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Abstract This study provides insight into the mechanistic

and performance features of the cyclic reduction of NOx by

CO in the presence and absence of excess water on a Pt–

Rh/Ba/Al2O3 NOx storage and reduction catalyst. At low

temperatures (150–200 �C), CO is ineffective in reducing

NOx due to self-inhibition while at temperatures exceeding

200 �C, CO effectively reduces NOx to main product N2

(selectivity [70 %) and byproduct N2O. The addition of

H2O at these temperatures has a significant promoting

effect on NOx conversion while leading to a slight drop in

the CO conversion, indicating a more efficient and selec-

tive lean reduction process. The appearance of NH3 as a

product is attributed either to isocyanate (NCO) hydrolysis

and/or reduction of NOx by H2 formed by the water gas

shift chemistry. After the switch from the rich to lean

phase, second maxima are observed in the N2O and CO2

concentrations versus time, in addition to the maxima

observed during the rich phase. These and other product

evolution trends provide evidence for the involvement of

NCOs as important intermediates, formed during the CO

reduction of NO on the precious metal components, fol-

lowed by their spillover to the storage component. The

reversible storage of the NCOs on the Al2O3 and BaO and

their reactivity appears to be an important pathway during

cyclic operation on Pt–Rh/Ba/Al2O3 catalyst. In the

absence of water the NCOs are not completely reacted

away during the rich phase, which leads to their reaction

with NO and O2 upon switching to the subsequent lean

phase, as evidenced by the evolution of N2, N2O and CO2.

In contrast, negligible product evolution is observed during

the lean phase in the presence of water. This is consistent

with a rapid hydrolysis of NCOs to NH3, which results in a

deeper regeneration of the catalyst due in part to the

reaction of the NH3 with stored NOx. The data reveal more

efficient utilization of CO for reducing NOx in the presence

of water which further underscores the NCO mechanism.

Phenomenological pathways based on the data are pro-

posed that describes the cyclic reduction of NOx by CO

under dry and wet conditions.

Keywords NOx � CO � Platinum � Barium � Lean NOx

trap � Isocyanates

1 Introduction

Diesel and lean burn gasoline engines are gaining increased

attention lately owing to their higher fuel efficiency and

lower CO2 emissions than stoichiometric engines. How-

ever, they are a major source of NOx emissions and as a

result are subject to increasingly stringent emission stan-

dards worldwide, notably in Europe (emerging Euro 6

rules) and the USA. Unfortunately, the three way catalyst

emission aftertreatment technology used for stoichiometric

gasoline engines is ineffective in reducing NOx in the

presence of excess O2. This scenario has led to an extensive

research in the development of lean NOx reduction tech-

nologies, including Selective Catalytic Reduction (SCR) of

NOx and NOx storage reduction (NSR).

Ammonia-based SCR is an effective lean NOx reduction

technology employing Fe- and Cu-exchanged zeolite and

vanadia catalysts [1, 2]. SCR is primarily suited for heavy-

duty vehicles and engines since the fixed cost of the aqueous

urea feed system is too high for light-duty applications [3].

In contrast, NSR, carried out in the Lean NOx trap (LNT) is

P. Dasari � R. Muncrief � M. P. Harold (&)

Department of Chemical & Biomolecular Engineering,

University of Houston, Houston, TX 77204-4004, USA

e-mail: mharold@uh.edu

123

Top Catal (2013) 56:1922–1936

DOI 10.1007/s11244-013-0129-8



suitable for light-duty diesel engines. Typical LNT catalysts

consist of a high surface area support (c-Al2O3), precious

metals (Pt, Rh) and a storage component (alkali/alkaline

earth metal oxides like BaO). The LNT is operated with

lean-rich cycling; NOx is stored on the storage component

during the longer lean phase and the trapped NOx is then

reduced on the precious metals by reductants like CO, H2

and HC’s during the abbreviated rich phase. The main

N-containing products are N2 (desired) and byproducts NH3

and N2O. Emerging in some applications is the combined

LNT/SCR technology in which NH3 is generated in situ

during the LNT regeneration and is consumed through

reaction with NOx in the downstream SCR. Whether a stand-

alone LNT or one combined with SCR, NH3 is a critical

species whose formation, reaction mechanism and kinetics

must be fully understood to develop optimal LNT design

and operating strategies.

A large number of studies have investigated the mech-

anisms, kinetics and catalyst performance features of NOx

storage [4–9] and reduction [10–13]. A review captures

more recent developments [14]. The NOx reduction

chemistry using H2 as the reductant is by now well

established; among other features, ammonia is a major

intermediate during the catalytic regeneration of stored

nitrates by H2 under isothermal conditions [11, 13, 15].

A H2 front moves down the monolith length as nitrates/

nitrites are regenerated by a two-step reaction mechanism,

generating NH3 first, which then reacts further with stored

NOx species and adsorbed oxygen to make N2. Progress

has been made in understanding the behavior of other

reductants like CO and hydrocarbons [16–18], but more

work is needed to unravel the complex chemistry charac-

terized by coupled reaction chemistry and transport effects.

When using CO as a reductant, NH3 is formed in addition

to N2 and N2O without any H other than that in H2O being

fed to the catalyst [19]. In such a case two major routes to

NH3 formation are possible. The first is by the water–gas

shift (WGS) reaction of CO and H2O to give CO2 and H2,

the latter of which then reacts with NO to give NH3. A

second pathway is through reaction between NO and

CO forming surface isocyanates (–N=C=O)/cyanates

(N:C–O–) [20], which are readily hydrolyzed to form

NH3 in the presence of water. The contribution of both the

pathways is of significance because each proceeds in the

presence of high exhaust concentration of H2O (5–15 %).

Table 1 summarizes a few surface IR measurements that

have shown the existence of isocyanate and cyanate spe-

cies formation during the reduction of NO by CO on pre-

cious metals both unsupported and supported on various

oxides including alumina and silica. Unland [20] first

reported the formation of isocyanate species during the

interaction of NO and CO on Pt/Al2O3 through infrared

spectra of species adsorbed on the catalyst. Solymosi and

co-workers [21–25, 29] studied the formation and stability

of isocyanates during the reaction of NO and CO on var-

ious precious metals (Pt, Pd, Rh), both unsupported and

supported on various oxides. They showed through infrared

studies that NCO species are formed on the precious metals

through the reaction of gas phase CO and adsorbed N

formed in the dissociation of adsorbed NO, and that these

isocyanates are highly unstable on precious metals, readily

dissociating to adsorbed N and CO. On supported catalysts

(Al2O3, SiO2), the migration of NCO from the precious

metal onto the support is a very fast process. Moreover,

these isocyanates are thermally stable on the support under

dry conditions. Miners et al. [30] studied the NO ? CO

reaction on Pt(100) using in situ infrared absorption spec-

troscopy (IRAS) and observed isocyanate formation over a

narrow temperature range of 380–400 K. They proposed

that NCO formation becomes favorable once the concen-

tration of N atoms on the surface is low and, more

importantly, when the diffusion of these atoms becomes

severely hindered by the high coverage of CO. They further

suggested that the dissociation of NCO species requires

vacant sites. Miyadera and co-workers [27, 28] studied the

formation of NCO and its reactivity with NO, O2 and

NO ? O2 mixtures on Ag/Al2O3 by a pulse reaction

technique and an in situ diffuse reflectance infrared Fourier

transform spectroscopy. Forzatti and co-workers [31, 32]

studied the reduction of previously stored NOx by CO on

Pt–Ba/Al2O3 both in the presence and absence of water by

means of transient response methods. They proposed a

two-step reaction scheme wherein the stored nitrates are

reduced to nitrites and surface isocyanate/cyanate species;

these species further react with residual nitrites to give N2.

In the presence of H2O the isocyanates are readily hydro-

lyzed to ammonia. They will also react with O2 and/or NO,

NO2 to give N2, N2O and CO2 [33–37]. Burch and co-

workers [38, 39] studied the reduction of NOx by CO and

H2 on Ag/Al2O3 catalyst and showed that two types of

isocyantes species are formed on the oxide support; an

active isocyanate species close to the metal crystallite—

support interface, and a spectator isocyanate species far

from the interface, especially during prolonged exposure to

the reductant CO. Their study suggests that while a high

surface concentration of isocyanates may be measured, this

does not imply that all of these species are active inter-

mediates during the reduction of NOx by CO. Rather, the

isocyanate spectators may in fact reduce the overall NOx

storage capacity of the catalyst. Recently a few research

groups [31, 32, 40–43] studied the reduction of stored NOx

by CO over Pt–BaO/Al2O3 and Pt–K/Al2O3 catalysts and

suggested that cyanate/isocyanate ad-species could act as a

precursor to N2 formation as they can reduce the stored

nitrates/nitrites. They also suggested that rate of isocyanate

formation is faster than the rate of reaction between the
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isocyanates and stored nitrates/nitrites. These studies

involved the pre-storage of NOx up to saturation followed

by prolonged exposure to reductant (1–10 min). This pro-

cedure is not typical of conventional NSR operation and

may lead to significant accumulation of isocyanates,

complicating the interpretation of their reactivity.

In our recent study [19], differential steady-state kinetics

experiments revealed the existence of CO inhibition for the

CO ? NO, CO ? H2O, and CO ? NO ? H2O systems

which was more significant in the absence of H2O. We

showed that the NH3 formation in the CO ? NO ? H2O

system was consistent with the coupled NO ? CO and

WGS (CO ? H2O ? H2 ? CO2) chemistries under

anaerobic conditions. The data showed that CO adsorption/

inhibition was more pronounced for the NO ? CO reaction

(reaction order is -1) than for the WGS reaction (reaction

order is -0.23). The results suggest that during the steady

state anaerobic reduction of NO by CO in the presence of

water, NH3 is mainly produced by the reduction of NO by

surface hydrogen formed as an intermediate during the

WGS reaction and CO scavenges surface O to form CO2.

Contribution by the isocyanate hydrolysis pathway

appeared to be secondary under steady state conditions.

Here we extend the study to transient lean storage and

reduction of NOx. The transient operation simulates typical

NSR operation involving the fast lean–rich cycling conditions

in which the storage lasts for about a minute and the regen-

eration for only a few seconds. The effects of temperature and

feed composition are studied through a detailed investigation

of the transient NOx and reductant conversion and product

distribution trends. The roles of H2O and CO2 are studied, as

they are the major components of actual exhaust. The transient

experiments show convincing evidence of an isocyanate route

involving the support/storage phase (Al2O3/BaO). The effects

of various operating conditions like catalyst temperature and

feed composition on the yield of NH3 provide further insight

about the cyclic operation with CO as the reductant. Finally, a

phenomenological mechanism is presented that builds on the

current understanding of the cyclic reduction of NOx by CO

under dry and wet conditions.

2 Experimental

2.1 Catalyst

The catalyst samples used for these experiments were

monolith catalysts provided by BASF (Iselin, New Jersey).

Larger cylindrical cores (D = 3.8 cm and L = 7.6 cm)

were cut using a dry diamond saw to a smaller, nearly

cylindrical shape (88 channels; D = 1.3 cm, L = 3.0 cm).

The washcoat contained 1.13 % PGM (Pt, Rh), 24.5 % BaO,

and remainder c-alumina with an overall mass loading of

4.6 g/in.3 monolith. The washcoat was supported on a cor-

dierite structure (62 channels/cm2). The sample was wrap-

ped in Fiberfrax� ceramic paper that had been pretreated and

then placed in a quartz tube flow reactor. The catalyst was not

exposed to temperatures exceeding ca. 500 �C to avoid

sintering and subsequent loss in activity.

2.2 Flow Reactor Set-Up

The experimental set-up used in this study is similar to the

one used in previous studies [19] and comprised four major

Table 1 Surface measurements of isocyanate formation on precious metal based catalysts

Research group Catalyst Reaction conditions at which

surface isocyanates were

measured

Measurement techniques

employed

Unland [20] Pt/Al2O3 T C 300 �C, NO ? CO Infrared spectroscopy

Rasko and co-workers

[21–23, 25]

Pt, Pt/Al2O3 and Ir/Al2O3 T(150 �C), NO ? CO Infrared spectroscopy

Solymosi et al. [24] Pt supported on SiO2, MgO,

Al2O3, and MgO

T(250, 400 �C), NO ? CO Infrared spectroscopy

Hecker et al. [26] Rh/SiO2 T(225 �C), NO ? CO Infrared spectroscopy

Miyadera and co-workers

[27, 28]

Al2O3, Ag/Al2O3 T C 150 �C, NO ? O2 ? C2H5OH Infrared spectroscopy

Miners et al. [30] Pt(100) T(107–127 �C), NO ? CO in situ vibrational spectroscopy (IRAS)

Forzatti et al. [31] Pt–Ba/Al2O3 T(350 �C), lean-rich cycling of

NO ? O2 and CO

FT-IR analysis

Burch and co-workers

[38, 39]

Ag/Al2O3 T(245 �C), NOx ? Octane ? H2 Short time-on-stream in situ

spectroscopic transient

isotope experimental

techniques (STOS-SSITKA)
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components: a feed system, a reactor system, an analytical

system, and a data acquisition system. A bank of gas cyl-

inders (Praxair) and mass flow controllers (MKS Inc.) were

utilized to simulate the feed gas mixtures. A syringe pump

(Teledyne Isco model 100DX) was used for injecting water

into the reactor system. In order to achieve a constant feed

rate of water, a needle valve was used to reduce the pressure

while at high temperature, causing flash vaporization.

Stainless steel tubing of 1/16 in. diameter was used to

introduce the water vapor directly into the carrier gas stream

by way of a bored-through fitting. The reactor system con-

sisted of a quartz tube flow reactor positioned inside a

ThermocraftTM tube furnace. The reactor temperature was

monitored with three K-type stainless steel sheathed ther-

mocouples (OD = 0.75 mm). One thermocouple measured

the catalyst temperature (Tc) which was positioned within

an internal monolith channel at the approximate mid-point

of the monolith (radial and axial) while the gas feed (Tf) and

outlet (To) temperatures were monitored by thermocouples

positioned 1 cm upstream of the catalyst and the other

0.2 cm downstream of the catalyst, respectively.

All the gas lines were heated and maintained at 140 �C to

prevent water condensation and to minimize adsorption of

NH3. The total gas flow rate was 3 L/min, corresponding to

a gas hourly space velocity of 42,000 h-1. The outlet NO,

NO2, N2O, NH3, H2O, CO and CO2 concentrations were

monitored by a FTIR spectrometer (Thermo Scientific,

6700 Nicolet). Analog signals from the thermocouples,

pressure gauge and mass flow controllers were sent to a

National Instruments module to digitize the signals. These

data were recorded on a PC using Labview� Software while

the FT-IR composition data was collected on another PC

using OMNIC Software. In order to synchronize the outputs

from FTIR analyzer and the Labview Software, tracer

studies were carried out to determine the time delays and a

lag of 6 s was accounted for. An overall N material balance

enabled an estimate of the N2 selectivity.

2.3 Lean and Rich Cycling Experiments

Several integral experiments of three reduction phase mix-

tures were carried out over the temperature range of 150–

400 �C: (i) CO; (ii) CO ? H2O; and (iii) CO ? H2O ?

CO2. Mass flow controllers were used to control the lean and

rich phase concentrations. For the cycling experiments, the

storage step comprised a feed containing 500 ppm NO and

4 % O2 in Ar (60 s), while the rich pulse contained varying

concentrations of the reductant in Ar (10 s). For the experi-

ments involving H2O and CO2, 5 % H2O and 3 % CO2 was

added during the entire lean-rich cycle. The cycle-averaged

results were obtained over at least 9 cycles after the system

had reached a transient steady state. To reach a transient

steady state, it took approximately 10–30 cycles depending

on the conditions but minimally 40 cycles were run at each

experimental condition. The total NOx stored (mol) per lean

step was calculated by

NOstored
x ðtsÞ ¼

ZtS

0

½Fo
NO � FNOxðtÞ�dt ð1Þ

where s denotes storage, ts is the storage time (s), Fo
NO

(mol/s) is the feed rate of NO and FNOx
(mol/s) is the sum

of the effluent molar flow rates of NO and NO2. The cycle-

averaged NOx conversion was calculated by

XNOx
¼
R tSþR

0
½Fo

NOðtÞ � FNOxðtÞ�dtR tSþR

0
Fo

NOðtÞdt
ð2Þ

where ts?R is the total cycle time (s). The corresponding

product selectivities to NH3 and N2O for the entire cycle

are defined as

SNH3
¼

100�
R tSþR

0
FNH3
ðtÞdtR tSþR

0
½Fo

NOðtÞ � FNOxðtÞ�dt
ð3Þ

SN2O ¼
2� 100�

R tSþR

0
FN2OðtÞdtR tSþR

0
½Fo

NOðtÞ � FNOxðtÞ�dt
ð4Þ

where FNH3
and FN2O (mol/s) are the effluent molar flow

rates of NH3 and N2O respectively. Since the concentration

of N2 is not measured the product selectivity to N2 is

defined as

SN2
¼ 100� SNH3

� SN2O ð5Þ

3 Results and Discussion

3.1 Cyclic Reduction of NO by CO in the Absence

of Water

The baseline catalyst performance was examined by con-

ducting NO/O2 ? CO cycling studies in the absence of

H2O over a wide range of feed temperatures and CO feed

concentrations. Cycle-averaged conversion and selectivity

data in the absence of H2O will be reviewed first followed

by a closer examination of representative instantaneous

transient data. The lean phase comprised a mixture of

500 ppm NO and 4 % O2 with balance Ar for 60 s. The

rich phase contained CO (in Ar) with CO feed concentra-

tion varied from 0.5 % (5,000 ppm) to 2.5 % (25,000 ppm)

in 0.5 % increments.

Figure 1 shows the temperature dependence of the

cycle-averaged conversion of NOx (a) and CO (b) and the

product selectivity to N2O (c) and N2 (d) for four CO feed

concentrations. The NOx conversion increased sharply

between 200 and 250 �C, from level \10 % to a constant

level that increased with the CO concentration. The CO

Top Catal (2013) 56:1922–1936 1925

123



conversion was nearly complete for temperatures exceed-

ing 300 �C and CO concentrations \1.5 %, indicating

reductant-limited conditions. Complete NOx conversion

was obtained for 2 % CO and T C 300 �C. The N2O

selectivity exhibited a local maximum at 200 �C and, with

N2 being the only other product, its selectivity had a local

minimum at the same temperature. The product distribu-

tion was sensitive to temperature even in the range for

which the NOx conversion was constant. For example, the

N2 (N2O) selectivity sharply increased (decreased) with

temperature between 200 and 400 �C. The selectivity was

essentially independent of the CO feed concentration at

higher temperatures, while the selectivities were quite

sensitive to the CO concentration at low temperatures

(T \ 250 �C).

To examine the CO effect in more detail, a series of

cycling experiments was carried out by varying the CO

feed concentration during the rich pulse while keeping the

feed temperature and lean phase composition constant.

Figure 2 shows the cycle-averaged conversions of NOx and

CO (a, b) and product selectivities to N2O and N2 (c, d) as a

function of the CO feed concentration for temperatures in

the 150–300 �C range. The T B 200 �C conversion data

show very low NOx conversion (\10 %) but somewhat

higher CO conversions. For T C 250 �C the NOx and CO

conversions were significantly higher. The decreasing

(increasing) dependence of CO (NOx) conversion with CO

concentration reflects the shift from reductant to NOx

limited conditions. At 300 �C complete conversion of CO

was obtained at the lower feed CO concentrations

(B10,000 ppm) whereas nearly complete conversion of

NOx was obtained at 20,000 ppm of CO. The N2O and N2

selectivities moderately decreased and increased with CO

concentration, respectively (Fig. 2c, d) with the highest N2

selectivity (*82 %) achieved at 300 �C over the entire CO

concentration range.

The transient dependencies of the measured products

CO2 and N2O help to explain the trends in the cycle-

averaged conversions and selectivities. Specific features of

the temporal profiles of N2O and CO2 infer a rather com-

plex reaction system. Before analyzing the data in detail it

is instructive to present the following set of adsorption,

desorption, and reaction steps. (We use the numbering

system of our steady-state study [19]. Stable reactants and

products are shown in bold.) The main reacting species

adsorb and desorb on the precious metal sites (*):
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Fig. 1 Conversion of a NOx

and b CO and product

selectivity to c N2O and d N2 as

a function of reaction

temperature during the cyclic

reduction of NO by CO at

various feed concentrations of

CO during the rich phase (Lean:

500 ppm NO ? 4 % O2, 60 s;

Rich 0.5–2.0 % CO, 10 s;

balance: Ar); Total flowrate

3,000 sccm

1926 Top Catal (2013) 56:1922–1936

123



S1 : NOþ �  ! NO�

S2 : COþ �  ! CO�

S2
0
: O2 þ 2�  ! 2O�

A series of surface reaction steps occur, generating N2,

N2O and CO2:

S3 : NO� þ �  ! N� þ O�

S4 : NO� þ N�  ! N2 þ O� þ �

S5 : NO� þ N�  ! N2Oþ 2�

S6 : CO� þ NO� ! CO2 þ N� þ �

S7 : 2N� ! N2 þ 2�

S8 : CO� þ O�  ! CO2 þ 2�

The measured temporal trends of N2O and CO2 over a

complete lean-rich cycle leads to some interesting

observations, suggesting a more complex mechanism

than one represented by steps S1–S8. For example,

experiments that we describe later suggest participation

by isocyanate intermediates. Based on the previous studies

reported in the literature, the isocyanates form on the PGM

sites and migrate over to the support/storage phase:

S9 : N� þ CO ! NCO�

S10 : N� þ CO�  ! NCO� þ �

S10
0
: NO� þ CO�  ! NCO� þ O�

S11 : NCO� þ S ! NCO� S þ �

where S denotes a site on the support or storage function.

The above sequence of steps captures the main features of

the NO ? CO ? O2 on Pt reaction system, including the

competitive NO and CO adsorption, CO oxidation, NO

reduction, and isocyanate formation. It should be noted that

though the catalyst employed contains both Pt and Rh, we

consider the role of the total precious metal content rather

than the individual effect of Pt and Rh as this is beyond the

scope of the current study. Moreover, the effect of Rh has

been investigated by several research groups before and is

expected to increase the WGS activity and also provides

excellent NO bond scission activity when added to a Pt

based catalyst [51, 52]. Rh is considered to be a better NOx

reduction catalyst than Pt at lower temperatures (\250 �C)

[50].

Figure 3 shows the N2O (a) and CO2 (b) temporal pro-

files over two lean-rich cycles for a CO feed concentration
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Fig. 2 Reactant conversion of

a NOx, b CO and product

distribution of c N2O and d N2

as a function of the feed

concentration of CO during the

cyclic reduction of NOx by CO

at 150, 200, 250 and 300 �C

(Lean 500 ppm NO ? 4 % O2,

60 s; Rich 5,000–20,000 ppm of

CO, 10 s; balance Ar); Total

flowrate 3,000 sccm
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of 1 % (10,000 ppm) and temperature range of

150–300 �C. At low temperatures (150–200 �C) the cycle-

averaged CO conversion is much higher than the NOx

conversion; CO2 generation is significant (Fig. 3b) while

that of N2O is comparatively much smaller (Fig. 3a). Two

peaks were observed in the CO2 concentration at 150 and

200 �C, before and after the switch from the rich phase to

the lean phase. In fact, more than half of the generated CO2

appeared during the lean phase, and most of that CO2 was

formed during the first few seconds of the lean phase.

Several features of the data in Fig. 3 are consistent with

a periodic process dominated by strongly bound CO on Pt

and Rh. At low temperature a high fractional CO coverage

of the precious metal sites inhibits the adsorption and

reaction of NO, key sequential steps for NO reduction [47].

Under these conditions CO oxidation, comprising steps S2,

S20, and S8, is dominant because the high coverage of CO

inhibits the adsorption of NO (S1). The resulting low

coverage of NO* means that the rates of subsequent steps

like NO* dissociation (S3) and reactions between NO*

(S4) and N* (S5) are negligible. By the end of the rich

phase the catalyst surface is occupied by CO which, upon

the introduction of the lean phase containing excess O2, is

oxidized to CO2. Thus, most of the CO conversion

observed in this lower temperature range is due to the

oxidation of adsorbed CO by O2 rather than by the

reduction of NO. The difference in the extent of CO ? O2

and CO ? NO reactions is due in part to the much higher

gas phase concentration of O2(4 %) compared to

NO(500 ppm). At higher temperatures (C250 �C) the

inhibition by CO is diminished due to its increased

desorption rate. The resulting lower coverage of CO

enables more NO to adsorb and react. This is evidenced by

the large increase in N2O production at 250 and 300 �C

(Fig. 3a).

It is well established in the literature that stable isocya-

nates (–NCO) are formed during the reduction of NO by CO

on conventional Pt catalysts supported on oxides [20, 44].

Isocyanate formation proceeds through NO* dissociation

(S3), followed by reaction of N* and CO* with reversible

migration to the support (S); steps S9–S11. Previous studies

have shown evidence for isocyanate participation during

NSR on Pt/Ba catalysts like the Pt–Rh/Al2O3 catalyst used

in the current study. The presence of a NOx storage material

(BaO) provides additional binding sites for the mobile

isocyanates based on findings from in situ IR studies [40].

Nova and co-workers [31, 32, 40–43] suggested, based on

reaction and surface IR measurements, that isocyanates are

major intermediates during the reduction of NOx by CO on

NOx storage catalysts and that the rate of isocyanate for-

mation increases with CO concentration.

Other features of the temporal product data in Fig. 3,

particularly those involving N2O, suggest a more complex

mechanism than the one described by steps S1–S8, one that

involves an intermediate isocyanate species and function of

the support/storage phase. Two N2O peaks are noteworthy.

The first N2O peak obtained during the rich phase is likely

due to the above-mentioned Pt-catalyzed reactions; viz.

reaction step S5 and associated steps. The role of CO as

surface oxygen scavenger (steps S6, S8) frees-up sites for

spillover of NOx species from the storage phase. It is the

second N2O peak observed during the lean phase that is of

more interest and relevance to isocyanate participation. By

the end of the rich phase the Pt crystallites has been

exposed to an anaerobic, reducing environment. Isocyanate

species are likely to have formed by reaction of CO with

adspecies originating from the storage phase (N* and NO*;

steps S9, S10, S100). These isocyanates either accumulate

on the Pt crystallites or migrate to the adjacent Al2O3

support and/or storage material BaO. Upon the start of the

subsequent lean phase containing O2, NO, and NO2,

reactions are initiated between these species and surface

isocyanates, producing N2, N2O, and CO2. These reactions

result in a second peak in N2O and CO2. In fact, Fig. 3a
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also shows that at the higher temperature of 300 �C almost

no N2O is formed during the rich phase while a large N2O

peak is observed during the first few seconds of the lean

phase. A few research groups showed through catalyst

surface infrared studies that the isocyanate formation

increases with temperature in this range and reported a

maximum in the NCO formation at *300 �C [32, 34]. Our

reactor data are consistent with those observations; upon

increasing the temperature from 250 to 300 �C, the surface

–NCO concentration increases which, as described in more

detail below, favors N2 formation during the rich phase.

This helps to explain the drop in the N2O peak during the

rich phase compared to that at 250 �C. Indeed, Fig. 4

compares the evolution trends of N2O at 250 and 300 �C

for various CO feed concentrations during two consecutive

lean rich cycles. It is seen that upon an increase in the CO

concentration, the N2O peak increases at both tempera-

tures. This is also attributed to an increase in the surface

concentration of isocyanate/cyanate species resulting from

the increase in CO concentration.

With the data now described and sets of various chem-

ical reactions presented in the context of steps S1–S13, the

overall mechanism on the PGM/Ba/Al catalyst is explained

as follows. The reader is referred to Fig. 5. NOx is stored in

the form of nitrites [Ba(NO2)2] and nitrates [Ba(NO3)2] on

the storage component during the lean phase [4, 8, 35, 41,

45, 46]. Additional reactions occur during this phase

between gas phase species NO, O2, and NO2 and surface

isocyanates formed during the previous regeneration phase.

Some of the global reactions may include the following:

R1 : Ba NCOð Þ2þ3=2 O2! N2 þBaOþ 2CO2

R2 : Ba NCOð Þ2þ2 O2! N2OþBaOþ 2CO2

R3 : Ba NCOð Þ2þ2 NOþ 3=2 O2! 2N2OþBaOþ 2CO2

R4 : Ba NCOð Þ2þ2NOþ 1=2O2! 2N2 þBaOþ 2CO2

The reactions are represented as gas-solid reactions, but it

is likely that the NO and O2 adsorb and react on the Pt

crystallites. Kameoka et al. [27] studied the reaction of

surface isocyanates with NO, O2 and NO2 on Ag/Al2O3 and

Al2O3 catalyst and observed that while some N2 formation

was observed on just the Al2O3 support in the absence of Ag

metal, the reactions appeared to be mostly Ag-catalyzed.

Upon the switch to the rich phase, CO reduces the stored

nitrates to surface intermediates like nitrites and isocyanate/

cyanate species in addition to N2 and N2O [18, 34]. The

reduction is thought to proceed catalytically through the

reaction of CO* with NOx species that spill over from the

storage phase to the precious metal crystallites. It is con-

venient to represent the complex spillover and catalytic

process by global reactions between CO and barium nitrate:

R5 : Ba NO3ð Þ2þ4CO! N2Oþ BaCO3 þ 3CO2

R6 : Ba NO3ð Þ2þ5CO! N2 þ BaCO3 þ 4CO2

R7 : Ba NO3ð Þ2þ2CO! Ba NO2ð Þ2þ2CO2

R8 : Ba NO3ð Þ2þ8CO! Ba NCOð Þ2þ6CO2

The barium isocyanate species so formed can further

react with the other surface species like nitrates and nitrites

to give N2 and N2O, as represented by the following

reactions:

R9 : Ba NCOð Þ2þBa NO3ð Þ2! 2N2Oþ 2BaCO3

R10 : 5Ba NCOð Þ2þ3Ba NO3ð Þ2! 8N2 þ 8BaCO3 þ 2CO2

R11 : Ba NCOð Þ2þ2 Ba NO2ð Þ2! 3N2Oþ 2BaCO3 þ BaO

R12 : Ba NCOð Þ2þBa NO2ð Þ2! 2N2 þ 2BaCO3

These global reactions lump together a myriad of surface

steps, including nitrite/nitrate decomposition, NO/NO2

spillover from the storage material to the Pt crystallites, and

Pt-catalyzed reactions. An inspection of the stoichiometries

for reactions R9 and R10 indicates that the ratio of surface
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isocyanates/barium nitrate for N2O formation is 1 while for N2

formation is 1.67. Thus, a higher surface concentration of

isocyanate favors N2 formation. A similar observation can be

made for the formation of N2 and N2O from reaction between

isocyanates and nitrites; i.e., a higher surface isocyanate

concentration favors N2 formation over N2O formation

[stoichiometric ratio of isocyanates/nitrites is 1 for N2 (R12)

and 0.5 for N2O (R11)].

An alternative, non-isocyanate mechanism leading to the

evolution of second peak in N2O during the lean phase

involving the direct catalytic reduction of NOx by adsorbed

CO can be ruled out with targeted experiments. We carried

out a steady-state experiment in which a mixture containing

CO, NO, and O2 with respective concentrations of 10,000,

500 ppm, and 5 % was fed over the same Pt–Rh/Al2O3

catalyst at 250 �C. Negligible conversion of NO (\5 %)

was observed although complete conversion of CO was

observed. This suggested that conventional Pt-catalyzed

chemistry involving adsorbed NO and CO is negligible

under lean conditions. This result gives more credence to

reactions involving adsorbed isocyanates during the lean

storage step when N2O and CO2 are evolved.

A revealing experiment that helps to confirm a role of

isocyanates is to set up the conditions that synthesize sur-

face NCO species, following procedures similar to the

aforementioned spectroscopic studies [31, 32], and then to

follow with different types of reacting species. This was

done by subjecting the catalyst to sustained lean-rich

switching at 250 �C involving a lean feed [NO(500 ppm)/

O2(5.0 %)/Ar] and a rich feed [CO(1.5 %)/Ar] until a

transient steady state is reached. Then, at the end of the

final rich phase, the catalyst was exposed to several dif-

ferent feeds: Pure Ar; NO(500 ppm) in Ar; O2(4 %) in Ar;

and NO(500 ppm) ? O2(4 %) in Ar. Fig. 6 compares the

evolution of CO2 (6a) and N2O (6b) immediately upon the

switch to the different feed gases. When exposed only to

the inert carrier Ar, the catalyst released CO2. A much

smaller amount of N2O was released after a 5 s delay.

Similar evolution profiles were obtained with the three

other feed gases, the one difference being the yields of CO2

and N2O were higher. These data are consistent with two

reaction pathways. The release of CO2 in an inert atmo-

sphere is evidence for the thermal decomposition of

BaCO3:

R13 : BaCO3  ! BaOþ CO2

The delayed evolution of N2O may suggest the

decomposition of surface isocyanates by a decomposition

and spillover process. The addition of O2, NO, or NO/O2

leads to a larger but nearly identical amount of CO2

evolved with some differences in the evolution of N2O.

These data suggest the accumulation of NCO* and NCO–S

species which decompose and/or react at elevated tem-

peratures. The magnitude of CO2 evolved cannot be

explained by the accumulation of NCO on the Pt crystal-

lites alone and could be a combination of BaCO3 decom-

position, NCO reaction with lean phase gases and also the

oxidation of CO adsorbed on the catalyst surface at the end

of the rich phase. Differences in the evolved N2O con-

centration indicate some involvement of NO, NO2 reacting

Fig. 5 Schematic

representation of the proposed

cyclic mechanism for the

CO ? NO
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with NCO species. Nevertheless, it is clear that N2O and

CO2 generation during the lean phase, which is sustained

throughout the lean phase if the CO pulse concentration

and temperature are sufficiently high (Figs. 4, 6), is evi-

dence for an isocyanate pathway.

3.2 Cyclic Reduction of NOx by CO in the Presence

of Excess H2O

The cyclic reduction of NOx by CO experiments were

repeated in the presence of 5 % water over the entire lean

and rich cycle. Figure 7a reports the cycle-averaged NOx

conversion as a function of temperature for lean-rich

switching using three different reductants; H2, CO, and

CO ? H2O. These experiments are intended to check if

H2O has a promotional effect, such as through the afore-

mentioned WGS reaction or the hydrolysis of isocyanate

pathway. The data show that the H2/Ar reductant mixture

gave the highest NOx conversion over the entire tempera-

ture range (Fig. 7a) and that the generated NH3 is a

monotonic decreasing function of the temperature

(Fig. 7c). These results agree with previous reports [34].

The lower bound NOx conversion was obtained when the

1.5 % H2 was replaced by 1.5 % CO. The light-off tem-

perature of CO oxidation on Pt is about 200 �C at these

concentrations, so it is not surprising that the sharp jump in

the CO conversion occurs in this range. When 5 % H2O

was added to the 1.5 % CO/Ar feed a notable increase in

the cycle average NOx conversion was observed, especially

at temperatures C250 �C.

At low temperatures (150–200 �C) the addition of water

had only a negligible effect, indicating that the reactions

were slow and likely inhibited by CO. At these conditions

the rate of the WGS reaction is quite low and therefore the

production of H2 is negligible (Fig. 7b). Along the same

lines, were isocyanates formed under these conditions, one

would expect a notable increase in the NH3 through

hydrolysis and a subsequent increase in NOx reduction, but

this is not the case. Thus, strongly bound CO inhibits the

formation of NCO by inhibiting NO adsorption. The main

effect of water addition at these low temperatures is the

reduction in the NO oxidation activity of the catalyst dur-

ing the lean phase as indicated by a decrease in the amount

of NO2 evolved when compared to same in the absence of

water at the same temperature (not shown here). The

addition of water has a detrimental effect on the oxidation

activity of the catalyst and hence the drop in NO2 con-

centration [47]. Most of the CO converted is due to its

reaction with O2 as indicated by the CO conversion being

appreciably higher than the NOx conversion at low tem-

perature. This is consistent with the earlier results without

water (Fig. 2).

At higher temperatures (C250 �C) a significant promo-

tional effect of water was observed. Over the 250–400 �C

range the NOx conversion increased by about 15 % points

when H2O was added (Fig. 7a). The NOx conversion

approached that of the H2-only reductant results. Fig. 8

shows the effect of the CO feed concentration on the NOx

conversion (8a), CO conversion (8b), and product selec-

tivity (8c) both in the absence and presence of H2O(5 %) in

the feed at 250 and 300 �C. A promotional effect of H2O

was observed for CO concentrations C15,000 ppm

(1.5 %). Interestingly, the NOx conversion increase was

accompanied by a slight decrease in CO conversion under

these conditions. The product distribution trends (Fig. 8c)

reveal that the addition of H2O leads to NH3 generation for

CO concentrations above 1 %, with the NH3 concentration

increasing with CO concentration at the expense of the N2

selectivity. We elaborate on each of these findings below.

Interestingly, the cycle averaged NH3 selectivity

exhibited a local maximum at an intermediate temperature

(Fig. 7c). At low temperatures (\250 �C) the NOx con-

version is quite low (Fig. 7a) as is the NH3 selectivity
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(Fig. 7c). For reasons discussed earlier, strong adsorption

by CO inhibits NSR. Moreover, the low WGS activity

means that little H is available for NH3 formation. Simi-

larly, CO inhibits NCO formation. For temperatures above

250 �C the yield of NH3 is higher for the CO ? H2O feed
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than the H2 feed. This counterintuitive result can be

explained by differences in the spatial dependence of NH3

production being different in the two cases. Previous spa-

tiotemporal studies with H2 as the reductant have shown

that NH3 formation occurs in the upstream section of the

reactor. In its role as a H carrier, the NH3 travels down-

stream and reacts with stored NOx. This reduces the NH3

selectivity and yield. In contrast, with CO ? H2O as the

reductant feed, NH3 generation is more spatially protracted

because of the additional chemistry involved in generating

H2 and/or isocyanates during the rich pulse. As a result,

NH3 so formed encounters a shorter zone containing stored

NOx species. This explanation requires experiments that

probe the spatial profile of NH3 and are currently under

investigation in our lab.

The enhancement in the NOx conversion as a result of

the H2O addition is attributed to either of two mechanisms.

As described earlier, the first mechanism is the formation

of the more efficient NOx reductant H2 via the WGS

reaction. The second mechanism is the hydrolysis of the

intermediate isocyanate species by the excess water, lead-

ing to the enhanced regeneration of the storage sites.

The WGS mechanism is highlighted as follows

(details as related to the steady state were described in

[19]). Surface hydrogen produced by a combination of

steps involving surface H2O and CO, through a COOH*

intermediate [48], leading ultimately to NH3, as follows:

S12 : H2Oþ �  ! H2O�

S13 : H2O� þ �  ! OH� þ H�

S14 : CO� þ OH� ! COOH� þ �

S15 : COOH� ! CO2 þ H�

S16 : 2 H�  ! H2 þ 2�

S17 : H� þ NO� ! HNO� þ �

S18 : HNO� þ � ! NH� þ O�

S19 : HNO� þ � ! N� þ OH�

S20 : NH� þ H� ! NH2
� þ �

S21 : NH2
� þ H� ! NH3

� þ �

S22 : NH3
�  ! NH3 þ �

Thus, in addition to the direct reduction of NOx by CO

(steps S1–S11), the WGS mechanism involves the genera-

tion of H* adatoms that participate in the reduction of NO*

supplied by the stored NOx species through a spillover

process.

On the other hand, the isocyanate hydrolysis involves

the generation of NCO* species by reaction of CO* with

N* or NO* (steps S9, S10, S100), which migrate to the

support and/or storage phase (step S11) and are hydrolyzed

to NH3. Global reactions that occur are as follows:

R14 :Ba NCOð Þ2þ3H2O! 2NH3 þ BaOþ 2CO2

R15 :Ba NCOð Þ2þ4H2O! 2NH3 þ Ba OHð Þ2þ2CO2

R16 :3Ba NO3ð Þ2þ10NH3 ! 8N2 þ 3Ba OHð Þ2þ12H2O

R17 :Ba NO3ð Þ2þ2NH3 ! 2N2Oþ Ba OHð Þ2þ2H2O

It may also be speculated that the addition of water

could eliminate the formation of spectator isocyanates

observed by Burch and co-workers [38, 39] as the

isocyanates are instantaneously hydrolyzed to NH3,

thereby preventing their buildup on the catalyst while

preserving the NOx storage capacity of the catalyst.

A comparison of the temporal product evolution trends

in the presence and absence of water provides compelling

evidence for the isocyanate hydrolysis mechanism. Fig-

ure 9 compares the temporal evolution of N2O during the

reduction of NOx by CO both under dry and wet conditions

at 250 �C. Under otherwise identical conditions, most of

the N2O is generated during the rich phase in the presence

of water whilst most of it is generated during the first few

seconds of the lean phase in the absence of water. This

trend is difficult to explain with coupled NOx reduction by

WGS generated H2. One would expect that N2O, formed by

step S5, or by NH3 reacting with O* downstream, would

lead to N2O primarily appearing during the rich phase. That

has been the reported temporal behavior with H2 as the

reductant [49]. The N2O peak features can be best

explained by the involvement of surface isocyanates.

During the dry reduction of NO by CO, the catalyst surface

accumulates NCO species, some remaining on the metal

crystallites with the remainder migrating to the Al2O3

support and/or the BaO storage function. During lean-rich

switching, a periodic steady state is established in which

active isocyanates are formed and consumed, while spec-

tator isocyanates reach a steady level, presumably further

removed from the metal crystallites. During the lean phase

the active isocyanate species react with the NOx/O2 and/or

nitrates/nitrites to give N2, N2O and CO2, as we have

shown earlier in the context of Fig. 6. In contrast, in the

presence of water the isocyanates are readily hydrolyzed to

NH3 during the rich phase and the product NH3 may react

further with stored NOx and surface oxygen, forming N2

and N2O. The hydrolysis completely consumes the NCO

species by the end of the rich phase. As a result, negligible

N2O is detected during the first few seconds of the sub-

sequent lean phase because of the dearth of isocyanates in

the vicinity of the Pt crystallites.

The slight decrease in CO conversion that accompanies

the increase in NOx conversion upon the addition of H2O

provides further evidence that favors the isocyanate

regeneration mechanism while diminishing the importance

of the WGS route. At first glance one would expect the CO
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conversion to increase if the NOx conversion increases.

Instead, the NOx (CO) conversion increase (decrease)

suggests a more efficient reductant utilization is achieved

with the addition of water. Consider the following expla-

nation. CO may reduce NO to N2 or N2O via the overall

reactions

R18 :NOþ CO! 0:5N2 þ CO2

R19 :NOþ 0:5CO! 0:5N2Oþ 0:5CO2

or may be oxidized by O2 via

R20 : COþ 0:5O2 ! CO2

Now, for CO feed concentrations exceeding 3,000 ppm,

CO is in stoichiometric excess: The lean feedf containing

500 ppm NO fed for 60 s requires a rich feed containing

3,000 ppm CO fed for 10 s to achieve the CO/NO = 1

required for NO reduction to N2 (reaction R18). That the

addition of H2O results in an increase in NOx conversion with

a nearly constant or decreasing CO conversion means that

the selectivity of lean NOx reduction is more efficient. This is

contrary to what would be encountered with a WGS mech-

anism, which requires that CO and H2O be converted to CO2

and H2, and that the H2 so generated is used to reduce NO.

The NO and CO conversions in such a system should, in

effect, be coupled. Figure 8b reports the CO conversion for

the WGS reaction carried out periodically. There is a finite,

nonzero CO conversion for all CO concentrations. Based on

the above reasoning, one would expect that the CO conver-

sion during NSR in the presence of water should increase by

approximately the value of the WGS conversion when

compared to the dry reduction of NOx by CO. Instead, the CO

conversion decreases. On the other hand, the isocyanate

generation and hydrolysis pathway utilizes CO more effi-

ciently through the sink-source function of the support/

storage materials. NCO that is generated during the regen-

eration with CO may migrate to the support. In the absence of

water a fraction of the NCO accumulates on the storage

function and becomes spectators. In the presence of water the

NCO species become reacting species due to their mobility

and reactivity with H2O. This enables CO to be more

selectively utilized; i.e. the NCO that is formed serves as an

intermediate for NH3 and N2 production, rather than a

spectator in the absence of H2O.

It should also be noted that the decrease in the CO

conversion upon the addition of water is more pronounced

at 300 �C than it is at 250 �C. This is consistent with the

findings from Nova et al. [32, 34] who reported that the

surface NCO formation is at a maximum at *300 �C. Thus,

the temperature increase from 250 to 300 �C should lead to

increased generation of isocyanates, which in turn result in

increased generation of NH3 from the NCO hydrolysis. The

NH3 so formed can then regenerate additional stored NOx.

Thus, the enhanced CO utilization through isocyanate for-

mation may be more significant at 300 �C.

The addition of water leads to a decrease in N2O in the

same temperature range, which suggests another benefit of
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the isocyanate mechanism. Figure 10 compares the evo-

lution of N2O and NH3 during a rich phase (60–70 s) using

CO as the reductant in the presence of excess water at 250

and 300 �C. The data show that the N2O yield decreases

sharply as the temperature increases. This may be

explained by the enhanced formation of NH3 from the

hydrolysis of isocyanates which increases the ratio of NH3/

NOx during the rich phase. A higher NH3/NOx stoichio-

metrically favors the formation of N2 rather than N2O as

given by the following reactions:

R21 : 3Ba NO3ð Þ2þ10NH3 ! 8N2 þ 3Ba OHð Þ2þ12H2O

R22 : 3Ba NO3ð Þ2þ10NH3 ! 8N2 þ 3BaOþ 15H2O

R23 : Ba NO3ð Þ2þ2NH3 ! 2N2Oþ Ba OHð Þ2þ2H2O

R24 : Ba NO3ð Þ2þ2NH3 ! 2N2Oþ BaOþ 3H2O

Thus, the selectivity to N2O drops and also the amount

of NH3 detected towards the end of the rich phase increases

with the rise in temperature.

The mechanism of NOx reduction by CO in the presence

of water is shown in the schematic of Fig. 11. In the

presence of water the isocyanates are readily hydrolyzed to

NH3 and hence no surface species are carried over from the

rich phase after switching to the lean phase. The NH3 also

reduces the stored NOx giving a deeper regeneration and

enhances the NOx reduction. These experimental results

suggest that the surface NCO species are important reac-

tion intermediates at moderate to higher temperatures

([200 �C) during the cyclic reduction of NOx by CO.

4 Conclusions

During NSR on Pt–Rh/BaO/Al2O3, NH3 may be generated

by two major routes, the WGS route, in which NH3 is gen-

erated by the catalytic reduction of NO by H2 produced from

the WGS reaction, and the isocyanate hydrolysis route, in

which NH3 is generated by the hydrolysis of surface isocy-

anates that are formed by the catalytic reaction of NO and

CO. We have carried out a systematic study of the cyclic lean

storage and reduction in the presence and absence of excess

water to elucidate the NOx and CO conversion and integral

selectivity trends with particular focus on the NH3 formation

mechanism. New insight has been gained about the role of

intermediate isocyanate species during the cyclic reduction

of NOx by CO. Under the transient aerobic conditions cre-

ated by the lean-rich cycling, the generation, storage, supply,

and reaction of isocyanates emerges as an important route

guiding the NOx reduction.

The transient reactor experiments support a mechanism in

which isocyanates (–NCO) are formed during the reaction of

NO and CO on the precious metal (PGM) and spill over to the

neighboring Ba and Al sites. The isocyanates so formed

further reduce the other stored NOx to N2 and N2O depending

on the surface concentration of isocyanates and nitrates/

nitrites through precious metal catalyzed reactions. In the

absence of water the catalyst is not completely regenerated

during the rich phase and the catalyst surface still has surface

isocyanates at the end of the rich phase. Moreover, spectator

Fig. 11 Schematic

representation of the proposed

cyclic mechanism for the

CO ? NO ? H2O
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isocyanates may migrate from the PGM-support interface,

which may poison the NOx storage capacity of the catalyst.

The active isocyanates close to PGM-support interface react

with NO and/or O2 upon the switch to the lean phase and

form N2, N2O and CO2. As a result, NOx is reduced both

during the rich phase and also during the first few seconds of

the successive lean phase. Higher surface concentration of

isocyanates favors N2 formation over N2O.

On the addition of water to the NO–CO transient reduc-

tion system, isocyanates are readily hydrolyzed to NH3 and

CO2 during the rich phase and the NH3 further reduce the

stored NOx. Water also eliminates the buildup of spectator

isocyanates on the catalyst surface and leads to the more

efficient utilization of the reductant CO while preserving the

storage capacity of the catalyst. As a result, the catalyst is

deeply regenerated during the rich phase giving an

enhancement in NOx conversion with negligible net product

evolution observed during the subsequent lean phase.

In summary, this study provides new data and insight

about the cyclic storage and reduction of NOx with CO as

the reductant. The data reported here support the recent

literature that isocyanates are important intermediate spe-

cies and that the role of water enhances the utilization of

the CO. Spatiotemporal studies are currently underway in

our laboratory to build on the findings here to identify the

best routes to N2 by lean NOx reduction.
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