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ABSTRACT: The NO remeval over oxide sorbents (BO0ANCY, . Cat¥ALGy and Bat¥Al,o0g)
at a loading of up fo 25 w3 was fmvestigated wsing a symthenic diesel exhaust gas comaining
I 000 ey NO, TO00 ppm so-Butane (-0 ), 826 O and Ny balance, The reactar was operated
al 230 °C to £30 °C for the activity sfudy. NO was effecrively stored fremoval efficiencies between
30-60 %) s nitrate wnder expertmenial conditions after surfoce oxidation ro NOy: and the maxiomm
removal eficiency decreaved fn the order of KdVALD, (554 %) = BatkAlol (39.0 %) =
CatMAlLy (370 %) EONALGY, had kigher mobiliy: b foadings higher than 15 wili
were defrimental to the morphologicd properties. Despite higher basicity, Cat¥Al0y showed
fewgr remonval efficiency of MO compared (o Batl TOVFATDY due 1o low cotalytie NO. formarion activin:
Llnlike KON TOMATY, BathTOMALGY showed increasing NO removal between 3530 °C and 450°C
B3 ) Bt NS ALYy resulied in beffer surface area ond volume leading to aboiwd 85 % of
NO remtoval, This was attributed 1o smergic offects between physicochemical, catalytic and
NO removal properties of the composenti The high performance of K005 Bal S 1AL,
wars swcceesidlly elucidated based on the characieristios of the sorbent,
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INTRODUCTION

Diesel-powered engines have better fuel ecomomy many adverse environmental effects, particularly on the
than steichiometric geseline engines. However, they have excessive  nimopgen oxides (NOx) exbaust emission.
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Due 10 the lean bum combustion in the engine,
the exhaust gas also contains an excessive amount of oxygen
that complicates conventional approaches to chemically
reduce NOx to environmentally benign nitrogen gas.
Therefore, there is an wigent need to develop diesel
emission control technology to take full advaniage of
the fuel efficiency and durability of diesel vehicles [1].

MOx Storage and Reduction (NSR), which is
sometimes referred to NOx camlytic adsorption and lean
NOx trap, have been developed as a promising alternative
methad o remove NOx from diesel engine emission [2, 3]
These catalytic systems operate in a evelic manner
in which during the operation period of lean reductant
{conventionally NH;, CO or hydrocarbons), the NOx
is trapped in the dual-function catalyst-sorbent and stored
& nitrate species. A periodic and shont rich pulse
of reductant is then introduced; so that the trapped NOx
is released and reduced to Ny, and in the meantime,
the sorbent is regenerated [3]. The NOx trapping materinls
can be found among the alkali (K, Mg, Ca) and alkaline
carth metal (Ba, Li) oxides, in which BaO has been most
extensively studied [4-7). The reaction is generally
a non-catalytic acid-base newtralization process 1o form nitrates
but the presence of nitric oxide (NO) will necessitate its
ctalytic conversion fo nitrogen dioxide (NO.) prior
lir the storage as nitrates. With this respect, most literature
reports focus on single metal oxide sorbents. However,
due to different catalytic and storage behaviors of various
oxides, the use of mixed metal oxides could offer some
interesting advamages.

In general, metal oxides show different efficiencies
in storing NOx as nitrates that eventually have different
stabilities n the sorbents, As a resull, the sorbents
generally possess different operation windows (generally
ocour in a very nmamow range) for high NOx removal
efficiency. Therefore, the efforts to determine the right
tvpe and loading of oxides, or possible combination of
oxides in the sorbent should be intensified. The sorbent
composition with the right metal oxide composition that
results in high NOx removal efficiency is to be sustained
over B wider lemperature range and other operating
conditions. Furthermore, most literature réports focus on
NO; removal while data on NO removal are still very
scarce, The oxidation of NO 1o NO, prior to storage
as metal nitrate in the serbent could result in significant
difference in the behavior of the deNOx system.
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The objective of this work is 1o investigate
the performance of oxides of K, Ba and Ca supported on
ALO, a3 the sorbent for the removal of NO in diesel
engine exhaust. The efficiency of the process was studied
using single and combined oxide sorbent systems with
the main objectives of identifying the right combination
as well as the right composition of the mixed metal oxide
sorbents, The sorbents were characterized to elucidate it
specific physicochemical properties leading to differences
in their observed catalytic behavior. The behaviar
of the NO removal process was also elaborated to identify
the miost active and efficlent mixed metal oxides to store KO
from diesel engine exhaust gas successfully.

EXPERIMENTAL SECTION
Sorbent preparation

Several metal oxides ie. oxides of barium (Ba),
calcium (Ca) and potassium (K) were studied for their
effectiveness in the removing of NOx as nitrates during
Uz Jean reductant stage of the deNOx process. Alusmina (ALD,)
was used as the support in this study, The introduction of
active metals was carried out through a wet
impregnation method wsing respective metal  nitrases
s the precursors and stirred for 2 b af room temperature.
After evaporating the solvent at 100 °C, the sampic
was dried &t |10 *C overnight and finally calcined in air
at 500 °C for 2 h. For the preparstion of mixed metal oxide
sorbents, co-solutions of metal nitrales ol suitable
concentrations were used. A fraction with particle sizes
between 425 and 600 um was oblained by pressing,
crushing and then sieving. The sorbents synthesized
are denoted M (m)Mg{n)ALD, where m and n represent
the weight composition of the metal oxides (M, and M.,
respectively) in the sorbent.

Experimental set up

The experimental set wp used for activity stedy
consisted of Ny, O; and NO (5,000 ppm of NO in M),
the flow rates of which were controlled by means of mass
flow controdlers (MES). The reactor was made of 20 mm id.
stainless steel ftube. The pressure drop  acros
the reactor was pegligible under the normal operating
conditions. A thermacouple type K (Cole-Palmer-88500-10)
connected to & multi-channel digital temperature scanner
(Cole-Palmer- 92000-05) was used to measure the
temnperature inside the reactor. The reaction temperatures
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- (20010 450 °C) were achieved by means of a horizontal
ukalar fimnace {Linberg-TF-33033C).

The feed gas components were mixed at desired
individual flow rates so that the final feed pas 1o the
reactor system comprised of 1,000 ppm M0, 1000 ppm
of iso-butane (-CyHy), 8% O, and balance N,
WO concentrations in diesel exhausts greatly vary depending
on fype of engine wsed, engine load, fuel quality, engine
mainienance, etc. Typically, they are reponed to be
m the range between 100 and 2,200 ppm. As such,
#eoncentration of 1,000 ppm, used i thes study, was well
within the realistic range. The /~C.H;, component that
was purposely included in the feed was used as a model
hydrocarbon  compound that was cxpected to oct
&5 & reductant in the catalytic NOX cemoval process.,

The MO storage activity of the sorbents was evalunted
al simospheric pressure with a total feed flow rate of
50 mi/mm. 200 mg of sorbent wos placed ai the center
of the catalytic reactor. The furnace was allowed to cool
down and the tubing system was flushed with nitrogen
for about 30 min to remove excess oxygen. The feed gas
mixtiwe was fed into the system af 30 ml/min and
the reactor was heated to the desired reaction temperature
before the measurement of gases concentration was made.
The feed gas mixture was first allowed to react and

chemically stored in the sorbent component for sbout
20 min before the concentration of gas at the reactor
outlet was measured.

The deMOx svstem was actually opersied in

- unsieady  stale  condition  which was  similar
10 a continuots adsorption process. However, the cutlet gas
gomposition was virtwally constant between 10 and 40 min
on-stream as stable gas flow patiern in the reactor
wai already reached but the breakthrough was wet
18 oocur, Thus, 20 min was set before the concentration
memsurement was mace, These experimental conditions
woukd give a WO removal efficiency of between 30 and
0 % 50 that the comparison of performance between
vanious sorbent compositions could be made. Therefore,
the performance of the sorbent could be rapidly evaluated
without the need to actually complete the breakthrough
curve (or the cullel MO concentration was equal to that
i the inlet gas), a process that could take few hours with
 the experimental conditions used in the present study,

Focus in this work is mainly dedicated to sorbent

development. As such, the experimental conditions for
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the MO removal process were purposely selected 1o give
MO removals between 30-T0 %. In this case, difference
in the removals by various materials tested, could be easily
seen. In scnual operation, higher removals can be easily
achieved by using more sorbent in the system, smaller
partiche size sorbent, lower MO concentration in the feed,
lower flow rate (or gas bourly space velocity), ete.

An on-line Gas Chromatography (GC) (Shimadau GC BA)
was used for the analysis of the feed and product
gases. The GC unit was operaded in an isothermal
condition {20 °C) with helium as the carrier gas, The GC
used was equipped with a thermal conductivity detector,
two separating columns and an integrator, A Moleculor
Sieve 5A (M5 5A) column {Supelco) was wsed for
peparating N, Os and O He whibe Porapak O column
(Supelco) was used for the analysis of WO and CO;.
The presence of MO in the product gas was detected using
an Encrac 2000 gas analyzing sysiem.

Characterization of sorbenis

Pore volume, surface area and average pore diameter
of synthesized sorbents were measured using @
Micromeritics (ASAP 2000) surface analyzer. The
samples were first dried ovemnight ot temperature of
105°C  and degassed for 12h  under vacuum
st temperature of 3D0'C  before  performing
the measurement. SEM stodies were performed using
Leica Cambradge Stereoscan 360 and UK and Polaron was wed
for the conting system {sputier coating). Before scanning,
the powder samples were spread onto o double-side
carbon tape, and coated with gold (20-30 nm thickness)
in order to incremse the conduclivity and therefore
improving the guality of the results. The fresh and aged
sorbent samples oblained i this study were abo
characterized for the composition analysis wosing
a Perkin Elmer 2400 slemental analvaoer, This measurement
was made on the used sorbent after Ih on siream
at the desired reaction temperatures.

RESULTS AND DISCUSSION
Developmens of mived rretal oxides sorbents

Table | compares the octivily of three different types
of metal oxide trap sorbents in the NOx removal process,
The adsorption of NO on the alumina support ag such
high temperature was negligible as it was expected
10 desork completely at above 220°C a8 revealed
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Tuble 1: W removal efflciency by different sorbents and thelr elemental compositiony afier M on stream

F R
Elermental compaostion of wied sorben (at 5"
Sovbent MO pemsval (31"
Hilhogen Cabon Hydsogen
Bl | A0, ko 1.6R 7 50
K(10HALD, 854 208 a0 s
Cal | BA0, i7.1 0,79 134 088 ]

a) Meazured aifer 20 min on siream at 350 *C

b Megrured after | b oa stream ar 350 *C, unlesr othérwise specified.

¢ Meaared affer [k an etream o 350

by Piacenrini of ol [8] and Jfimener o ol [9]. For each
euperiment, the measured concentration of MO in the outlet
gas was significantly lower than that in the inlet gas,
suggestieg the removal of the NO in the sorbert. These results
indecated that, MO was continuously stored on the sorbent
in the bed was sufficiently long to allow mieraction between
the acidic gas and the metal oxides. In the presence of 8 % O,
K:OVALDy was the most active metal oxide for the removal
of NO while CalVALOy showed the lowest efficiency,
The performance was quite similar to that reported
by Lieiri ef al. [5] using Pr-Ba'y-AlO,.

In order to compare the MO removal capability
by different metal oxides, the mechanism for the formation
of nitrates needs o be fully understood, It is reported
in the literature that the formation of MO, from the reaction
between NO and O is a necessary initial step before NOx
removal can take place during lean conditions [10, 11].
However, this simple step includes several uncertainties
and it could be as a sum of several elementary reaction
steps [11]. WOx removal process for bean conditions
can be assumed to comprise the following steps with MO
a8 active component in the sorbent:

NOE 3 NO* {n
e (2}
NOP + 0 -5 NO, (3)
2N + 30+ MO — M{NO, ), ()
IND; + 0+ MO — M(NO, ), (5)

The superscript ‘g" refers to gas form while
superscript. *a’ refers % chemisorbed form of the

chemical compound. This b somewhat a simplified
reaction scheme. For example, MO; adsorption and
desorption are not inchieded [11]. A kev role of the
sorbent surface was found to be the oxidation of MO
1w MOy [12]. In this study, me MOy was detected in
the product stream to indicate that the adsorbed species
wigre extremely reactive and short-lived.

The order of basicity strength is K,0>CaO-Ba0) [6).
Therefore, the result in Table | generally supgests that
the stronger the basicity of the M0 storage component,
the higher the affinity towards interoction with WO
io resull in higher amount of WO stored. This observation
complemented the findings by Takehashy of ot [4] when
ihey comparatively analyzed Colr and Bad. The bebavior
wit attributed to the higher stability of nitrates formed
by oxides of stronger basicidy, with condition that
the amount stored was greatly influenced by the met reaction
betwesn the formation and the decomposition of nitrates
at high temperamures, Despite having bigher basiciey,
potassium was also reported to favor the adsorption of
MO [8] and it possessed the surfoce mobility to facilitate
the oxidation of NO 10 MOy prior 1o the formation of
nitrafe [6]. The KNO, has o melting point of 334 °C and
therefore it is presemted in o liqued state af @ reaction
temperature of 330 °C, while the decomposition of
this nitrate generally occurs af above 400 °C. However,
it could be inferred that CaD was not o efficient
in calalvEing the oxidation process compared to Bay, This
conclusion was based on the lower removal efficiency
by CaQ despite having higher basicity than BaQ.
The difference between RO removal capability of CaO and
Bal was quite minimal as the higher catalytic activity of
Ba() could have been offset by its inefficiency in the
subsequent formation of nitrate [5].
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The elemental analysis was conducted on the spent
gorbents and the composition of carbon, hydrogen and
- mitrogen content s alse shown in Table 1. The results for
e aged KO0 10VALD: sorbent marked with superscript *c’
were obizined at & reaction temperature of 250 °C
- while the others were obtained at 100 *C and higher
“empratares. The higher reaction temperature was found
‘B0 increase the nilrogen content of K O{10WALD,
B0 provide the indication of more nitrate formation
0 350 °C. Ths, 250 °C was deemed 10 be insufficiently high
0o cause optimum chemisorption of NO to initiate
e reaction leading to the formation of nitrate. Almosi
gimilar observation was reported by Liet er al [5)
in their study by incorporating active component for
“the: oxication (P1) in P-BalvALDy. Some differences in their
shady could be due 1o the improved oxidation of NO
by Pt pricr to nitrate formation. The order of nitrogen
mlnllmﬂmmﬂmrh:numnlmfuuudmh:
comsistent with the resuli on MO removal efficiency
a8 shown in Table 1.

The existence of the carbon and hydrogen in the aged
sorbents was caused by the oxidation of the hydrocarbon
{=CyH o) in the feed gas by high temperatures (> 250 °C)
leading to the formation of same carbonaceous materials [ 13].
‘Extra hydrogen content was deemed o be caused by
e hydrated water in the metal nitrates and it was greatly
influenced by the amount of nitrates formed, Ca0 10WALD,
‘was found 1o sccumulate the highest amount of carbon
which showed it was the most active sorbent in promoting
the formation of polyaromatic  cerbonnceons
materials during the oxidation of -CyH o

As K0 was identified to be the most active oxide among
e three tesied, a series of Ky0/ALD, sorbents containing
different K0 loadings (25 wi. %) were prepaned and tested
for NO remavall. The objective was io investigate the effect of
metal losding on the WO removal process. Accardingly,
the rale of the K0 bading on the removal of NO could be
snalyzed. Fig. 1 shows the NO removal performance of
the sorbent as a function of KO leading.

The incorporation of 5-10 wi. % of K,0 onto ALO,
was found 1o improve the lean NO removal sctivity of
ALy, bt further increase 1o 15 wi. % KO did not bring
about the desired effect with respect to the NO removal
aclivity, A drop in activity was experienced with KO
boadings beyond 15 wi. % This chservation was atiributed
ko the progressive blockage of the pore syslem
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Fig. I N removal efficiency for different K0 lowdingy In
KAl 0y sorbens,

of suppont surface by K20 phases cawsing significant
drop in the available surface area, The same observation
was also noted at about 16.7 wi. % of BaO supporied
on CeQy, [E]. In addition, larger KO crystallites could readily
be formed at higher metal loading. Westerberg of af. [14])
proposed  thot K;O could play an important role
as o MO trapping sile only a1 temperatures below 300 °C.,
Thus, the behavior specifically to KO and Bad on AlLO,
was investigated next since AlO, support usually gives
better NOw removal compared to SiCkh and Zrld; [4],
attributed to higher surface arca and lower macroporosity.

Consistent with a report by Ml er o [6], as the loading
of the sorbents was increased, the MO removal activity
was also found to be increased, The highest NO remaval by
KAVALDy occured when KD contents were between
10-15 wi. %% However, bevond that, the percentage of MO
removal started o decrease, apparently due 10 the diffusion
limitations and the packing of metal oxides crystals
af the pore mouth at higher boadmg. As the interconnecied pones
in Ak were quite limited [ 13], the blockage of pore mouth
wotild result in drastic change in the catabytic activity. This
data was in close agreerment with literature reports wilizing
BaCy [14]. KyO [12] and CoO |6} However. the aptimam
level of metal oxide occumed af differemt loadimgs,
depending on the preparation method, types of suppon and
nvpe of oxide used.

The decrease in the activity of higher kading of sorbent
samples was also atributed to the size of the metal oxide
crystals in which smaller crystals, wually achieved
at lower metal boading, were generally preferred [15, 16]
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Resction between mectal oxide and NOs o form metal
nitrates would occupy more volume, which could be the
detriment of subsoguent reaction that Sed 10 nitrate
formation. As po significant improvement was achieved by
increasing the KO loading bevond 10 wi. %, this Joading
wits considered the optimum for further investigation,

As noted previously, KO was found 1o be the most
active for NO removal followed by BaO. Thus, it is of
gread imterest 1o investigate the difference in the behavior
of these two oxides. In the next study, the dependence
of the reaction on the temperature was investigated. For this
purpose, sorbent  BaC(10VALO, and K, O(10VALD,
were evalusted on a catalytic reactor rig 1o reveal their
behavior as a function of temperature in the range
of 200450 °C., Both metal oxide sorbents were preparcd and
tested under the same reaction conditions.

Fig. 2 shows the results of the temperature
dependence  of the catalytic  activity under Jean
conditions. The maximum NO removal cotalyzed by
KANI0VALDy of circa 58 % occurred at 250 °C.
Howewver, it was observed that NO removal reaction
decreased with temperature increment up 10 450 °C
As reponted by Fridell er al [11], the decrease in MO
removal at  higher temperature was  associated
1o insgability of metal nitrate a2 high temperature, In contrast
to the K:O{10VALD; sorbent, Baly IOVALD, sorbent
demonstrated  increasing NO  removal at  higher
temperature and the lean feed showed peak steady-state
NOx removal of approximately 48 % ot 450 *C. This
behavior was claimed o be contributed by the formation
of BaC0Oy through the reaction between BaQ and CO,
which was increasingly generated from the oxidation of
-C4Hya. BaCOy is able to store NO through the following
reaction [%].

BaCO; = 2NO + 320; = Ba(NO;) + €O, (6]

This reaction generally occurs  significantly at
8 reaction temperatuse higher than 350 °C,

BaCK [0VALCy sorbent showed higher NO removal
activity than KyONIOVAID; sorbemt @ higher
temperatures, particularly above 400 °C, In another study,
Niao et al [17] reported the optimum NOx conversion of
about 30 % with Mr/Ba/Al;Oy. These suggested the jonic
bending character of the Ba{NOy), that generally
increases with increasing temperatures [18].

Results in Fig. 2 indicate that 8 combination of
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Fig. 2: NO removal efficiency by BaO{I0MALD, and
KANTTVATLD ar a functivn of reacrion (emperanire.

K:O and BaD could result in a sorbent that has befter
WO removal efficiency over a wider operating
temperature window. Therefore, the effect of the addition
of BaQ to K {x}ALD, sorbent was then studied.
Considering that Ba( has better NO oxidation efficiency
than K, especially mt higher temperatures, while K0
has good WO, storing capacity, the synergic effects of
these mixed metal oxides were investigated Activity
studies were performed  with  K.O(1)BaO{TVALD,,
EANSIBaO{SVALD, and K O(71BaO{3VALD, ic. by
mamiaining the total metal oxide loading at 10 w1.% and
the performances were compared with the data obtained
with KO0 10WALCY, and BaOvAlD,,

The amounts of NO stored by different sorbents
are summarized in Table 2. 1t was noted that the presence
of 3 wi. % and 5 wt. %% of BaO in K;O(m)BaO{ny AL, led
to an improvement in NO removal by about 3 % and
10 %4, respectively. The highest NO removal occumred when
the Ipadings of both metals were equal (ie
KO3 )BaO(SYALD,). I should be highlighted that this
efficiency was even higher than that catalveed by
KO0 1 0WALD, or BaO 10WA LD, alone. This result gave
an indication of synergic effects occurrence between K0
and Ba0 components of the sorbents. Further increase in
Bal} content beyond 5 wi. %6 resubted in o detrimental
effect to the NO removal efficiency. However, the
presence of 3 wi. % of K0 at high BaO content of Twt.%
n KO(3)BaO 7TVALD, significantly improved the
MO removal activity as compared 1o single oxide
BaO sorbent. It should be noted that the improvement by
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3 wi% of Bal 1o the K;0 sorbent was more pronounced
compared 10 that of 3 wi. % K0 ta the BaOr sorbent.

The swynergic effects between K;0 and BaO
companents of the sorbents could be explained based on
the understanding of the mechanism in the NO removal.
The two steps involved are the oxidation of NO to NO;
and the acid-base neutralization reaction between the NOy
and the metal oxide [11]. BaO was a better sorbent
to promote the RO oxidation while the absorption of MO,
to form mifrade was better on KA, Thus, in the presence
of Ba, more surface NO; formed 10 subsequently react
in the second stape reaction to form nitrate. However,
it shoald be considered that the meliing points of KNOy
i ot 334 °C and its decomposition ocoumed relatively lower
at emperanire above 00 "C against 592 "C for Ba{NOy),
decomposition [5]. Since KMNO, is more mobile on the
surfsce than a relatively denser Ba(MNO;); (the density
al Ba(NOy); is 3.24 g/mL against 2.11 g'mL for KNOy),
ERO, formation would ot block the subsequent reaction
beiween the KD or Bad with MO, at reaction

*pemperature af 350 "C,

The mcrement of BaCr composition in the sorbent up
w5 wi % resubed in higher MO remowal. This
* wons aibuted 1o the more stable nitrate formation with Ba0.
Moreover, the Ba(Q) was relstively denser and hence,
eccupying less volume on the surface. As a consequence,
the pore mouth blockage could be minimized. However,
bevond the optimum composition of 5 wt, %% of K0 and
BaD, a decrease in the MO removal efficiency
was observed due 1o Jess basicity of BaO) 1o react with WO,
despite forming 4 more stable nitrate. The higher activity
of KO0 B TVFALDy compared 1w Baly 10VALD,
senply proved the advantage of having surface mobility

“species in capluring NOy;.

Characterization of K=fa sorbents

As K005 B0 3V ALD; was found to be most active
meial oxides for WO removal, it was further characterized
o understand s physicochemical chamcteristics leading
W its high activity. For comparison, the most active
sngle metnl oxide e KO0 1 0WALOy, was also tested for
comparison while AlyOy was uwsed as the control, Fig. 3
shows nitrogen adsorption-desorption isotherm of those
materials, K001 00 AL Oy showed 1ype 11 isotherm while
ALy and  K,O{3)Bal{5VALDy showed isotherms
approaching type 1l which were typical for mesoporous
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Talle 2: NO removal efffciency over differcid  slovage

cosmpesilions of e sorbeat i lean phose
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B oAl i34
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Fig. 4: Mivogen adverption felld Kae) amd dexorpiton fadotfed
Fime} ivvtheerm of aliming-boed worbenix,

sollids [19]. The isotherms wene charscterized by a rather
rapid nitrogen wptake (o ‘shoulder’) a1 low pressure
(PP 1) Followed by oo shvw updnke at medium presyure
while rapid uptake was observed ar high pressure.
As the relative pressure moreased to shove 0.7, the iscthbenms
exhibited sharp inflections characteristic of capillary
condensation within_ mesopores. In any  case, the
sharpness of this step suggested a uniform size pore
systen. BoO{100ALD: showed smaller hysteresis loop
and it occwrred at relatively higher PP, as compared
to the other two materials. Significant reduction i the
amoum of nirogen adsorbed by the two oxide sorbents
compared to the control was abso noded However,
it was interesting to note that the adsorbed amwount
in KLO(100ALO; was relatively lower than  that
of KO SBa0(5) 10y ALO,.

The surface characteristics amd porosily in lerms
of BET surface area, pore wvolume and average pore
dinmeter of the sorbents are given in Table 3.
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Table 3: BET surface area, pore volume, sverage pore diameter of aluming-based sorbermty.

Sarimce aren Mesoporous mres
r Sample [ )

'
Mizreporius area Pore volume AverRp: piee size
[ Amilgh {nm)

Al I3 Wi

0 023 108

KON 1O A 174 TE.I

is il 214

KO0 SO WAL LY 395 B2
-

1133 0.4 115

KO(10VALD, and K O(5)BaO(SVALD, showed lower
surface area and pore volume compared 1o unloaded
ALD; support. This was indeed an expected finding
as both impregnated metals filled up and plugged some of
pores, resulting in less surface area available for nitrogen
adsorption. These oxides also contributed to the weight of
the sorbent, thus, lowering the surface arca and pore
volume measured on a weight basis. Impregnation with
10 wio %% K:O resulted in 77 % decrease in the BET
surfice area while that of K,0{5)Ba0(5VALD, dropped
by about 49 %,

Mesoporous pores constituted about 0% of the pores
presented in the ALD, while the rest were made up
by macropores. Its high fraction of mesoporous resulted
in high pore volume (0.28 mUg) compared to the other
two materials. Impregnation of metal oxides resulted
in marked drop in the mesopores, especially
in KzO{100'ALOy. The presence of micropores in these
materials was atiributed to the inmterparticle pores
m the: metal axide matrix. It was noted that mived combiration
of BaD and K;O improved the microporosity, a5 those
metal oxides had different crystal sizes of different
densitics which was proved by the higher pore volume of
KyO{5)BaO{5 VAL, compared to that of K OF IOV A 10y,
The impregnation process alse resulted in an increase
in the average pore size which indicated that the loss
of mesopores was accompanied by an  increase
in the macroporosity. This observation was attributed
W the macrostructure of the metal oxides presented
in the sorbents [14]. The pore size distributions (within
micropore to mesopore ranges) of sorbents as fllustrated
in Fig. 4 also showed good agreement with results
in Table 3. To support the agreement of these figures,
all sorbents exhibited pore size peaks occurred within
3-10 nm which were actually in micro size range. However,
mesopores of wide range of sizes could have shifted
the average pore diameters to meso size range.

i8

E % E E B
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Flg. 4: Pare size distribution of alumving-based sorbenty

In the reaction between NO and the metal oxides.
some differences in terms of the physical characteristics
of the sorbents were expected, Therefore, the topological
information  of the aged K,O{I0VALO, and
(KANSBal(SYALD, sorbents was studied to investigate
the physical changes of the sorbent that oocurred with
the formation of nitrates as well as 1o observe the effect of
various operating temperature and  possible  coke
compounds. These used sorbent samples were obiained
by subjecting them 1o NO removal condition for 1k
under a reaction temperature of 150 °C.

The topological information such as crystal structure
and morphology of a fresh and spent KO0 10VALD, and
K O(5)Bal{3¥ALO, sorbemts were  studied using
a Scanning Electron Microscope (SEM). Fig. 5(a) shows
a SEM micrograph of fresh K, 00 10)/AlLOy sorbent while
Fig. 5(b) shows the SEM micrograph of the fresh
K O(S)BaO{SYALD,y sorbent. As noted in these figures,
K O(31Ba(5VALD, had a relatively clear crystalline
shape compared to K,O(10VALDy. The sharp and fine
spikes were therefore attributed to the crysial structure of
the BaO component of the sorbent that played active roles
in NO removal [11]. Ome could observe that the surface
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of alumina in sample K O{5)Ba0yS¥ALOD, was more
evenly covered by metal oxides as compared to sample
R 1TFALG,. With this special property, the shape of
Bal crystals allowed the KO crystals to be dispersed
ower the surfoce area, which gave benelits 1o the materials
wing &8 heterogencous sorbent. The crysial strueture of
the metal oxide component in KO3 8a0i5VAlLO,
wis resulted from the crestion of secondary porosity
&5 siegpested by data in Table 3 and Fig 4. This interesting
ehservation on phyzical synergism between K40 and BaD
reported in the
was hypothesized to be partly responsible for the highly
eliscient performance in NO removal

Figa. 5{c) and (d) show the SEM micrograph of aged
simple  of KoO{I0WALD, amd BO(5BaDNSFALDY,
respectively, As shown m the macrograph, there were some
strucheal changes in different extents @ boch samples afier
being subjected 1o the NOx removal process. A minimal
change was detected in aged K O0100ALC, which suppesied

was  hardly linErature and

Fig. 5: SEM micrograph of fresh sorbents: fa) Fresh K0 10VALD, (8) Fresh KO05 BafSPALD,, (o) aged K A018ALD, and (d)

that KNC, crystal structure was almos) similar so that af K0
Mo signihicant change was therefore expected in terms af
the |'.l:‘:-|!'a.‘.'-:-i'|}' of the material wath resps] B Ehis rescisen ame
In contrmst, the stomge of WO & pirsie in K005 ) Bal S VA LD
led o the disappeacance of sharp spikes on the surfac

A the spikes wene associaind o the presence of Bal) in the maserial
the -..1|1.:.|!l|"-{':|:un|.'i::r|' shorp spikes concluded that the Bals
compoanen] wis also :Ii,':lln,'h. mvedved in the remioval of O
The remaining BoD crystals presemed in the sample also
sugpesied that the reaction leading 1o nitrate formation

was actunlly o non-selective reaction.

CONCLUSIONS

The MO removal efficiency was found 1w be
dependent on the basicity of the trapping component
EoliAlLL)y sorbent with [0 wi. % metal loading wos
the most active for tlse B0 removal with the performance
decredse in the order of E.O/ALD, (554 %)
BaOyAlLDy (39.0 %) = CalWALD, (37.1 %) The MO

L)
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removal effictency was optimum at around 250 °C
for  KL{10WALD, and significantly  decreased
al femperaiures shove 300 °C. On the other hand,
the NO removal efficiency of BaOy 10¥ALD, increased
at temperafures shove 230°C, The addition of K0
negatively affected the morphological properties of the
irap sorbent system at loadings abowe 15 wi % Despite
higher basicity, CaOvVALDy showed lower NO removal
efficiency compared to BaO{10VALD, due to low
catalytic NO; formation activity. Unlike KyO(10¥ALD,,
BaO({10YAL0; showed increasing NO  removal
efficiency between 350 °C and 450 °C. E;0051Bal SV ALD;
resubled in better surface area and volume leading
1o about 65 % of NO removal. This was attribuded
10 synergic effects between physicochemical, catalytic
and NO removal properties of the components.
Characterization of the K,O(5)BaO{5VALD, revealed
its suitable physicochemical properties that were associated
with the high MO removal efficiency of the trap material,
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