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Promotion effect of water in catalytic fireplace soot
oxidation over silver and platinumf

O. A. Shromova, N. M. Kinnunen,* T. A. Pakkanen and M. Suvanto @ *

Fireplaces are one of the largest sources of soot emissions. One possible approach to reduce wood-based
soot emission is to use catalysts that have been designed for fireplace applications. This study compares the
activities of silver and platinum catalysts in the oxidation of real fireplace soot in different gas atmospheres.
Another goal is to examine the effects of water on the catalyst activity depending on the moisture contentin
the reaction gas. The study shows that the gas feed composition affects the performance of the catalyst.
Unlike platinum, the silver catalyst directly oxidizes the soot in the presence of air and NO. The addition
of water into the air promotes the soot oxidation activity of both the silver and platinum catalysts. The
catalysts improve their activity with the increase in water content. For both the silver and platinum
catalysts, the partial dissociation of water with oxygen and the formation of hydroxyls are promoted,
which oxidize soot. Thermal ageing shows that silver has a higher thermal stability and retains its
oxidation activity for longer than platinum under all of the applied conditions. Silver is a more suitable
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1. Introduction

Over the last few decades, the issue of soot emissions has
bothered many researchers because soot contributes to global
warming™? and harmfully affects human health.*® To eliminate
soot emissions, one possible solution is the use of catalysts.
However, in the development of efficient soot oxidation cata-
lysts, various sources of soot must be considered because the
structure and composition of soot strongly depend on the type
of fuel.>'*** For example, there is a clear difference between
wood- and diesel-originated soot. Specific compounds in wood,
such as lignin and its derivatives, which are produced during
burning, provide a high quantity of oxygenated species in the
soot structure.”” " Wood soot has more amorphous structures
than diesel soot.>'*'* Furthermore, wood soot significantly
differs in the composition of polycyclic aromatics and other
hydrocarbons adsorbed on the soot surface.*

Currently, platinum and silver are known components of
catalysts used to eliminate particulate matter (PM) emissions
from diesel engines. In particular, platinum is a widely used
component of commercial catalysts in diesel particulate
filters.*® Platinum indirectly oxidizes soot through the forma-
tion of nitrogen dioxide from nitrogen monoxide, which is
present in considerable amounts in diesel exhaust gases.'*'®
However, platinum also assists soot oxidation in air through the
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option for the catalytic oxidation of soot emission of fireplaces.

“spillover effect”.*** Uchisawa et al*“** reported that the
addition of water promoted soot oxidation over platinum only
in the presence of nitrogen monoxide in the gas feed mixture.

As an alternative candidate, silver has attracted the attention
of many researchers because of its low cost and comparably
high activity in oxidation processes. Most investigations on
silver focus on diesel soot combustion in air,?*¢ in which silver
exhibits an even higher activity than platinum and palladium.”
However, in the presence of NO in the gas mixture, silver cata-
lysts show comparably high activity only when the silver species
are presented as nitrates.”® Despite significant development in
the field of PM emission reduction in the car industry, the
elimination of soot emissions from fireplaces and residential
wood combustors requires thorough investigation. Only a few
researchers have attempted to apply catalysts to reduce the
emissions of wood soot and other products of incomplete
combustion. For example, a metal wire mesh covered with
platinum and palladium® and a catalytic monolith covered with
different La-Cr perovskite catalysts doped with gold®* have been
reported.

The lack of information on wood-based soot emission
removal catalysis motivates us to examine silver and platinum
catalysts, which can be subsequently applied to oxidize soot in
actual fireplaces. We aim to compare silver and platinum
catalysts in different reaction gas mixtures to mimic realistic
conditions. More precisely, the study answers the following
questions. Are there any differences between the reaction
pathways of silver and platinum with a change in the gas feed
composition? How does water affect the catalyst activity, and
what is the influencing mechanism of water? Which catalyst is
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more thermally durable? And finally, what type of catalyst is the
best option for application in fireplaces?

2. Experimental

2.1. Soot material

Real soot, which was produced during wood burning in a fire-
place, was used for all of the activity experiments. Tulikivi Oyj
(Finland) provided the soot for the experiments. Elemental
analysis showed that the soot contained ~50 wt% of carbon,
~4 wt% of hydrogen, ~2.2 wt% of nitrogen and ~0.7 wt% of
sulfur. The fireplace soot also contained approximately 30 wt%
of inorganic residues, which mainly consisted of K, Na, Ca, Mg,
Zn, Si and O. The last 13 wt% could be attributed to oxygen of
the organic matter in the soot.

2.2. Catalyst preparation and treatment

The catalysts were prepared via impregnation by mixing
a lanthanum-stabilized aluminium oxide support material with
an aqueous solution of a AgNO; precursor (63 wt% Ag, Alfa
Aesar, Germany) or with a 30 vol% propionic acid-water solu-
tion of the C;oH;4,04Pt precursor (48 wt% Pt, Alfa Aesar, Ger-
many). The loadings of active components were 1 and 2 wt% for
both the silver and platinum catalysts. The catalyst components
were impregnated by mixing for 24 hours at room temperature.
Then the solvent was evaporated by heating in a sand bath.
Finally, the catalysts were dried in an oven by slow heating
(heating rate: 2.5 °C min~") to avoid damage inside the pores.
The catalysts were calcined at 600 °C for 4 hours in static air.
After calcination, half of the prepared catalyst was aged at
1000 °C for 4 hours in static air to study the effect of time and
temperature on the catalytic properties. An additional series of
silver catalysts was prepared by an identical procedure. The
loadings of the active component for this series were 2, 5 and
7 wt%.

2.3. Catalyst characterization and catalytic activity
evaluation

Powder X-ray measurements were performed to identify the
present phases of the catalyst components and determine the Pt
and Ag crystallite sizes using a Bruker-AXD D8 Advance device
with Cu Ka radiation. The diffraction patterns were recorded at
26 values of 25-85° with a scanning step of 0.08°.

The specific surface areas were calculated from the adsorp-
tion of nitrogen and analysis of the nitrogen adsorption/
desorption curves, measured with a Quantachrome autosorb
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iQ/ASiQwin device. The specific surface areas were evaluated
based on the Brunauer-Emmett-Teller theory (multipoint BET).
The pore volume and pore size distributions were determined
by the NLDFT method. The total pore volume was determined
from the adsorption curve at a relative pressure of P/P, = 0.995.
The average pore size was estimated based on the Kelvin
equation. Prior treatment of the samples included heating them
at 350 °C under a vacuum for 150 min to remove moisture.

The morphology of the catalyst surface was characterized
using a Hitachi S4800 FE-SEM. Measurements were carried out
at a working distance of 15 mm and an accelerating voltage of
20 kV. Detailed chemical analysis of the catalyst surface was
performed with an energy dispersive X-ray spectrometer
(Thermo Electron EDS).

The soot oxidation activities of the fresh and aged catalysts
were measured using a batch flow reactor. The experiments
were performed with tight contact between the catalyst and the
soot. The contact was reached using a ball mill. The mixture of
the soot and catalyst in a ratio of 1 : 20 was packed into a reactor
in two layers, which were separated by quartz wool. Four
different compositions of gas feed mixture were used to esti-
mate the catalyst activity under various conditions (Table 1).
The effect of water on soot oxidation was also examined. The gas
feed compositions for these experiments are shown in Table 2.
The flow rates for each gas were controlled by the corresponding
mass flow controllers, and water was supplied using a peristaltic
pump. High flow rates were applied to approach realistic
conditions. The addition of water was initiated at a temperature
of 100 °C. Temperature-programmed heating was performed
from room temperature to 600 °C with a heating rate of
7 °C min~ " The reaction products were analysed with high
accuracy using an FTIR gas analyser (Gasmet™) with an anal-
ysis frequency of 20 seconds.

The effect of water on the CO oxidation was examined using
the described setup. The catalyst with a mass of 400 mg was
heated to 120 °C under the flow of 4167 ppm CO/13 vol% O,

with N, as a balance gas. The total flow rate was 1200 ml min ™.

Table 2 Feed gas compositions to examine the water effect

Regime I I 111

O, 13% 13% 13%
H,O 0% 7.5% 15%

N, Balance Balance Balance

Total flow rate 1200 ml min™* 1200 ml min~* 1200 ml min~*

Table 1 Feed gas compositions to examine the soot oxidation under different conditions

Air Air + NO Air + H,0 Air + NO + H,O
O, 21% 20.9% 17.9% 17.8%
NO — 500 ppm — 500 ppm
H,0 — — 15% 15%
N, Balance Balance Balance Balance
Total flow rate 1200 ml min™* 1200 ml min™* 1412 ml min " 1412 ml min™*
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After the temperature stabilization, 7.5 vol% of water was added
to the gas mixture for 20 minutes, and then the water addition
was stopped. The reaction products were analysed using an
FTIR gas analyser (Gasmet™).

The chemical state of the active component was determined
based on the CO reduction. A sample of 400 mg was heated
from room temperature to 400 °C with a heating rate of
7 °C min~ " under the flow of 5000 ppm CO in N,. The total flow
rate was 400 ml min . The concentrations of consumed carbon
monoxide were analysed using an FTIR gas analyser
(Gasmet™). No pretreatment was performed prior to the
experiments.

3. Results and discussion

3.1. Effect of H,O and NO on the catalyst activity

Fig. 1 shows the soot oxidation activity of the Ag- and Pt-based
catalysts under different conditions. The figure is divided into
two parts: soot oxidation without (left side) and with (right side)
the addition of water. In air, all of the catalysts promoted soot
oxidation, and the differences between the maxima of the
oxidation curves for the Ag- and Pt-based catalysts were negli-
gible. However, soot oxidation for the high-loaded catalysts
occurred in a lower temperature region than that for the low-
loaded catalysts. Thus, an increase in the active-component
loading has a positive effect on the activity of the catalysts.
For CO emission during fireplace soot combustion (dotted
line), silver catalysts have a minor disadvantage compared to
platinum catalysts. Carbon monoxide was released during the
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soot oxidation over the silver catalysts. However, the amount of
CO emission decreased with an increase in the silver loading.
This evidence leads to the assumption that complete cessation
of carbon monoxide release is only a result of the increase in
silver loading.

3.1.1. Water effect

Non-catalytic soot oxidation. The addition of water to the
reaction gas mixture is an important issue for the development
of catalysts for fireplace soot combustion because the water
content in flue gases can be high, particularly in the case of non-
dried wood. The comparison of the non-catalysed soot oxida-
tion curves with and without water illustrates that water in the
gas feed composition affected the soot combustion (Fig. 1). The
addition of water increased the total flow rate, which can cause
a concentration dilution effect. However, the replacement of the
water with nitrogen showed negligible changes in the position
of the CO, release peak and insignificant concentration devia-
tion (ESI Fig. S11). The addition of water increased the
temperature of the soot oxidation and changed the ratio of the
CO and CO,. This effect of water can be explained by a direct
reaction of water with soot, which can decrease the reaction
rate. A change in the ratio of CO/CO, can be caused by the effect
of water on the stability of oxygen complexes on the soot
surface.®*

Catalytic soot oxidation. Fig. 1 demonstrates that water also
affects the catalytic soot oxidation. The significant difference
between the CO, evolution peaks for soot combustion with and
without catalysts shows that water promotes the activity of the
catalysts. A shift in the CO, evolution towards lower
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Fig.1 Silver and platinum activity in fireplace soot oxidation under the applied conditions. The solid line indicates CO, evolution and the dotted

line indicates CO evolution.
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temperatures was observed with the presence of water, which is
the opposite of that observed in the soot oxidation without the
catalyst. Moreover, in the case of the platinum catalysts, the
addition of water decreased the initiation temperature of the soot
combustion. In the case of the silver catalysts, the soot oxidation
over the 2Ag catalyst ended at a lower temperature than the
oxidation over the same catalyst without water. The highly-loaded
silver catalyst oxidized soot in a narrower temperature range in
the lower temperature region than the other catalysts and showed
the highest activity under these conditions. In addition, an
increase in the active-component loading improved the catalyst
performance in the presence of water.

3.1.2. NO effect. Platinum is a widely used component in
catalysts for the conversion of nitrogen monoxide into nitrogen
dioxide. One important application of platinum-based catalysts
is for diesel particulate filters, for exhaust gases which contain
high amounts of NO,.*> In order to observe how the change in
the composition of reaction gas, particularly the addition of
nitrogen monoxide, will influence the soot oxidation over the
silver and platinum catalysts, a considerable amount of NO was
added. The addition of NO to the air caused significant changes
in the catalytic behaviour of the active components (Fig. 1). In
particular, the presence of NO in the reaction gas mixture
caused essential improvement in the activity of the Pt-based
catalysts for soot oxidation, which correlates well with the
literature.'*® The addition of NO to the reaction gas negatively
affected the soot oxidation activity of the silver catalysts. The
decrease in activity was caused by the partial poisoning of silver
with NO through the formation of silver nitrates/nitrites at low
temperatures (ESI Fig. S2t), which is consistent with the
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literature.”®*?** However, the flue gases of fireplaces contain only
a small amount of NO, because of the low nitrogen content of
wood.** Therefore, the promoting effect of platinum cannot be
used in an actual application.

The behaviours of the silver and platinum catalysts signifi-
cantly differed with the presence of nitrogen monoxide in the
reaction gas mixture. Fig. 2 shows the differences in the routes
of the soot oxidation reaction over the silver and platinum
catalysts under the effect of NO. Specifically, the graphs for the
platinum catalysts show that nitrogen monoxide was converted
into dioxide in the entire soot combustion process. The
nitrogen dioxide concentration was maximized before the
intensive soot oxidation began. This evidence indicates that
platinum affords the formation of NO,, which is a strong soot
oxidant.” Meanwhile, the silver catalysts behaved differently
from the corresponding platinum catalysts. Initially, the silver
oxidized NO like platinum. However, when the soot combustion
began, the catalyst focused only on the reaction with soot; the
conversion of NO to NO, tended to zero and reached its
minimum approximately at the point of the maximum soot
oxidation rate. Therefore, the silver-based catalysts directly
oxidized the soot. Direct oxidation requires interaction between
the soot and highly mobile silver particles.***® However, the
formation of silver nitrates/nitrites hindered the mobility of
silver particles and impeded the soot oxidation. Thus, the
changes in the activity of the silver-based catalysts after the
addition of the nitrogen oxides into the reaction gas also
confirm the direct oxidation of the soot over the silver catalysts.

The addition of water to the mixture of technical air and
nitrogen monoxide improved the activity of both the silver- and
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Fig. 2 Differences in the reaction pathway of soot oxidation over silver and platinum catalysts in the presence of NO. The solid line indicates
oxidation without water and the dashed line indicates oxidation with water.
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platinum-based catalysts, as observed from Fig. 1 and 2.
Particularly, the soot oxidation under these conditions began
and ended at lower temperatures than that of the oxidation
without water. The combined effect of water and nitrogen
monoxide for Pt-based catalysts during fireplace soot combus-
tion is analogous to the platinum catalytic behaviour in carbon
black oxidation under similar conditions.”**” This can be
explained by the interaction of water with nitrogen monoxide
and dioxide, which results in the formation of nitric and nitrous
acids as intermediates and nitronium ions (NO,') in acids,
which easily react with soot and cause the hydrolysis of
oxygenated species formed on the soot surface during
oxidation.*>*7-%°

3.2. Water promotion mechanism

Because of the evident effect of water on fireplace soot oxidation
in our study and the reported water promotion effect on diesel
soot oxidation,*”** we decided to investigate the phenomenon
more thoroughly. The silver and platinum catalysts with 2 wt%
loadings were used, and two additional catalysts with increased
silver loading (5 and 7 wt%) were synthesized for the experi-
ments. The catalysts were tested in soot oxidation in three
different regimes with different water concentrations in the gas
feed. The oxygen concentration was 13 vol%, which is the
average concentration in flue gases in fireplaces.”” To avoid the
dilution effect, the total flow rates for all of the experiments
were constant. The results are shown in Fig. 3. As previously
discussed, water inhibits the oxidation of pure soot and
changes the CO/CO, ratio. Identical behaviour was observed in
the comparison of the oxidation curves for all of the regimes
with different water concentrations. Fig. 3 shows that the
oxidation temperature increased with the increasing water
content in the gas feed. In the case of catalytic soot oxidation,
water positively affected the soot oxidation. Despite a small
inhibitory effect of water on the 2Ag catalyst, water promoted all
of the other catalysts. Fig. 3 shows the dependence of the
oxidation temperature on the water concentration in the gas
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Fig. 3 Dependence of the catalyst activity on the water concentration
in the gas feed.

This journal is © The Royal Society of Chemistry 2017

View Article Online

RSC Advances

l 500 ppm

Support

0 50 100 150 200 250
Temperature (°C)

300 350 400

Fig. 4 Determination of the chemical state of the active component
with CO reduction.

mixture and of the loading effect on the performance of the
silver catalysts. However, this evidence leads to the question:
why does water promote soot combustion?

We suggest the following water promotion mechanism:

e Water adsorbs onto the metallic surface of the active
component with the aid of chemisorbed oxygen;

e The adsorbed water partially dissociates;

e The formed hydroxyl groups react with soot and oxidize it.

To confirm our hypothesis, the chemical state of the active
component via CO reduction was determined, and the ability of
the catalysts to oxidize carbon monoxide in the presence of
water was tested. The reduction of the catalysts (Fig. 4) with CO
shows that platinum existed in the metallic form: the absence of
consumption of carbon monoxide indicates the absence of
oxides on the platinum surface. For the silver catalysts, the
consumption of carbon monoxide increased depending on the
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7Ag44nm vy
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Fig. 5 Powder XRD patterns for fresh Ag and Pt catalysts: metallic Pt
@®; metallic Ag V.
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silver loading. Thus, we can assume that silver existed in t
oxide form on the catalyst surface. However, the comparison
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the CO reduction experiments for the silver catalyst and bulk
silver oxide (Ag,O) with mass, which is equivalent to silver on
the catalyst, shows that oxide consumed much more CO (ESI
Fig. S31). In addition, the XRD diffractograms indicate the

presence of metallic silver in the highly-loaded catalysts (Fig. 5).
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Thus, silver partially existed in the oxide form; in particular,
metallic silver particles were covered by oxygen.

Water can dissociate on the metallic surfaces of oxygen-
pretreated silver and platinum.**~*® Water interacted with the
chemisorbed oxygen and dissociated into two adsorbed
hydroxyl groups. Examination of the effect of water on CO
oxidation confirms the partial dissociation of water on the silver
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Fig.7 The thermal ageing effect on the activity of silver and platinum catalysts in fireplace soot combustion. The solid and dotted lines show the
evolution of CO, and CO, respectively, for fresh catalysts; the dashed and dash-dotted lines show the evolution of CO, and CO, respectively, for

the aged catalysts.
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and platinum surfaces (Fig. 6). In the case of platinum, the
addition of water increased the conversion of carbon monoxide;
hence, platinum assisted the water gas shift reaction. According
to the mechanism, CO was converted through a carboxyl
intermediate, in whose formation the adsorbed hydroxyl and
carbon monoxide participated.”” Thus, water partially dissoci-
ated on the platinum during soot oxidation. For silver, the effect
of water on CO oxidation was the opposite. The addition of
water caused a significant decrease in carbon monoxide
conversion. However, unlike platinum, CO did not adsorb on
the metallic silver, and CO was oxidized through a reaction with
the chemisorbed oxygen on the surface.*® Thus, the changes in
conversion indicate that water interacted with the available
oxygen on the silver surface, which confirms the formation of
hydroxyls. In addition, water hindered the carbon monoxide
oxidation regardless of the silver loading. Even at a higher
temperature, the addition of water decreased the conversion
(ESI Fig. S4t). The presence of oxygen in the reaction gas
mixture was also important. Without oxygen, the active
component did not interact with water, so the soot could not be
oxidized (ESI Fig. S5t). Overall, both the platinum and silver
partially dissociated water and formed hydroxyls on the surface.
According to modelling and experimental studies, hydroxyls
can oxidize soot that requires low activation energies.*>* Based
on experiments and the literature, we conclude that water
promotes soot oxidation through the partial dissociation and
formation of hydroxyls on silver and platinum surfaces.

3.3. Thermal ageing effect

Since soot combustion is an exothermic reaction, local over-
heating of the catalyst can occur, which causes agglomeration
and sintering. Thus, thermal ageing is a demonstrative proce-
dure to estimate the thermal resistance and oxidation capability
of catalysts after treatment at high temperatures. Fig. 7 shows
the effect of ageing at high temperature on the activity of the
catalyst for soot oxidation. The platinum catalyst lost its activity
under all conditions, even when NO was present in the gas feed.
The main reason for this activity decrease is the agglomeration
of platinum at high ageing temperatures. In spite of negligable
changes of the specific surface areas of the catalysts after soot
oxidation (Table 3), the comparison of the platinum particle
sizes of the catalysts before and after the reaction (ESI Fig. S117)
showed partial agglomeration of the platinum. After one cycle of
the reaction, there were still small platinum particles, however,
particles with larger sizes started emerging. We assume that
after several cycles of soot oxidation the platinum particles
would be of the same size as those in the case of aged catalysts.
In the case of the silver catalysts, the catalyst with high silver
loading retained its activity for soot oxidation even after ageing
in all conditions. The high activity of the silver catalysts after
thermal treatment can be due to the ability of large sintered
silver particles supported on alumina to redisperse easily at
sufficient oxygen concentrations.** Silver particles of catalysts
before and after reaction are approximately the same size, as is
the case for the aged catalysts (ESI Fig. S107). Thus, the silver

This journal is © The Royal Society of Chemistry 2017
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Table 3 Characterization of the catalysts before and after reaction®

Specific surface Total pore volume, Average pore

area, m> g~ ' em® gt diameter, nm

Support 164 0.5900 14.4
2Ag:

Fresh 144 0.5337 14.8
Spent® 153 0.5539 14.5
Spent® 141 0.5166 14.7
Spent? 139 0.5191 14.9
Spent? 141 0.5074 14.4
2Pt:

Fresh 151 0.6914 18.3
Spent! 136 0.6023 17.7
Spent® 155 0.6709 17.3
Spent® 131 0.6035 18.4
Spent* 145 0.6440 17.8
al

Indicates catalysts after the reaction of soot oxidation in air;
% indicates catalysts after the reaction of soot oxidation in air with the
addition of NO; °® indicates catalysts after the reaction of soot
oxidation in air with the addition of water; * indicates catalysts after
the reaction of soot oxidation in air with the addition of NO and water.
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Fig. 8 Dependence of the activity of the aged catalysts on the water
concentration in the feed gas.

catalysts showed high thermal durability, which further gives
a significant advantage for possible applications in fireplaces.

Identical catalyst behaviour was observed in the case where
the effect of water was examined (Fig. 8). The platinum catalysts
had lower activity than the fresh ones. However, water slightly
promoted the soot oxidation over platinum. The silver catalysts
retained their activity for soot oxidation after ageing. The
addition of water also improved the catalyst activity to compa-
rable values to those of the fresh catalysts.

4. Conclusions

Our study shows that the catalytic behaviour of the silver and
platinum catalysts changes with the applied conditions. In air,
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where oxygen is a main oxidant in the feed gas, the silver and
platinum catalysts have similar reaction pathways and compa-
rable activities in fireplace soot oxidation. The addition of NO
into the reaction gas mixture causes different reaction routes for
the silver and platinum. This result indicates that the silver-
based catalysts follow direct oxidation, whereas the platinum
catalysts follow NO,-assisted oxidation. However, the flue gases
of real fireplaces contain extremely low quantities of NO and
high amounts of water, so the effect of water addition is
important to the catalytic performance of the active compo-
nents. Although water addition increases the temperature of
pure soot oxidation, in the case of catalytic soot combustion,
water promotes the activity of the catalyst. The increase in water
content in the gas feed improves the performance of both the
silver and platinum catalysts. The promotion effect is based on
the partial water dissociation on the active component surface
in the presence of oxygen with the following formation of
hydroxyls. The highly-loaded silver catalysts exhibit the highest
activity among all of the catalysts in fireplace soot combustion
under the effect of water.

Thermal ageing at high temperatures causes essential
changes in the catalyst activity. The aged platinum catalysts
oxidize soot at higher temperatures than the fresh catalysts. The
main reason for the activity loss is the agglomeration of plat-
inum particles. However, the silver catalyst retains its activity,
which demonstrates its high thermal stability and resistance to
high temperatures and its potential opportunity for application
in real fireplaces.
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