushed out of the cell, resulting in

the spectrum in Figure 7.2. Subsequently H2/H2O (4.1·10-6 mol/L H2) was introduced
into the cell and infrared peaks evolved as shown in Figure 7.2. Experiments were
performed at very low hydrogen concentration in order to slow down reaction rates
(4.1·10-6 mol/L H2, saturated at 0.001 bar H2).
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Figure 7.2. 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 NO2

-
(aq) on H-Pd/Al2O3

(Figure 7.1); B: integrated peak areas during flow of H2/H2O.

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 (NH4

+) were observed (Figure
7.2A and B). After approximately 12 min (Figure 7.2B), the peak for NH2(ads) at 1510
cm-1 started to decrease and simultaneously a band for NH4

+ at 1450 cm-1 appeared.
The ammonia band reached a maximum after 20 minutes and subsequently
decreased to almost zero.
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During the initial hydrogenation of adsorbed NO and NH2 (Figure 7.2), a decrease in
peak intensity was observed for NO(ads), whereas initially no change in NH2(ads) or
NH4

+
(ads) was detected. Clearly the hydrogenation product of NO(ads) can neither be

NH2(ads) nor NH4
+. NO(ads) must be either desorbed or converted into a product that

could not be detected by ATR-IR. So far, NO was never detected in the gas phase or
aqueous phase during hydrogenation of nitrite [5,8]. Because NO adsorbs stronger
on palladium than hydrogen, similar to CO, we suggest that in the present experiment
NO(ads) is hydrogenated to N2, which, obviously can not be observed with infrared
spectroscopy. We are currently developing a method for detection of extremely small
amounts of dissolved gases in aqueous solutions, to unambiguously determine the
hydrogenation product of NO(ads).

The fact that NH2(ads) decreases simultaneously with the increasing ammonia signal,
strongly points to a hydrogenation of NH2(ads) into NH4

+ in the presence of hydrogen.
Initially, the rate of formation of ammonia from NH2(ads) is high, since a lot of NH2(ads)

is available. After some time the surface becomes depleted in NH2(ads) and NH4
+ is

flushed out of the cell, decreasing the intensity of the band for NH4
+.

During the first 12 minutes of hydrogenation of adsorbed NO and NH2 (Figure 7.2)
only NO(ads) is converted and later on NH2(ads) is converted. The maximal initial
surface coverage of NO(ads) and NH2(ads) can be estimated, assuming complete
consumption of hydrogen. Based on the equations of both surface reactions
( (ads) 2 2 22 NO + 2 H N + 2 H O→ and + -

2(ads) 2 2 42 NH + H + 2 H O 2 NH + 2 OH→ ), it

follows that maximal 4.9·10-8 mol NO(ads) is converted within the first 12 min,
corresponding to an initial NO coverage of 4% max. In the following 20 min, NH2(ads)

is converted into NH4
+, corresponding to a maximal initial NH2 coverage of 6%.

Although the final NO coverage is as low as 4% (Figure 7.1), a clear blue shift, due to
dipole-dipole coupling, was observed with increasing NO coverage during adsorption
of nitrite on H-Pd/Al2O3. Blue shifts for NO were indeed reported at NO coverage’s as
low as 2% [23], demonstrating consistency of the experimental observations in this
study on the blue shift of the peak for NO(ads) with increasing NO coverage.

Interestingly, after adsorption of nitrite on H-Pd/Al2O3 (Figure 7.1), no adsorbed nitrite
was detected. With a coverage of NO and NH2 of only 10% max, sites for nitrite
adsorption should be available. The absence of NOx

-
(ads) indicates that adsorption of

nitrite do not fully cover the palladium surface and that the adsorption can be
structure sensitive, which is well known for electrochemical reduction of nitrite and
nitrate over platinum electrodes [24-26].
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The result in Figure 7.2 demonstrates that NO(ads) is much more reactive towards
hydrogen than NH2(ads), since hydrogenation of NH2(ads) only occurs after almost all
NO(ads) has disappeared. Fast hydrogenation of NO also explains the delayed
detection of NO(ads) during adsorption of NO2

-
(aq) on H-Pd/Al2O3 (Figure 7.1). Initially

NO(ads) is rapidly hydrogenated to nitrogen, so that NO(ads) is not detected. As the
hydrogen concentration on the catalyst surface decreases, the hydrogenation is
slowed down and NO(ads) is detected. A maximum of 20% of the initial hydrogen is
consumed, in order to form 4% coverage of NO(ads) and 6% of NH2(ads), during
adsorption of NO2

-
(aq) on H-Pd/Al2O3 (Figure 7.1). The remaining 80% hydrogen has

to be consumed during the initial formation of ammonia, explaining the high initial
peak intensity for ammonia observed during adsorption of nitrite on H-Pd/Al2O3

(Figure 7.1).

7.3.3 Continuous hydrogenation of NO2
-
(aq) over H-Pd/Al2O3

For the in-situ nitrite hydrogenation, an aqueous solution of 4.3·10-4 mol/L NO2
-
(aq)

and 4.1·10-4 mol/L H2 was introduced to the cell with a pre-reduced H-Pd/Al2O3

catalyst layer (Figure 7.3).
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Figure 7.3. Water corrected ATR-IR spectra during hydrogenation of NO2
-
(aq) over H-Pd/Al2O3 (4.3·10-4

mol/L NO2
-
(aq) and 4.1·10-4 mol/L H2) (the time between spectra was 1.5 minutes).

One clear peak at 1235 cm-1 with a width of 79 cm-1 was detected, which is assigned
to NO2

-
(aq) [15]. In addition, an increase in intensity was observed between 1550 and

1300 cm-1, indicating the presence of adsorbed species at low coverage. However,
the low intensity did not allow identification of adsorbed species.
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The low surface coverage of the hydrogenation intermediates is most likely due to
fast subsequent hydrogenation of the surface intermediates. Conversion of NO2

-
(aq) is

estimated to be less than one percent, based on nitrite conversion rates during
kinetic studies in a batch reactor published in literature [27].

Since no adsorbed species were detected during continuous hydrogenation using a
ratio of H2/NO2

- of 1, solutions with lower concentrations of H2 were used. This will
slow down the reaction rates and increase the ability to detect reaction intermediates
in-situ. Hydrogenation intermediates and products were only observed at hydrogen
concentrations of 2.1·10-5 mol/L and below. In-situ ATR-IR spectra during
hydrogenation of 4.3·10-4 mol/L NO2

-
(aq) using different hydrogen concentrations are

shown in Figure 7.4A, 4C and 4E along with the integrated peak areas shown in
Figure 7.4B, 4D and 4F.
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Figure 7.4. A, C, E: Water corrected ATR-IR spectra during hydrogenation of NO2
-
(aq) (4.3·10-4 mol/L)

over H-Pd/Al2O3 and B, D, E: integrated peak areas during hydrogenation
(A, B: 2.1·10-5 mol/L H2, C, D: 1.3·10-5 mol/L H2, E, F: 4.1·10-6 mol/L H2)
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Figure 7.4 shows that surface intermediates from reaction between nitrite and
hydrogen could be observed at the three hydrogen concentrations applied. Within 15
minutes, clear infrared peaks evolved at 1705 – 1715, 1510, 1450 and 1235 cm-1;
which are assigned to NO(ads), NH2(ads), NH4

+ and NO2
-
(aq) respectively. In addition, a

shoulder around 1575 – 1550 cm-1 appeared which has not been assigned yet. The
nature of this specie is at present unknown. Since bridged adsorbed NO is normally
detected at lower frequency than linear adsorbed NO, it could be speculated that the
shoulder represents NO adsorbed on palladium in bridged geometry.

No significant amount of adsorbed NO2
- on palladium was detected (1405 and 1325

cm-1), whereas NO2
-
(aq) was observed at 1235 cm-1. Moreover, at the investigated

hydrogen concentrations, no difference in intensity of the peak for NO2
-
(aq) was

observed, which is in agreement with the estimated low conversion of NO2
-
(aq). In fact,

the NO2
-
(aq) intensities in Figure 7.4 and Figure 7.3 were similar. Moreover, based on

nitrite conversion rates during kinetic studies [27], the hydrogen conversion is
estimated to be between one and six percent, thus the catalyst is not exhausted in
hydrogen during the hydrogenation.

The development of the other bands with time (Figure 7.4B, D and F) illustrates that
in all cases initially NH4

+ was formed on the palladium surface while, as for the
titration experiments, simultaneously NO2

-
(aq) was observed (Figure 7.1). The bands

resulting from NO(ads) and NH2(ads) increased in intensity after approximately three
minutes, when the ammonia signal started to decrease in intensity. This delay is
similar to the one observed when only nitrite was flown over H-Pd/Al2O3 (Figure 7.1)
and can be explained by the time required to introduce a sufficient amount of nitrite to
convert the excess of H(ads) on the pre-reduced H-Pd/Al2O3 catalyst (vide ante). The
first 10 minutes of all experiments presented in Figure 7.4, thereby, represent the
same transient response as shown in Figure 7.1. After 10 minutes, when stable
levels are observed, steady state hydrogenation is achieved.

Further, it is evident that larger amounts of the surface intermediates NO(ads), NH2(ads)

and NH4
+ are observed at lower hydrogen concentrations. Clearly, lower H2/NO2

-

ratios slow down hydrogenation reactions of the intermediates and the concentrations
of the intermediates therefore increase. Moreover, different ratios of the amounts of
the respective surface intermediates as a function of hydrogen concentration are
observed, which is clearly illustrated in Figure 7.5.
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Figure 7.5. Ratio between the peak intensity of NO(ads) and NH2(ads) and between NH2(ads) and NH4
+ at

steady state during continuous hydrogenation at hydrogen concentration
varying from 4.1·10-6 to 2.1·10-5 mol/L H2.

The ratio between the integrated peak intensities of NO(ads) and NH2(ads) at steady
state (at 15 minutes time on stream) decreases with increasing hydrogen
concentration. Moreover, the NH2(ads) / NH4

+ ratio is constant in all cases. Assuming
that NO(ads) is converted to N2 and NH2(ads) is converted to NH4

+, as discussed in the
previous section, the decrease of NO(ads) / NH2(ads) ratio with increasing hydrogen
concentration indicate a higher selectivity to ammonia, explaining the increase in
selectivity to ammonia with increasing hydrogen pressure, as normally found for
hydrogenation of nitrite in batch reactors [4,9,21,22].

7.3.4 Nitrite hydrogenation mechanism

This paper reports a detailed insight in the surface intermediates and accordingly the
mechanism of the heterogeneous catalytic hydrogenation of nitrite in water over
Pd/Al2O3 as obtained by in-situ ATR-IR spectroscopy.

Adsorption of NO2
-
(aq) on H-Pd/Al2O3 yields NO(ads), NH2(ads) and NH4

+. These species
originate from reaction with hydrogen on the palladium surface (Figure 7.1 and Figure
7.4). Moreover, subsequent hydrogenation showed that NO(ads) is most likely
converted to N2 while the hydrogenation of NH2(ads) solely yield NH4

+. Interestingly,
the production of NH4

+ only occurs after most of the NO(ads) has disappeared (Figure
7.2). This study clearly shows that ammonia and nitrogen are formed via two parallel
stepwise hydrogenation processes as shown in Scheme 7.1. Moreover, these two
reactions pathways are independent. The observation that NH2(ads) cannot be
converted to N2 is rather obvious. The fact that NO(ads) cannot be converted to
NH2(ads) or NH4

+ is certainly less obvious; this is indicated with the interrupted arrows
in Scheme 7.1.
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NO2
-
(aq) + H-Pd/Al2O3

NH2(ads)

NO(ads)

NH4
+

N2

Scheme 7.1. Reaction scheme of the catalytic hydrogenation of nitrite over Pd/Al2O3 based on the 
reactions observed in the present study.

The order in H(ads) for formation of NH2(ads) is apparently lower than the order for
hydrogenation of NH2(ads) to ammonia, since hydrogenation of NH2(ads) to NH4

+

becomes rate limiting at low hydrogen concentration (Figure 7.1). The order in H(ads)

for hydrogenation of NO(ads) to N2, on the other hand, is lower than for hydrogenation
of NH2(ads) since NO(ads) converts faster than NH2(ads) at low hydrogen concentrations
(Figure 7.2). This results in increasing selectivity to ammonia with increasing
hydrogen concentration.

The reaction scheme shown in Scheme 7.1, contains the species observed in the
present study and the reaction steps are clearly not elementary reaction steps. It is
clear that hydrogenation to NH2(ads) must be a sequence of elementary reaction
steps. Since NO(ads) is evidently not an intermediate for ammonia formation (Figure
7.2), there must be a reaction pathway from NO2

- to NH4
+

, excluding NO(ads) as an
intermediate species. The only possible reaction path is addition of hydrogen to nitrite
as the first step, to form HNO2, which undergoes further stepwise hydrogenation to
NH2(ads). Formation of HNO2

- as an intermediate for electrochemical reduction of
nitrite over platinum was indeed suggested in literature [25,28-30]. Dissociation of
hydrogen is assumed to be the first step, followed by reaction with nitrite [11-14].
NH2OH is regarded as a possible intermediate for formation of ammonia, since we
have recently shown that formation of the NH2(ads) intermediate can arise from
decomposition / reaction of NH2OH on Pd/Al2O3. Accordingly, the heterogeneously
catalytic hydrogenation of nitrite to ammonia may be described as:
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2 3Pd/Al O- -
2 (aq) (ads) 2 (ads)NO + H HNO⎯⎯⎯⎯→ (7.1)

⎯⎯⎯⎯→2 3Pd/Al O- -
2 (ads) (ads) (ads)HNO + H HNO + OH (7.2)

⎯⎯⎯⎯→2 3Pd/Al O
(ads) (ads) 2 (ads)HNO + H H NO (7.3)

⎯⎯⎯⎯→2 3Pd/Al O
2 (ads) (ads) 2 (ads)H NO + H NH OH (7.4)

⎯⎯⎯⎯→2 3Pd/Al O
2 (ads) (ads) 2(ads) 2NH OH + H NH + H O (7.5)

⎯⎯⎯⎯→2 3Pd/Al O
2(ads) (ads) 3(ads)NH + H NH (7.6)

2 3Pd/Al O + -
3(ads) 2 4NH + H O NH + OH⎯⎯⎯⎯→ (7.7)

The formation of ammonia via hydrogenation of HNO2
-
(ads) is supported by the

reaction mechanisms proposed from electrochemical reduction of nitrate and nitrite
over platinum electrodes [24,28-31]. Furthermore it was suggested that the reaction
pathway for the heterogeneous catalytic hydrogenation and electrochemical
reduction of nitrite are the same for both platinum and palladium catalysts [11,12,32].

Since NH2(ads) was observed only during adsorption of NO2
-
(aq) on H-Pd/Al2O3 (Figure

7.1), either (i) the entire stepwise hydrogenation process proceeds too fast to detect
the intermediates and NH2(ads) is observed exclusively after exhaustion of hydrogen
as mentioned above or (ii) the steps from NO2

- to NH2(ads), step (7.1) to (7.5), are fast
compared to the further hydrogenation of NH2(ads), step (7.6) and (7.7). No
intermediates were observed during continuous hydrogenation using a NO2

-/H2 ratio
of 1, indicating that the hydrogenation reactions of the intermediates to both N2 and
NH4

+ are indeed fast. We have recently shown that NH2OH decomposes to NH2(ads)

on palladium [15], indicating that step (7.5), proceeds fast. Accordingly all reactions
up to NH2(ads) proceed fast, in agreement with the experimental evidence shown in
Figure 7.1.

The formation of nitrogen on the other hand has to proceed via NO(ads) as an
intermediate. In the present study it is clear that NO(ads) is formed on the palladium
surface during hydrogenation of nitrite, which is in agreement with proposed
mechanisms based on kinetic studies [5,6,10,11]. At present, in literature, the
mechanism for formation N2 is unclear, but the most frequently suggested
mechanism involves dimerisation of NO(ads) [31-41] with N2O as an intermediate,
which however was not observed here. This might be explained by fast reduction of
N2O to N2 reported for palladium catalysts [32].



Hydrogenation of nitrite over Pd/Al2O3

141

This scheme with two parallel reaction pathways for ammonia and nitrogen,
contradicts proposed reaction schemes of the heterogeneous hydrogenation of nitrite
over supported noble metal catalysts in literature. In literature adsorbed NO was
proposed to be an intermediate in the formation of both nitrogen and ammonia
[5,6,10,11]. Based on literature and the results presented in the present study, we
suggest an improved reaction scheme for the hydrogenation of NO2

- over Pd/Al2O3 in
water (Scheme 7.2). In this new reaction scheme, adsorbed NO is still an
intermediate which, however, hydrogenates to N2 (� and �) while NH2(ads) is
converted to NH4

+ (� and �) via HNO2
-
(ads) as an intermediate. Moreover, the rates

of formation of NO(ads) and NH2(ads) are influenced by the hydrogen concentration; at
high hydrogen concentration the rate to yield NH2(ads) (�) increases compared to
NO(ads) (�), as indicated in Scheme 7.2. This results in increased selectivity to
ammonia with increasing hydrogen concentration.

NO2
-
(aq) + H-Pd/Al2O3

HNO2
-
(ads) NH2(ads)

NO(ads)

"HNO"(ads) H2NO(ads) NH2OH(ads) NH3(ads) NH4
+

765432

1

8

N2O N2
9 10

High [H2]

Low [H2]

Scheme 7.2. 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 [42]. The dotted lines represent possible reaction
pathways for N2O and N2 formation, although at present there is no evidence for these pathways. The 

numbers corresponds the reaction sequence described in the text.

7.4 Conclusion

The surface intermediates during the catalytic hydrogenation of NO2
- over Pd/Al2O3 in

aqueous phase have been examined. Adsorbed NO, NH2 and NH4
+ are formed as

surface intermediates on the palladium surface during reaction of NO2
-
(aq) with

surface hydrogen. NO(ads) is more reactive to hydrogen than NH2(ads). Hydrogenation
of adsorbed NO on palladium results in the formation of a reaction product that is not
infrared active, most likely nitrogen, whereas no ammonia is formed. Ammonia on the
other hand is formed solely from hydrogenation of the NH2(ads) intermediate. The rate
of formation of NO(ads) and NH2(ads), is influenced by the hydrogen concentration; at
high hydrogen concentration the formation of NH2(ads) is favoured over NO(ads). This
results in increased selectivity to ammonia with increasing hydrogen concentration
and provides a mechanistic explanation for the well known fact that that the
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selectivity to ammonia for palladium catalysts increases with the hydrogen
concentration. The present study clearly shows that formation of nitrogen and
ammonia proceeds via two independent pathways, which calls for a revised reaction
scheme.
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Chapter 8 

Hydrogenation of nitrite over Pt/Al2O3
Abstract
The mechanism of the heterogeneous hydrogenation of nitrite over a Pt/Al2O3

catalyst layer deposited on a ZnSe Internal Reflection Element was investigated in
aqueous phase using Attenuated Total Reflection Infrared Spectroscopy. In addition
to adsorbed nitrite, the hydrogenation intermediates NO(ads), "HNO"(ads), HNO2

-
(ads) are

formed on the platinum surface. Hydrogenation of all surface intermediates results in
the formation of NH4

+ mainly, but traces of N2O are observed as well, which is
believed to be an intermediate in the formation of nitrogen. "HNO"(ads) is the most
prominent surface species during steady state operation and is therefore involved in
the rate detemining step. Some NO(ads) accumulates at steps in titration experiments,
showing a very low reactivity. The results indicate that the reaction pathway of nitrite
hydrogenation on platinum and palladium is rather similar, but the rate determining
steps on both metals are definitely different.
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H H H

Pt

NO "HNO"
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+
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8.1 Introduction

Groundwater pollution by nitrate and nitrite is a widespread problem and is a potential
risk to human health worldwide. High concentrations of nitrate and nitrite in drinking
water can be fatal for infants, as nitrate and nitrite can cause blue baby syndrome [1].
Furthermore, nitrate can be converted into nitrosamine, which can cause cancer and
hypertension [1]. In recent years, nitrate and nitrite concentrations in groundwater
have increased at many locations throughout the world [2], and consequently wells
have to be shut down [2,3]. As a result, there is a renewed interest in processes for
removal of nitrite and nitrate from groundwater. Most promising is the heterogeneous
hydrogenation over palladium and platinum catalysts, which have been studied
extensively [4-11]. In general, it is accepted that the same reaction mechanism holds
for both palladium and platinum catalysts; nitrite is hydrogenated to nitrogen and
ammonia with adsorbed NO as an intermediate [5,6,12-16]. Palladium catalysts show
higher selectivity to nitrogen than platinum catalysts [4,7,17]. We have recently
applied ATR-IR spectroscopy to study the adsorption behaviour of nitrite,
hydroxylamine (NH2OH) and ammonia on both Pd/Al2O3 and Pt/Al2O3 [18]. In
addition, we have studied the reaction mechanism of nitrite hydrogenation over
Pd/Al2O3 [15]. Nitrite and ammonia adsorb on both Pd/Al2O3 and Pt/Al2O3, while
hydroxylamine decomposes on the metal surfaces. On Pt/Al2O3, decomposition of
NH2OH forms a specie, which is most likely adsorbed HNO, that decomposes to
adsorbed NO. On Pd/Al2O3, on the other hand, NH2OH decomposes to form a stable
NH2 fragment. The NH2 fragment was also observed during hydrogenation of nitrite
over Pd/Al2O3, along with NO and NH4

+ adsorbed on the palladium surface [15].
Formation of ammonia was found to proceed solely via hydrogenation of adsorbed
NH2, whereas the hydrogenation product of adsorbed NO could not be detected. N2,
which is not infrared active, was regarded as the most likely hydrogenation product of
NO [15]. Based on these findings a reaction mechanism involving two parallel
hydrogenation reactions on palladium (i.e. hydrogenation of NO to N2 and
hydrogenation of NH2 to NH4

+) was suggested [15].

In contrast to the parallel hydrogenation reactions suggested for Pd/Al2O3, a single
stepwise hydrogenation process of nitrite was proposed for the electrochemical
reduction of nitrite over platinum electrodes [19]. Several papers report on the
experimental evidence of adsorbed NO as an intermediate during electrochemical
reduction of nitrate and nitrite [20-25]. The subsequent electrochemical reduction of
adsorbed NO mainly yields ammonia, although traces of N2O were also detected. In
addition, N2O was demonstrated to be an intermediate in the formation of nitrogen
[26,27].
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Catalytic studies cannot be compared directly to electrochemical studies.
Electrochemical studies are confined to dense conducting electrodes, often single
crystals, instead of practical catalysts containing supported metal nano-particles on
porous support materials. It is well known that the large difference in the structure of
the metal surface causes large differences in the chemical and catalytic properties.

It is the objective of this study to examine the surface intermediates during
hydrogenation of nitrite over Pt/Al2O3 by ATR-IR spectroscopy, to give an insight in
the mechanism of the heterogeneous hydrogenation of nitrite over Pt/Al2O3. Also,
similarities and differences between hydrogenation of nitrite over Pt/Al2O3 and
Pd/Al2O3 will be discussed.

8.2 Experimental

The experimental procedure and materials are described in detail in the Experimental
Section (Chapter 2). All spectra presented in the following sections are corrected for
the water background. The integrated peak areas are calculated using curve fitting of
the spectra following the procedure described in the Experimental Section (Chapter
2).

The catalyst preparation and characteristics of the 5 wt% Pt/Al2O3 (dispersion 75%)
catalysts examined in the present study are also described in detail in the
Experimental Section (Chapter 2). 6 mg of catalyst was deposited on the Internal
Reflection Element (IRE), resulting in 1.2·10-6 mol accessible surface atoms for the
Pt/Al2O3 catalyst. The thickness of the Pt/Al2O3 catalyst layer was measured to be
3.50 ± 0.25 μm.

After assembling the ATR-IR cell, with an IRE coated with a Pt/Al2O3 catalyst layer,
the catalyst was reduced in-situ by introducing H2/H2O (4.1·10-4 mol/L H2; saturation
at 0.5 bar). The catalyst is denoted H-Pt/Al2O3, because of the hydrogen covered
platinum surface.
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8.3 Results and discussion

8.3.1 Adsorption of NO2
-
(aq) on H-Pt/Al2O3

In order to follow the surface reaction between nitrite and pre-adsorbed hydrogen, the
H-Pt/Al2O3 catalyst was exposed to NO2

-
(aq) (4.3·10-4 mol/L) at pH 7 and infrared

peaks evolved as shown in Figure 8.1A. The integrated peak areas obtained by curve
fitting are shown in Figure 8.1B and C.
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Figure 8.1. A: Water corrected ATR-IR spectra during adsorption of NO2
- on H-Pt/Al2O3; B and C: 

Integrated peak areas during adsorption.

Initially peaks developed at 2231, 1540, 1455, 1390 and 1305 cm-1. Further a
shoulder was observed at 1235 cm-1. During continuous flow of NO2

-
(aq), the band at
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1455 cm-1 disappeared in approximately 10 minutes. At the same time, gradually a
new peak appeared at 1570 cm-1, which shifted to 1580 cm-1 with increasing
intensity. Simultaneously the peak at 1540 cm-1 reached a maximum after 3 minutes,
subsequently decreased, and stabilised after 10 minutes.

Based on blank experiments, the peak at 1235 cm-1 can be assigned to NO2
-
(aq) as

shown in Chapter 6. The intensity of NO2
-
(aq) needs a few minutes to stabilise. Since

this is much longer than the residence time of the liquid in the cell of 7.2 seconds, the
time needed for stabilisation is probably due to conversion of nitrite by adsorbed
hydrogen. According to previous adsorption experiments (Chapter 6), the band
initially present at 1455 cm-1 can be assigned to NH4

+. As discussed in Chapter 6, the
specie characterised by the peak at 1540 cm-1 is most likely HNO(ads) but due to the
uncertainty in the assignment (NOH and HNOH can not be excluded), this specie will
be denoted "HNO"(ads). The peak at 2231 cm-1 is assigned to N2O [18,21,26,28-30],
which is dissolved or weakly adsorbed at the catalyst surface. The peaks at 1390 and
1305 cm-1 arise from NOx

- (x = 2,3) species adsorbed on the platinum surface as
previously discussed (Chapter 6). For clarity, these two NOx

- species will be denoted

as
-1- 1305 cm

x (ads)NO and
-1- 1390 cm

x (ads)NO in the following. Finally, the band at 1570 cm-1,

shifting to 1580 cm-1, originates from bridged adsorbed NO at low coverage on the

platinum surface [18,20,21]. This NO specie will be denoted
-11580 cm

(ads)NO .

Figure 8.1 clearly shows a variety of products formed when H-Pt/Al2O3 is exposed to
NO2

-
(aq). In addition to adsorbed NOx

- species (1390 and 1305 cm-1) that were found

previously on Pt/Al2O3 without hydrogen [18], hydrogenation products like
-11580 cm

(ads)NO ,

"HNO"(ads) , NH4
+ and N2O were observed. Initially, when the surface coverage of

hydrogen is high, formation of "HNO"(ads) and NH4
+ occurs, whereas

-11580 cm
(ads)NO starts

to appear from 3 minutes on.

Production of ammonia during catalytic hydrogenation of nitrite is well documented,
moreover platinum catalysts are known to be selective towards ammonia [4,7,17].
The initial formation of ammonia, when the hydrogen coverage is still high, is in
agreement with the observation that selectivity to NH4

+ increases with increasing
hydrogen concentration in batch operated experiments reported in literature
[4,5,11,31,32].

After approximately 10 minutes the surface seems to become exhausted in adsorbed
hydrogen; the formation rate of NH4

+ is close to zero and the concentrations of
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-11580 cm
(ads)NO and "HNO"(ads) seem to stabilise, presumably because there is no

hydrogen available for further hydrogenation. In other words
-11580 cm

(ads)NO and "HNO"(ads)

are trapped at the platinum surface. This seems to resemble the preparation of NO
adlayers on platinum electrodes by electrochemical reduction of nitrite
[19,23,24,33,34].

8.3.2 Hydrogenation of
-11580 cm

(ads)NO , "HNO"(ads) and NOx
-
(ads) on H-Pt/Al2O3

After 15 minutes adsorption of NO2
-
(aq) on H-Pt/Al2O3 (see Figure 8.1), the cell was

flushed with Ar/H2O for 5 minutes to remove NO2
-
(aq) (not shown). When flowing with

Ar/H2O, NO2
-
(aq) (1235 cm-1) was completely flushed out of the cell. In addition, a

slight increase in the peak for
-11580 cm

(ads)NO was observed (+7%), along with a decrease

in the peaks for "HNO"(ads) (-5%) and NOx
-
(ads) (1305 cm-1) (-10%). These changes

are in good agreement with our previous study, where we showed that "HNO"(ads)

decomposes into
-11580 cm

(ads)NO during inert flow [18]. The resulting spectrum of the

catalyst surface is shown in Figure 8.2, bottom spectrum (t = 0 min). Remarkably,
even after inert water flow, N2O is still detectable, although with very low intensity,
indicating continuous production of N2O. Most likely, N2O is produced from either
dimerisation of NO(ads) or "HNO"(ads) or a reaction between NO(ads) and adsorbed
"HNO"(ads), as we have previously discussed in Chapter 6. However, the fact that the

total amount of
-11580 cm

(ads)NO and "HNO"(ads) hardly changes indicates that the rate of

formation must be very low. Nevertheless, N2O is detected demonstrating the high
sensitivity of ATR-IR for N2O.

Subsequently, H2/H2O (4.1·10-6 mol/L H2) was introduced into the cell to study the
reactivity of the adsorbed species towards hydrogen. During H2/H2O flow, infrared
peaks evolved as shown in Figure 8.2A: the integrated peak areas are shown in
Figure 8.2B and C.
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Figure 8.2. A: Selected water corrected ATR-IR spectra (time between spectra is 3 min) during

hydrogenation (flow of 4.1·10-6 mol/L H2/H2O ) of N2O,
-11580 cm

(ads)NO , "HNO"(ads) and NOx
-
(ads) on Pt/Al2O3,

formed on the catalyst surface during adsorption of NO2
-
(aq) on H-Pt/Al2O3 (Figure 8.1); B and C: 

integrated peak areas during flow of H2/H2O.

Right from the start of the hydrogenation experiment, the peak for
-11580 cm

(ads)NO started to

decrease in intensity, while simultaneously the peak for "HNO"(ads) (1540 cm-1)
increased. NH4

+ (1455 cm-1) was first observed after 5 minutes and steadily
increased, while the band of "HNO"(ads) reached a maximum after 10 minutes.
Subsequently, the peak for "HNO"(ads) decreased with a simultaneous increase in the
peak for NH4

+ up to 18 minutes, after which it started to decrease slowly. These

observations clearly show that
-11580 cm

(ads)NO under hydrogenation conditions is

converted to "HNO"(ads) and subsequently to NH4
+, being the final hydrogenation

product.
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Figure 8.2C shows that the peaks for adsorbed nitrite (1390 and 1305 cm-1) also

decreased in intensity during exposure to hydrogen. The peak for
-1- 1390 cm

x (ads)NO

decreases significantly slower than the peak for
-1- 1305 cm

x (ads)NO , clearly demonstrating

that these two peaks represent two different adsorbed NOx
- species, as discussed in

Chapter 6. At present, further precision of the assignment is not possible.

In addition, a new peak at 1620 cm-1 appeared along with the disappearance of the

band for
-1- 1305 cm

x (ads)NO , which seems to stabilise after 12 minutes. Furthermore, also

an asymmetric peak at 1270 cm-1 appeared, which decreased with time only slowly.

The band at 1270 cm-1 was reported before, in electrochemistry studies on nitrate
hydrogenation on platinum electrodes, and was assigned to HNO2

-
(ads) [21]. Since

hydrogenation of NO2
- to HNO2

-
(ads) is a reasonable proposition and no other

assignments were found in literature, the peak at 1270 cm-1 is assigned to HNO2
-
(ads).

The intensity of this specie is low and it can only be observed in absence of species

with much stronger absorption bands, such as
-1- 1305 cm

x (ads)NO and NO2
-
(aq). For this

reason, the presence of HNO2
-
(ads) in the nitrite titration experiment (Figure 8.1)

cannot be excluded.

In literature, the band at 1620 cm-1 has been attributed to NO(ads) on a stepped
Pt(100) surface [22]. Its frequency is too low to originate from linearly adsorbed NO
on Pt(111), which is reported at 1680 cm-1 [18,22,25]. In addition, a characteristic of
NO adsorbed on steps is that the molecules are separated from each other,
preventing dipole-dipole coupling with increasing coverage. This is in agreement with
our experimental evidence (Figure 8.2), revealing no shift of the peak position.
Consequently, the band at 1620 cm-1 is speculatively assigned to NO adsorbed on

steps, and will be denoted
-11620 cm

(steps)NO in the following. In any case, this peak is

definitely different from the peak at 1570-1580 cm-1, assigned to bridged NO. The

concentration of
-11620 cm

(steps)NO decreased very slowly when flowing of H2/H2O. The fact

that
-11620 cm

(steps)NO is not reactive to hydrogen, in contrast to all other species, can not be

explained at this time, since NO dissociation is normally favoured on stepped
surfaces [35-37]. On the other hand, it is well known that the electrochemical
reduction of both nitrite and NO adlayers is structure sensitive [38-40]; NO was
suggested to accumulate at steps during electrochemical reduction of nitrate over
platinum electrodes [38].
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At this point, it is not clear from which species the
-11620 cm

(steps)NO adsorbate originates.

During decomposition of hydroxylamine on Pt/Al2O3, both "HNO"(ads) and
-11580 cm

(ads)NO were found, while no
-11620 cm

(steps)NO was observed (Chapter 6). That result

suggests that the production of
-11620 cm

(steps)NO possibly occurs via direct hydrogenation of

NOx
- and/or via HNO2

-
(ads).

The peak at 1580 cm-1 (Figure 8.1 and Figure 8.2) is assigned to bridged adsorbed
NO on the polycrystalline platinum surface at low coverage [20,21]. From Figure 8.2B

it can be seen that it takes 24 minutes to hydrogenate adsorbed
-11580 cm

(ads)NO and

"HNO"(ads). The coverage of
-11580 cm

(ads)NO and "HNO"(ads) can thus be estimated based

on the amount of hydrogen supplied, assuming complete hydrogen consumption and

complete hydrogenation of
-11580 cm

(ads)NO and "HNO"(ads) to NH4
+, compared to the

number of platinum surface atoms present. It follows that the maximal initial coverage
of NO(ads) is as low as 3.5%. Indeed the low coverage estimated corresponds to the
observed peak position at 1580 cm-1 assigned bridged adsorbed NO on the
polycrystalline platinum surface at low coverage [20,21] (Figure 8.1 and Figure 8.2).
This low coverage illustrates the extreme sensitivity of ATR-IR for adsorbed species,
enabling the detection of adsorbed species at very low surface coverage. Finally
Figure 8.2 reveals, like Figure 8.1, continuous formation of N2O, as discussed earlier.

8.3.3 Continuous hydrogenation of NO2
-
(aq) on H-Pt/Al2O3

In order to follow the continuous hydrogenation of nitrite in-situ, a solution containing
both 4.3·10-4 mol/L NO2

-
(aq) and 4.1·10-4 mol/L H2 was introduced into the cell with a

freshly-prepared pre-reduced catalyst (H-Pt/Al2O3) (vide ante). Water corrected ATR-
IR spectra during the continuous hydrogenation of nitrite are shown in Figure 8.3A.
The integrated peak areas are shown in Figure 8.3B.
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Figure 8.3. A: Water corrected ATR-IR spectra during continuous hydrogenation of nitrite over H-
Pt/Al2O3; B: Integrated peak areas during continuous hydrogenation.

Figure 8.3 shows that surface intermediates resulting from reaction between nitrite
and hydrogen could be observed under the conditions applied. Within 5 minutes,
clear infrared peaks evolved at 2231 cm-1 (N2O), 1540 cm-1 ("HNO"(ads)), 1455 cm-1

(NH4
+), 1390 cm-1 (

-1- 1390 cm
x (ads)NO ), 1305 cm-1 (

-1- 1305 cm
x (ads)NO ) and 1235 cm-1 (NO2

-
(aq)).

The development of the other bands with time (Figure 8.3B) illustrates that initially
N2O, "HNO"(ads), NH4

+ and NOx
- were formed on the platinum surface while, as for the

titration experiments, simultaneously NO2
-
(aq) was observed (Figure 8.3). The

formation of HNO2
-
(ads) can not be excluded because of the presence of NO2

-
(aq)

which has a very strong absorption band, as discussed above (Figure 8.2).

The first 5 minutes of the experiment presented in Figure 8.3, represent a similar
transient response as shown in Figure 8.1. After 5 minutes, when stable levels are
observed, steady state hydrogenation is achieved.

To the best of our knowledge no kinetic studies of the hydrogenation of nitrite have
been performed on Pt/Al2O3. However, platinum catalysts are reported to be
comparable in activity to palladium catalysts for the hydrogenation of nitrite [17],
Conversion of NO2

-
(aq) over a similar layer of Pd/Al2O3 catalyst is estimated to be
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around four percent under identical conditions (with a hydrogen conversion of 11%
assuming selectivity to ammonia), based on nitrite conversion rates based on kinetic
studies in a batch reactor [41]. Therefore, the experiments in this study are close to
differential conditions.

During continuous hydrogenation on H-Pt/Al2O3, no adsorbed NO was detected at
either 1620 or 1580 cm-1, in contrast to the step change experiments, introducing
either NO2

-
(aq) to a hydrogen-covered catalyst or dissolved hydrogen to a catalyst

surface partly covered with (H)NO species (Figure 8.1 and Figure 8.2). Apparently,
titration experiments reveal surface species (NO(ads) that are rapidly converted under
steady-state conditions. Moreover, comparison with Figure 8.1 clearly shows that the
ratio of adsorbed species and free nitrite is opposite; during the stepwise adsorption

(Figure 8.1), adsorbed nitrite (
-1- 1305 cm

x (ads)NO ) is dominant, whereas the opposite is

observed during continuous hydrogenation, where NO2
-
(aq) is dominant. Although

direct comparison of the intensities of free NO2
-
(aq) is not allowed because the catalyst

layers were not identical, it can be concluded that the surface coverages of the
intermediates species is even lower than the already low coverages achieved in the
step-wise experiments. Nevertheless, "HNO"(ads) is the dominant surface specie

(Figure 8.3), indicating that hydrogenation of
-11580 cm

(ads)NO to "HNO"(ads) is fast and the

consecutive hydrogenation of "HNO"(ads) to NH4
+ relatively slow. Thus the rate

determining step is the hydrogenation of "HNO"(ads), as suggested from
electrochemical reduction of NO adlayers over platinum electrodes [42]. The fact that
the surface coverage is nevertheless low, is suggesting that only part of the platinum
surface contributes, or that the adsorption of nitrite is also rate limiting.

During continuous hydrogenation of nitrite, "HNO"(ads) is the main partially
hydrogenated product found on the catalyst surface. As discussed above,
hydrogenation of "HNO"(ads) produces ammonia, which is in agreement with literature
describing electrochemical reduction of nitrite/NO adlayers over platinum [21,38,43-
45]. Figure 8.3 reveals, like Figure 8.1 and Figure 8.2 continuous formation of N2O,
indicating that nitrogen is also formed, as N2O was proven to reduce to nitrogen
[26,27].
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8.3.4 Nitrite hydrogenation mechanism

The experiments presented in this paper, show that a variety of species can be
formed from nitrite over the Pt/Al2O3 catalyst, depending on the amounts of nitrite and
hydrogen present during the experiment.

Adsorption of NO2
-
(aq) on H-Pt/Al2O3 yields, beside adsorbed nitrite, the hydrogenation

products
-11580 cm

(ads)NO (reaction 8.1) "HNO"(ads) (reaction 8.2) and NH4
+, as also shown

by reaction � and 	 in Scheme 8.1, respectively.

These species originate from reaction with hydrogen on the platinum surface (Figure

8.1 and Figure 8.3). The first step to
-11580 cm

(ads)NO resembles the preparation of NO

adlayers on platinum electrodes by electrochemical reduction of nitrite

[19,23,24,33,34]. This study (Figure 8.2) shows that
-11580 cm

(ads)NO on the platinum

surface undergoes a stepwise hydrogenation process first to "HNO"(ads) and
subsequently to NH4

+ the final hydrogenation product, as shown in Scheme 8.1
(reaction 	 to � in Scheme 8.1). Under continuous hydrogenation conditions (Figure
8.3) "HNO"(ads) is the dominant intermediate, indicating that hydrogenation of
"HNO"(ads) to NH4

+ is, at least partly, rate determining.

2 3Pt/Al O- -
2 (ads) (ads)NO H NO + OH+ ⎯⎯⎯⎯→ (8.1)

⎯⎯⎯⎯→←⎯⎯⎯⎯
2 3Pt/Al O

(ads) (ads) (ads)NO + H "HNO" (8.2)

The exact nature of the specie characterised by the peak at 1540 cm-1 is uncertain;
most likely it can be assigned to HNO(ads), but NOH(ads) and HNOH(ads) can not be
excluded, as discussed in Chapter 6. Nevertheless, since each one of these species
are intuitively intermediate species, the overall reaction scheme is reliable; the exact
nature of the relatively stable in intermediate can still be debated.

In the present study,
-11580 cm

(ads)NO is hydrogenated to "HNO"(ads), which subsequently

hydrogenates to NH4
+ (Figure 8.2). In Chapter 6 we showed that during inert flow, the

reverse reaction, where "HNO"(ads) is converted to
-11580 cm

(ads)NO , also occurs. Reaction

8.2 (reaction 	 Scheme 8.1) is apparently reversible, as also suggested from
electrochemical reduction of NO adlayers over platinum electrodes [42], where
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-11580 cm
(ads)NO is converted to "HNO"(ads) in the presence of hydrogen, while the reversed

reaction occurs in the absence of hydrogen. However, we have also shown that

"HNO"(ads) can be oxidised to
-1- 1305 cm

x (ads)NO , supporting the hypothesis that under

hydrogenation conditions
-1- 1305 cm

x (ads)NO is an intermediate in the formation of

"HNO"(ads). HNO2
-
(ads) was also detected during hydrogenation of nitrite, although only

in the absence
-1- 1305 cm

x (ads)NO and NO2
-
(aq). Because of the much stronger absorption

bands of
-1- 1305 cm

x (ads)NO and NO2
-
(aq) (Figure 8.2) the formation of "HNO"(ads) via HNO2

-

(ads) can not be excluded. Formation of HNO2
- as an intermediate for electrochemical

reduction of nitrite over platinum was indeed suggested in literature [39,44-46].

Hydrogenation of "HNO"(ads) results in the formation of NH4
+ (Figure 8.2). It is clear

that hydrogenation of nitrite via "HNO"(ads) to NH4
+ must be a sequence of elementary

reaction steps in which oxygen is removed and hydrogen is attached to the nitrogen

atom. We have recently shown that formation of
-11580 cm

(ads)NO and "HNO"(ads) can arise

from decomposition/reaction of NH2OH on Pt/Al2O3 (Chapter 6). Therefore NH2OH is
regarded as a possible intermediate for the hydrogenation of NO(ads). Accordingly, the
elementary reaction steps for the hydrogenation of "HNO"(ads) to NH4

+ are postulated
as:

2 3Pt/Al O
(ads) (ads) 2 (ads)"HNO" + H H NO⎯⎯⎯⎯→ (8.3)

2 3Pt/Al O
2 (ads) (ads) 2 (ads)H NO + H NH OH⎯⎯⎯⎯→ (8.4)

2 3Pt/Al O
2 (ads) (ads) 2(ads) 2NH OH + H NH + H O⎯⎯⎯⎯→ (8.5)

2 3Pt/Al O
2(ads) (ads) 3(ads)NH + H NH⎯⎯⎯⎯→ (8.6)

2 3Pt/Al O + -
3(ads) 2 4NH + H O NH + OH⎯⎯⎯⎯→ (8.7)

The proposed reaction sequence of ammonia formation via hydrogenation of NO(ads)

and "HNO"(ads) (reaction 8.2 to 8.7 and 	 to � in Scheme 8.1) is similar to the
proposed formation of NO adlayers from nitrite and nitrate solutions on platinum
electrodes described in literature [23,44]. Furthermore, electrochemical reduction of
NO adlayers was proposed to proceed via an HNO(ads) intermediate, with ammonia
as the final product [21,38,43-45].
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N2O was detected during all hydrogenation experiments presented in this study.
From the present results, the mechanism for formation of N2O is not clear yet. The
formation of N2O can be formed either via dimerisation of NO(ads) and / or "HNO"(ads)

or via dissociation of NO on steps as proposed in literature [16,21,27,29,40,47-54],
as indicated in Scheme 8.1. In addition, N2O was demonstrated to be an intermediate
in the formation of nitrogen [26,27]. This shows the possibility for nitrogen formation,
although no nitrogen was detected in the present study, since it is not infrared active.

The reaction scheme of the heterogeneous hydrogenation of nitrite shown in Scheme
8.1 is similar to the schemes proposed for both heterogeneous hydrogenation of
nitrite over supported noble metal catalysts [5,7,8,13] and electrochemical reduction
of nitrite (and NO adlayers) on platinum electrodes [19,24,33,34], showing the
similarities between the heterogeneous hydrogenation and the electrochemical
reduction of nitrite. For the first time, this study provides experimental evidence for
some of the surface intermediates during the heterogeneous hydrogenation of nitrite
over a supported platinum catalyst.

NO2
-
(aq) + Pt/Al2O3

HNO2
-
(ads) NH2(ads)

NO(ads)

"HNO"(ads) H2NO(ads) NH2OH(ads) NH3(ads) NH4
+

765439

8

1

2

N2O N2

Scheme 8.1. Suggested reaction scheme of the catalytic hydrogenation of nitrite over Pt/Al2O3.
The reactions in the boxes are based on the findings in the present study. The other reactions in the 
scheme have been discussed before in literature [19]. The dotted lines represent possible reaction
pathways for N2O and N2 formation, although at present there is no evidence for these pathways.

The numbers correspond to the reaction sequence described in the text. 

In literature, it was suggested that the reaction pathway for the heterogeneous
catalytic hydrogenation of nitrite as well as for the electrochemical reduction of NO
adlayers are the same for both platinum and palladium catalysts [13,14,16]. As
described above, nitric oxide adsorbed on Pt/Al2O3 hydrogenates at least partly to
ammonia, with "HNO"(ads) as an intermediate, On Pd/Al2O3, on the other hand, we
recently showed that hydrogenation of nitric oxide does not result in ammonia, as
ammonia is formed exclusively via a pathway including hydrogenation of NH2(ads) and
excluding adsorbed NO[15].
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As discussed above, NOx
-
(ads) was observed when adsorbing nitrite on H-Pt/Al2O3

(Figure 8.1), while it was not on H-Pd/Al2O3 (as shown in Chapter 7). As discussed it
might be that only part of the platinum surface contributes in the hydrogenation, as a
consequence more adsorption sites for nitrite adsorption can be available after
adsorption of nitrite on H-Pt/Al2O3, although this only applies if different sites are
involved in the hydrogenation and the adsorption of nitrite. That only a part of the

platinum surface contributes in the hydrogenation might also explain why
-11620 cm

(steps)NO  is 

observed on platinum. At steps, the rate of dissociation of hydrogen is lower,

therefore it can be speculated this leads to a lower hydrogenation rate of
-11620 cm

(steps)NO .

However, the fact that
-11620 cm

(steps)NO is not reactive to hydrogen, in contrast to all other

species, can not be fully explained at present.

The main goal of this study and the study described in Chapter 7 was to
evaluate/verify the mechanism for hydrogenation of nitrite over Pd/Al2O3 and Pt/Al2O3

proposed in literature [5,7,8,13], by identifying the absorbed intermediates. The same
surface intermediates are involved on both metals, as shown in Scheme 8.1, which
lead, however, to different products. It was previously suggested that nitric oxide,
formed on both noble metal catalysts, hydrogenates to both ammonia and nitrogen.
Our spectroscopic evidence clearly shows that adsorbed nitric oxide on palladium
does not hydrogenate to ammonia (as shown in Chapter 7), whereas on platinum
ammonia is found as a product for hydrogenation of nitric oxide, as shown in Scheme
8.1 and proposed in literature [5,7,8,13,19,24,33,34].

As discussed above, "HNO"(ads) is observed during the continuous hydrogenation of
nitrite (Figure 8.3). On Pd/Al2O3, on the other hand, NO(ads) and NH2(ads) is observed
during the continuous hydrogenation, where NO(ads) hydrogenated to nitrogen and
NH2(ads) hydrogenates to ammonia. These observations indicate that, different steps
in the formation of ammonia are rate limiting over platinum and palladium;
hydrogenation of "HNO"(ads) is rate limiting for Pt/Al2O3, whereas the hydrogenation of
NH2(ads) is rate limiting over Pd/Al2O3. This explains why "HNO"(ads) is observed on
Pt/Al2O3 only.

The hydrogen concentration, at which hydrogenation intermediates were observed
during the continuous hydrogenation of nitrite over H-Pt/Al2O3 (Figure 8.3) is
approximately ten times higher compared to for continuous hydrogenation of nitrite
over H-Pd/Al2O3, as shown in Chapter 7. This means that under identical conditions
more surface species are observed on the platinum surface (this study) compared to
on palladium (Chapter 7). This observation implies that the rate determining step,
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hydrogenation of "HNO"(ads), is slower on platinum compared to hydrogenation of
NH2(ads) on palladium, which is rate determining on palladium.

The reversible reaction between
-11580 cm

(ads)NO and "HNO"(ads) (as discussed in Chapter 6

and above) shows that on platinum insertion of a hydrogen atom to nitric oxide is
possible without breaking the NO bond. This is in contrast to palladium, where NO(ads)

is converted to N2 exclusively. It can be speculated that the higher NO bond strength
and dissociation temperature on platinum [55] cause the insertion of a hydrogen atom
before breaking the NO bond as the rate limiting step (reaction � in Scheme 8.1).
Thus NO adsorbed on platinum can hydrogenate to NH4

+. On palladium on the other
hand, the NO bond is easily broken, possibly via dimerisation, leading to the
formation of nitrogen.

8.4 Conclusion

The surface intermediates during the heterogeneous hydrogenation of nitrite over
Pt/Al2O3 were investigated in aqueous phase by ATR-IR spectroscopy. In addition to
adsorbed nitrite, NO(ads), "HNO"(ads), HNO2

-
(ads) and NH4

+ are formed on the platinum
surface. Hydrogenation of nitrite yields ammonia via a stepwise hydrogenation
process via NO(ads) and "HNO"(ads) as intermediates, wherein hydrogenation of
"HNO"(ads) is the rate determining step. Very slow conversion of NO(ads) to N2O was
also detected. A non-reactive NO(ads) species was detected in titration experiments,
but not during steady state operation. The results indicate that the reaction pathway
of nitrite hydrogenation on platinum and palladium is rather similar, but the rate
determining steps on both metals are definitely different.
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Concluding remarks and recommendations

The understanding of chemistry on surfaces is a challenging but critical step in
catalytic research. Understanding of surface chemistry in the presence of liquid
solvents is lacking because it is difficult to study heterogeneous catalysis in-situ when
the reactions are carried out in liquid solvents, water in particular.

The work presented in this thesis aims to develop ATR-IR spectroscopy to study
adsorption and catalytic reactions on metal surfaces during heterogeneous catalytic
reactions in aqueous phase. Properties of the technique and the influence of water
on the supported metal catalysts were demonstrated using two reactions (i) CO
oxidation and (ii) nitrite hydrogenation. The work described in this thesis clearly
demonstrates the application of ATR-IR spectroscopy to study adsorption and
catalytic reactions in water. By coating an Internal Reflection Element (IRE) with a
thin (in the order of a few microns), stable catalyst layer, adsorption and reaction at
the solid-aqueous interface were studied successfully.

9.1 Adsorption and oxidation of carbon monoxide

Adsorption and oxidation of carbon monoxide was performed in both gas and
aqueous phase over Pt/ZnSe, Pt/Al2O3 and Pd/Al2O3, investigating the influence of
water on both CO and the noble metals. Adsorption of CO from gas and aqueous
phase on the supported catalysts (Pt/Al2O3 and Pd/Al2O3) revealed significant
spectral changes. Co-adsorption of water on the noble metals and a direct interaction
of water with the adsorbed CO molecule cause a clear red shift of the CO stretch
frequency and a decreased linear to bridged (L/B) ratio of adsorbed CO in aqueous
phase. Moreover, the infrared absorbance increased when adsorbing CO from
aqueous phase, compared to gas phase adsorption.

The red shift and changed L/B ratio, is caused by the direct effect of water on the CO
molecule or by an indirect effect via modification of the metal particle potential,
inducing an increased π-back-donation from the metal to CO, or a combination of
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both phenomena. Remarkably, the CO intensity increased drastically when adsorbed
in aqueous phase compared to adsorption in gas phase, for all three catalysts. This
can be caused by a polarisation of the CO molecule, for example via hydrogen
bonding, which directly influences its extinction coefficient by increasing the transition
dipole moment. In aqueous phase, the stretch frequency of adsorbed CO shifts down
with increasing pH, which is attributed to increasing π-back-donation from the
supported metal to adsorbed CO, caused by decreasing potential of the supported
metal particles.

The oxidation rate of pre-adsorbed CO increases significantly in aqueous phase
compared to in gas phase. In addition, an increase in pH significantly enhances the
CO oxidation rate. Over Pt/Al2O3, the stretch frequency of adsorbed CO is linearly
related to the CO oxidation rate, which suggests an effect of the metal particle
potential on the rate determining step of CO oxidation in aqueous phase. The
increased π-back donation weakens the CO bond by supplying electrons in the anti-
bonding orbital; therefore CO is more reactive towards the p-electrons of adsorbed
oxygen atoms. As a result, the CO molecule is more easily oxidised in aqueous
phase and with increasing pH. Furthermore, palladium particles are more easily
oxidised in water and with increasing pH, further increasing the oxidation rate of
adsorbed CO over Pd/Al2O3. Scheme 9.1 summarises the influence of the presence
of water and the pH value on both the CO stretch frequency and the CO oxidation
rate.

Preliminary calculations show that the effect of co-adsorption of water has a more
distinct effect on the CO peak position than the formation of hydrogen bonds.
However, to explain the influence of water on the CO adsorption on supported noble
metal in detail, theoretical calculations are necessary and can be subject of further
investigation.
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Scheme 9.1 Schematic presentation of the influence of water and pH on the CO stretch frequency and 
CO oxidation rate.

9.2 Nitrite hydrogenation 

In relation to the heterogeneous hydrogenation of nitrite, adsorption of nitrite (NO2
-),

ammonia (NH4
+) and hydroxylamine (NH2OH) from aqueous phase was first

examined on Pd/Al2O3, Pt/Al2O3 and Al2O3. Hydrogenation was thereafter performed
by adsorbing nitrite on a pre-reduced Pd/Al2O3 or Pt/Al2O3 catalyst (denoted H-
Pd/Al2O3 or H-Pt/Al2O3), where NO2

-
(aq) can react with adsorbed hydrogen.

Adsorption of NO2
-
(aq) and NH4

+
(aq) show similar adsorption characteristics on both

Pd/Al2O3 and Pt/Al2O3. The vibrational spectrum of the nitrite ion changes
substantially upon adsorption; clearly, nitrite chemisorbs onto the noble metal
catalysts. Contrary, adsorption of NH4

+ does not lead to significant changes in the
vibrational spectrum of the ion, indicating that NH4

+ does not chemisorb on the noble
metal. Instead, NH4

+ is stabilised via electrostatic interaction given the fact that NH4
+

is not rapidly flushed out. Adsorption of NH2OH(aq) on Pd/Al2O3 and Pt/Al2O3 however,
leads to different adsorbed species on the two metals. On Pd/Al2O3, hydroxylamine is
converted into a stable NH2(ads) fragment, whereas on Pt/Al2O3 hydroxylamine is
converted into NO, possibly via HNO(ads) (denoted "HNO"(ads) because of uncertainty
in the assignment; NOH and HNOH can not be excluded) as an intermediate . 

Hydrogenation of nitrite leads to similar species as formed during adsorption and
decomposition of NH2OH on the catalyst surface. Adsorption of NO2

- on H-Pd/Al2O3

results in formation of the intermediates NO(ads) and NH2(ads). During subsequent
hydrogenation, NO(ads) is most likely converted to N2, while the hydrogenation of
NH2(ads) produces solely NH4

+. Interestingly, NH4
+ is only produced after almost all

NO(ads) has disappeared, demonstrating that NO(ads) is more reactive towards
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hydrogen than NH2(ads). As for palladium, nitrite adsorption on H-Pt/Al2O3, leads to the
intermediate NO(ads). However, in contrast to palladium, further hydrogenation of
NO(ads) on platinum results in the formation of "HNO"(ads), which is subsequently
hydrogenated to ammonia. In the stepwise hydrogenation of NO(ads) to ammonia,
hydrogenation of "HNO"(ads) is the rate determining step.

A small amount of N2O is formed during all hydrogenation experiments over Pt/Al2O3.
Nitrogen is believed to be formed from reduction of N2O over platinum, thus the
presence of N2O indicates the formation of nitrogen, and the main species on
Pt/Al2O3 are NO(ads) and "HNO"(ads) which hydrogenate to NH4

+. On Pd/Al2O3, on the
other hand, hydrogenation of NO(ads), which was formed at relatively high amounts
compared to NH2, is assumed to lead to nitrogen solely, explaining why palladium is
more selective to nitrogen than platinum.

This study is the first to show the surface intermediates during heterogeneous
hydrogenation of nitrite over supported palladium and platinum catalysts. In literature,
it was suggested that the reaction pathways for heterogeneous catalytic
hydrogenation of nitrite and for electrochemical reduction of NO adlayers (produced
from nitrite solutions) are similar for both platinum and palladium catalysts. It was
suggested that nitric oxide, formed on both noble metal catalysts, hydrogenates to
ammonia and nitrogen. From this study, it is clear that nitric oxide adsorbed on
Pt/Al2O3 hydrogenates to both N2O and ammonia. The formation of ammonia
proceeds via "HNO"(ads) as an intermediate; in other words, the reaction mechanism
proposed in literature holds for platinum catalysts. However, on Pd/Al2O3, nitric oxide
is not an intermediate in the formation of ammonia; instead, ammonia is formed via
hydrogenation of NH2(ads) only.

The main difference between the mechanisms for hydrogenation of nitrite on Pt/Al2O3

and Pd/Al2O3 proposed here and the mechanism previously suggested in literature
involves identification of the key adsorbed intermediate. The same surface
intermediates are involved on both metals as shown in Scheme 9.2, but the species
observed which are involved in the rate determining step(s) are quite different:
NO(ads) and NH2(ads) on palladium versus "HNO"(ads) on platinum. On top of that, the
reaction pathways are different; conversion of NO(ads) to ammonia is possible on
platinum but not on palladium.

However, to explain the mechanism for nitrite hydrogenation in more detail,
experimental information on the formation of dissolved gaseous products, such as
nitrous oxide and nitrogen, would be required. Our group is currently working on the
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development of a method for detection of extremely small amounts of dissolved
gases in aqueous solutions, to unambiguously determine the hydrogenation products
of NO(ads) and N2O. It is well known that the pH value of the solution influences the
hydrogenation activity and the selectivity towards nitrogen and ammonia, which is
also subject for further investigation. Another issue for hydrogenation of nitrite over
palladium catalysts is the stability of β-palladium-hydride in aqueous phase.
Experiments performed in the present study, surprisingly show that the β-palladium-
hydride is stable during aqueous flow, but further investigation is necessary.

Only on
Pt/Al2O3

NO2
-
(aq) + Me/Al2O3

HNO2
-
(ads) NH2(ads)

NO(ads)

"HNO"(ads) H2NO(ads) NH2OH(ads) NH3(ads) NH4
+

987654

2

1

3

N2O N2

Scheme 9.2. Reaction scheme of the catalytic hydrogenation of nitrite over Pd/Al2O3 and Pt/Al2O3. The 
dotted lines represent possible reaction pathways for N2O and N2 formation, although at present there

is no evidence for these pathways. Step � applies for Pt/Al2O3 only.
All other steps apply for both catalysts.

9.3 ATR-IR spectroscopy

This study convincingly shows that ATR-IR spectroscopy can be applied to study
adsorption and reaction on supported catalysts in dry and wet gas as well as in
aqueous phase. As such, ATR-IR spectroscopy allows direct comparison between
adsorption and reactions in gas and liquid phase. In conclusion, water interacts both
directly with the adsorbed species and indirectly by influencing the metal potential of
the supported metal catalysts. The metal potential is further influenced by the pH of
the solution, affecting reaction rates.
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