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a b s t r a c t

This investigation examined the instantaneous adsorption of NOx by moisture-saturated zeolites at ambi-
ent temperature. Among the zeolites studied, Faujasite exhibited the highest adsorption capacity owing to
its relatively large pore size. Besides, the influence of cation was demonstrated by comparing the adsorp-
tion of zeolites with different cation densities (NaX vs. NaY, mesoporous silica MCM-48-like vs. Faujasite)
vailable online 28 May 2008
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and treatments (ion exchange of NaY with Cu2+). For the adsorption of NO, the effects of gas flow rates
and pre-adsorbed hydrocarbons such as benzene, acetaldehyde or 1,3-butadiene were evaluated. It was
proven that zeolite could efficiently capture nitrogen oxides in gas stream even it had been saturated by
moisture, which will be valuable for the protection of environment and public health.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Nitrogen oxides (NOx) are common air pollutants generated
y various combustion processes including cigarette smoke [1–6].
ompared to the extensive research on NOx reduction in other
pplications [7], relatively little literature exists on effective NOx

eduction in cigarette smoke and related indoor air. Fresh main-
tream cigarette smoke (i.e., smoke exiting the mouth end of the
igarette) contains ca. 100–600 �g NO per cigarette [8,9], and the
O in cigarette smoke is quickly oxidized to NO2 within few sec-
nds due to the atmospheric oxidation [10]. The combined total of
O and NO2 comprises more than 90% of the nitrogen oxides in
igarette smoke. The importance of NOx is linked to the fact that
hey may react with other compounds in the smoke to generate
itrosamines, propenal, hydrazines, amines, urethane and quino-

ine [11,12]. NO is also known to participate in free radical reactions
13]. In this work our objective was to conduct preliminary study on
he adsorption of NO2 and NO by zeolite in ambient temperature.
Zeolite is a class of alumino-silicates characterized by ordered
icroporous structures with acid-basic sites on the surface and

nergetic field inside the pores [14]. Apart from their applications in
hemical industry as adsorbents and catalysts, they can be designed

∗ Corresponding author. Tel.: +86 25 83595848; fax: +86 25 83317761.
E-mail address: jhzhu@nju.edu.cn (J.H. Zhu).

o
j
O
b
[
i

t

304-3894/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2008.05.111
o trap volatile nitrosamines and NOx in industrial gas streams
15–17] and cigarette smoke [14,18,19]. However, applying zeolite
o adsorb nitrogen oxides in a chemical complex system such as
obacco smoke requires careful consideration on some new chal-
enges. The main challenge is the complexity of the cigarette smoke
11], i.e., a mixture of over 4000 compounds in a dynamic aerosol
ystem. The gas flow velocity under a standard ISO smoking condi-
ion (2-s puff duration and 35 ml puff volume) through a cigarette
lter is ca. 36 cm s−1, giving a smoke residence (or contact) time of

ess than 0.1 s. In addition, the adsorbent needs to maintain its activ-
ty in the presence of moisture (typically above ca. 13%) [20], the
igh level of moisture is particularly challenging as many zeolites
ave high hydrophilicity [21].

For thermally activated zeolites (i.e., containing little moisture),
u et al. reported that the adsorption of NO2 by zeolite with dif-

erent pore sizes. They found that the amount of NOx adsorbed
ncreases as the pore size changes from 0.4 to 0.8 nm [19]. Among
he zeolites assessed, NaY exhibited a strong ability to adsorb NO2
wing to its large pore size and pore volume. On the other hand, Fau-
asite such as zeolite NaY could adsorb ca. 25 wt% of water [21,22].
ur previous work showed that moisture in zeolite had negligi-

le impact on the adsorption of volatile nitrosamines in gas stream
23]. However, the performance and mechanisms by which zeolite
nteract with NOx in the presence of moisture is still unclear.

Incorporating metal ions into zeolites can potentially strengthen
he electrostatic interaction. For example, copper-containing

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:jhzhu@nju.edu.cn
dx.doi.org/10.1016/j.jhazmat.2008.05.111
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Table 1
Relevant parameters for the adsorbents tested

NaY NaX Na� H� MCM-48-like Activated carbon

Ratio of Si/Al 2.86 1.24 14 14 ND ND
Pore size (nm) 0.74 0.74 0.66 × 0.67 0.66 × 0.67 9.2 1.0a
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D: aluminum is absent in this adsorbent.
a This is a mean diameter.

eolites have been found to be active in adsorbing NOx [24,25].
ecently we have demonstrated that copper-containing zeolites
nhanced decomposition of volatile nitrosamines [26,27]. In this
esearch, commercial zeolites and their copper-modified analogues
ave been evaluated for their adsorption on NO2 and NO under the
onditions similar to that in a cigarette filter, i.e., in the presence of
oisture together with transient gas flow.

. Experimental

.1. Reagents and chemicals

Wenzhou Catalysts Factory and Nanjing Chemistry Factory
China) provided the commercial powder zeolite NaY and NaX,
espectively. The activated carbon used in this study was a product
f Chemviron Carbon (Belgium, CAS number 7440-44-0). Zeolites
� were gifts from BASF [28], and Na� was obtained by ion
xchange from H� [29]. The MCM-48-like mesoporous silica was
repared in our laboratory [30]. Table 1 illustrates the relevant
arameters of these adsorbents.

Copper was incorporated into NaY through impregnation. This
as achieved by dissolving 0.456 g Cu(NO3)2·3H2O in 40 ml of dis-

illed water and followed by adding 5 g NaY. The mixture was stirred
igorously and heated up to 353 K. The product was dried at 373 K
vernight and the solid collected was ground into granulate form
ca. 0.15 mm in diameter) and calcined at 773 K for 6 h in N2 to con-
ert Cu(NO3)2 to copper oxide. The resulting sample contained 3%
w/w) CuO and was denoted as 3%CuO/NaY [26]. Different concen-
rations of Cu(NO3)2 were prepared using this approach to obtain
ifferent loading of copper oxide.

A slightly different approach involved carrying out multiple
xchange and conversion procedures. The samples thus prepared
ere denoted as CuY-n, where n represents the exchange times (1,
and 3, etc.). Briefly, 2 g NaY was added into a 0.02 M Cu(NO3)2

olution at 303 K. The mixture was stirred for 24 h, washed and fil-
ered, then dried at 373 K overnight before calcined at 773 K in N2
or 6 h. The copper contents were determined by ICP (inductively
oupled plasma) to reflect the exchange degree of the zeolite, and
he percentage of copper on CuY-1, CuY-2 and CuY-3 samples was
.51, 6.49 and 7.17%, respectively. Table 1 lists the properties of all
he adsorbent samples tested in this work.

The purity of NO2 and NO was greater than 99% and the mix-
ure of NO/N2 (v/v, 1/49) was prepared as the adsorbate. Nitrogen
ith 99.99% purity was used as the carrier gas in both the NO2-TPD

temperature programmed desorption) and NO adsorption experi-
ents.

.2. Experimental methods

For the NO2-TPD experiment, prior to either static or dynamic

dsorption test, blank run was carried out to ensure no NO2
dsorption by the empty Pyrex glass-reactor. Zeolite samples were
onditioned at 291 K at 79% relative humidity for 12 h prior to use.
.1 g of the test sample (20–40 mesh, ca. 0.42–0.84 mm granules)
as added into the glass-reactor (5 mm diameter and 300 mm long)

a
z
o
T
l

607 903 1000

o form the adsorption bed, and the length of the bed was between
a. 1.3–2.0 cm.

For static adsorption tests, 10 ml NO2 (0.320 mmol) was intro-
uced to the reactor at 303 K for 20 min. The reactor was then
urged by N2 flow at 30 ml min−1 for 4 h. To completely desorb
he NO2, the reactor was heated to 773 K at 10 K min−1. A CrO3 tube
as used to oxidize any reduced NO2 prior to trapping [19], and the
esorbed NO2 was trapped by a solution containing sulfanilamide
nd N-1-naphthylenediamine dihydrochloride. The desorbed NO2
as collected every 20 K in the range of 323–773 K and it absolute

mount was detected by photometric measurements [19]. After the
emperature reached 773 K and the sample was hold at 773 K for
h, the desorbed NO2 was collected and detected by every 10 min.
2.5 M NaOH solution was used to treat the waste gas in order to

void environment contamination. Finally, the total amount of NO2
esorbed was got by adding all data collected during the experi-
ent.
For dynamic adsorption tests, the same amount of NO2

0.320 mmol) was added in a flow of N2 carrier gas with a flow
ate of 30 ml min−1 at 303 K. The sample in the reactor was purged
nd desorbed in the same procedures as in the static adsorption
ests.

The temperature for instantaneous adsorption tests for NO was
ept at 303 K. In this case, 0.03 g of zeolites (20–40 mesh, condi-
ioned as before) was used to fill the Pryrex glass-reactor to form
a. 0.5–0.65 cm long adsorption bed. The NO–N2 mixture with
.0 �mol of NO and volume ratio of 1:49 was injected through
he adsorption bed every 10 min with 30 ml min−1 N2 [23]. Each
dsorption test lasted for less than 0.3 s. The residual NO in the gas
ow passed through a CrO3 tube to be oxidized to NO2 and the
mount of residual NO was collected and detected every 10 min
19]. This transient adsorption was repeated until the amount of
esidual NO detected in the outlet gas stream closed to that of NO
njected into the reactor. The difference between the total amount
nd the residual amount of NO represented the amount adsorbed
y the sample.

. Results

.1. NO2-TPD on zeolites

Table 2 shows the NO2 adsorption results obtained by TPD on the
oisture-saturated zeolites and the other porous materials. This
as a static adsorption test conducted at 303 K, and the NaY sam-
le exhibited adsorption ability (373.6 �mol g−1) larger than the
ctivated NaY (301 �mol g−1) and Na� (263.1 �mol g−1). Also, the
mount of NO2 thermally desorbed from NaY was greater than that
f Na�, 59% as oppose to 39%. Among the ordered porous adsor-
ents tested, however, the largest amount of desorption occurred
n NaX (ca. 669 �mol g−1), ca. 1.79 times higher than that of NaY

lthough the two samples had the same pore size. As seen in Table 2,
eolite NaX exhibit a higher desorption of NO2 (B), the NO des-
rbed after the temperature reached 773 K, than other materials.
his difference originates from the larger content of cation in zeo-
ite NaX, in our opinion. The sodium cation plays the important role
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Table 2
The results of the NO2-TPD experiments on the zeolites and other porous materials (all of the adsorbents were saturated with moisture at ambient temperature prior to
adsorption of NO2)

NaY NaY(a)a NaX Na� H� MCM-48 -like Activated carbon

Total amount (�mol g−1)
NO2 373.6 301.4 669.4 263.1 67.6 53.3 759.3
NOy

b 28.37 NM 38.36 NM 27.08 NM 17.15

NO2(A)c (�mol g−1) 222.6 158.2 322.9 103.0 29.75 38.6 744.3
NO2(B)d (�mol g−1) 151.0 143.2 346.5 160.1 37.86 14.7 15.0
Total amount (�mol m−2) 0.488 0.393 0.744 0.441 0.111 0.059 0.759
Tmax (K) 573 613 773 673 493 413 433

NM: not measured.
a This sample was activated prior to adsorption.
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(Fig. 2A). When the CuO loading was increased from 1%CuO/NaY
to 3%CuO/NaY and finally to 5%CuO/NaY, an incremental increase
for the amount of NO2 was detected, from 516 to 593 and finally
to 813 �mol g−1. However, further addition of CuO on NaY reduced
the amount of NO2 desorbed. For example, at 10% (w/w) CuO, only
b Reduced NO2.
c Desorption before 773 K.
d Desorption after 773 K.

n the adsorption of NO2, probably through electrostatic interaction
o attract the adsorbate. Judged on the Si/Al ratio of zeolite, NaX has
he lowest Si/Al ratio and the largest Al content and of course the
argest amount of cation. These cations certainly exert the attrac-
ion on the NO adsorbates, holding them harder therefore some of
hem cannot desorb until the temperature achieves 773 K plus the
urge of carrier gas.

The mesoporous silica with MCM-48 structure only adsorbed
3.3 �mol g−1 NO2 and furthermore ca. 72% then desorbed during
alefactive stage (Table 2), though this sample had a larger pore
ize and higher surface area than NaY zeolites. One reason to cause
his difference, in our opinion, is the presence of cation in zeolite.
or example, the cation density of NaX was higher than NaY due to
he lower Si/Al ratio [21] and MCM-48 had no cation in its siliceous
omposition. On the other hand, comparison of Na� against H�
evealed the impact of surface acidic–basicity on the adsorption
f NO2. The proton in H� seemed to reduce the NO2 desorption
26.3 �mol g−1), much lower than its basic analogue Na�.

Nonetheless, these porous samples have different surface area
ence the collision possibility of adsorbate–adsorbent that leads to
uccessful adsorption will be different. To exclude the effect of sur-
ace area on the actual adsorption of the sample, the results shown
n Table 2 are conversed to �mol m−2. The amount of NO2 des-
rbed was 0.744 �mol m−2 for NaX, higher than the other zeolites
nd MCM-48-like but close to activated carbon (0.759 �mol m−2).

As previously reported on thermally activated zeolites [19], the
dsorbed NO2 was reduced at high temperature to other nitrogen
xides (NO, N2O3 or N2O, combined as NOy). This was different on
he moisture-saturated adsorbents in this study (with the exception
f H�), as most of the desorbed nitrogen oxides were still present
s NO2 and only about 2% (activated carbon) and 7% of NO2 were
educed to NOy.

Fig. 1 delineates the NO2 desorption curves on three zeolites
ith similar pore size and on two other materials as measured by

PD (the dashed line shows the temperature program). Apart from
wo small peaks around 353 and 413 K, the main desorption peak
ppeared around 573 K for NaY at ca. 87.8 �mol g−1 of NO2, accom-
anied by a shoulder at 713 K. There were three desorption peaks
or NaX: a very weak peak at 373 K, a main peak at 773 K and a
road peak from 613 to 673 K. For Na�, the maximum of NO2 des-
rption appeared at 673 K together with a weak peak around 473 K.
he lowest desorption peak was observed on the MCM-48-like at
13 K. Activated carbon was an efficient reversible adsorbent for

O2 and most of the NO2 desorbed near 433 K. In other words, the
eolites such as NaX adsorbed NO2 much stronger than activated
arbon under elevated temperature.

Fig. 2 depicts the effects of CuO loading in NaY on the NO2
dsorption. A much higher adsorption capacity emerged on the

F
a
c

odified NaY, indicating the interaction between the CuO added
nd NO2. This contrasted with the fact that CuO itself could hardly
bsorb NO2 because of its small surface area. Dispersion of CuO on
eolite NaY significantly enhanced the adsorption, resulting in a
hift for the main desorption peak from about 573 K to above 670 K
ig. 1. TPD curves of NO2 (A) on zeolite NaY, NaX, Na� and MCM-48-like composite
s well as activated carbon samples; (B) on zeolite NaY, NaX, Na� and MCM-48-like
omposite before 773 K.
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the copper-impregnation sample was increased. Since the num-
ber of cation in zeolites took charge in attracting NO2 so that the
CuY-n sample possessed the adsorption peak at the lower tem-
perature than the CuO-incorporated samples. Likewise, stronger
interaction and blocked channel caused by the more cations in the
ig. 2. (A) The TPD profile of NO2 desorbed before 773 K from copper-modified NaY
nd (B) the influence of coating copper on the desorption of NO2 before 773 K (all of
hese samples were activated at 773 K prior to adsorption of NO2).

17 �mol g−1 of NO2 desorption was measured (Fig. 2B). In sum-
ary, loading 3–5% CuO on NaY was beneficial to enhance the
O2 adsorption and further increase in CuO loading would have
negative impact on the adsorption.

Fig. 3 compares the amount and the profile of NO2 desorbed
n 5%CuO/NaY under the static and the dynamic adsorption meth-
ds. The results indicate that the modified NaY had virtually the
ame adsorption capacity under the two test methods. Despite the
hort residence time, ca. 0.6 s, the 5%CuO/NaY composite was still
ble to capture NO2 in the gas flow. Similar to the other moisture-
aturated adsorbents, this composite also exhibited a low tendency
o deoxidize NO2, only ca. 3% was converted to NOy.

Fig. 4 exhibits the effects of the multiple exchanges with Cu2+ on
aY. The amount of NO2 desorbed was 734, 739 and 795 �mol g−1,

espectively, from the sample exchanged 1, 2 and 3 times. These val-
es were higher than that of 3%CuO/NaY but lower than 5%CuO/NaY.
ith increase in the exchange steps, the main peak temperature
as shifted from 693 to 633 K (Fig. 4). Overall, multiple exchange
ith Cu2+ had no further improvement on the adsorption and the

nal product was inferior to 5%CuO/NaY. Comparing Figs. 2A and 4
an reveal the different property-function ration of the copper-
odified NaY zeolite prepared by two methods, in which one

ample is prepared through impregnation and another through
F
t

ig. 3. The influence of the adsorption manner of NO2 on the desorption of NO2

rom NaY zeolite in the procedure of TPD.

on exchange hence their adsorption behaviors are different. As
een in Fig. 2A, dispersion of CuO on zeolite NaY significantly
nhanced the adsorption, resulting in a shift for the main desorp-
ion peak from 573 K to above 670 K, while the amount of desorbed
f NO2 gently increased as the temperature rose from 413 to 673 K.
lthough exchanged copper cation also made the maximum des-
rption temperature of CuY-n shifted to high temperature (Fig. 4),
he peak position shifted to relatively lower temperature as the
on exchange times increased. And from the climax peak to 773 K,
he amount of desorbed NO2 declined much quickly than that in
he impregnated sample so that another peak seemed to appear.
esides, desorption of NO2 from the exchanged sample was much
uickly than that from impregnated sample, especially in the range
f 443–613 K, forming the climax before 663 K. These differences
esulted from the different total number of cation in two series of
ample. Exchange of zeolite NaY with Cu2+ ion reduced the abso-
ute number of the cation while the total number of cation in
ig. 4. TPD curves of NO2 from the zeolite NaY exchanged by Cu2+ with different
imes before 773 K.
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ig. 5. Instantaneous adsorption of NO on NaY, NaX, 5%CuO/NaY and activated car-
on samples at 303 K.

opper-incorporated sample made desorption of NO2 difficult
herefore the amount of NO2 detected after the peak climax still
eep high.

.2. Instantaneous adsorption of NO on zeolites

NO existed in fresh cigarette smoke as the main nitrogen oxide
herefore its adsorption by moisture-saturated zeolites was evalu-
ted by the instantaneous adsorption method and Fig. 5 illustrates
he results in which the solid horizontal line is the concentration
f NO in the original gas mixture. One of the blank results was
lso shown to demonstrate that no loss of NO occurred without
he adsorbent. The profiles show that the adsorption by the zeo-
ite was gradual and the amount of residual NO in the gas stream
ncreased as the adsorption continued. The ranking in adsorption
apacity was: NaX > 5%CuO/NaY > NaY. The full adsorption for NO
s 67.7, 61.8 and 59.6 �mol g−1, reached after about 3 h with cor-
esponding adsorption ratio at 53.1, 43.2 and 42.9%, respectively.
ctivated carbon exhibited a higher adsorption than NaX (Fig. 5)
nd it captured 96.4 �mol g−1 of NO at 3 h, corresponding to 66.9%
dsorption ratio.

Fig. 6 presents the results from the instantaneous adsorption
ests on NaX under different flow rates. At 15 ml min−1, it took ca.
70 min for NaX to reach its saturation level. A total of 118 �mol g−1

f NO passed through the material and 68.3% was adsorbed. As the
ow rate increased to 60 ml min−1, the adsorption capacity of the
ample decreased to ca. 15.6 �mol g−1 (Fig. 6A). In addition, the
hange of flow rate had a significant effect on the breakthrough
urve, the larger the flow rate was, the faster saturation of the
O reached with a higher slope. These facts suggest a mass trans-

er limited mechanism for NO adsorption, which differed from the
dsorption of volatile nitrosamines by NaY that was relatively inde-
endent of the gas flow rate [23]. In general, the slower flow rate led
o the larger contact time between the NO and zeolite NaX, which
as beneficial for the adsorption (Fig. 6B). At 15 ml min−1, the con-

act time between NO and NaX was ca. 0.5 s. As the flow rate rose
o 60 ml min−1, the contact time was reduced to ca. 0.1 s and was
omparable to that experienced by an adsorbent in a cigarette fil-

er consequently NaX maintained about one-sixth of its ability to
apture NO (Fig. 6B). Under this flow rate, however, the sample of
aX could adsorb NO again after the achievement of maximum at
0th min, which probably related to formation of adsorbed (NO)2
imers [31–33]. When the concentration of strong adsorbed NO

s
a
r
a
o

ig. 6. (A) Instantaneous adsorption of NO on NaX with different flow rate and (B)
he effect of flow rate of carrier gas on the adsorption of NO by zeolite NaX saturated
ith moisture at 303 K.

as high, two NO molecules adjacent located could form an (NO)2
imer, which enabled the adsorptive sites to be liberated hence
hey would adsorb new NO molecules again. In our opinion, the
ormation of dimer needs time and suitable condition, probably
he enough amount of adsorbed NO. The high speed of carrier gas
nabled the adsorbed NO to be diffused quickly so that the for-
ation of dimer was promoted. As the result, after the sample

eached its maximum adsorption capacity at 50th min, the new
dsorbed NO spurred the formation of dimer and the adsorbent
egan to adsorb again. However, further investigation is desirable
or understanding this phenomenon.

As described in the introduction, cigarette smoke contains many
olatile and condensed phase compounds that may hinder the NOx

dsorption by zeolites. In a simple test to assess the impact of
rganic compounds on the NO adsorption, NaX was pre-adsorbed
ith benzene, acetaldehyde and 1,3-butadiene and tested for their

nstantaneous adsorption capability. These compounds were cho-

en because they were known smoke toxicants and were present
t relatively higher levels [10]. As is evident in Fig. 7, the mate-
ial with pre-adsorbed benzene appeared to have a higher NO
dsorption, a total of 101 �mol g−1 or 75%. Similar effects were also
bserved in the sample with pre-adsorbed acetaldehyde. Benzene
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ig. 7. The effect of pre-adsorbed organic compounds on the adsorption of NO by
eolite NaX saturated with moisture at 303 K.

as bound to zeolites via �-bonding mechanism, and it might act as
-donor while the adsorbed NO being the electron acceptor [34,35].
similar interaction between NO and acetaldehyde was observed

n NaY [36], and the reaction responsible for the interaction was
roposed to be [37]: CH3CHO + NO3

− → CH3COOH + NO2 and/or
H3COO− + H+NO2

−. However, the NaX with pre-adsorbed 1,3-
utadiene reached its saturation quickly and then the adsorption
ontinued with exposure time. Formation of organic nitrogen-
ontaining intermediates through the interaction of the adsorbed
O with hydrocarbon species has been reported before [38]. This
ay be counter-balanced by the competitive adsorption between

he organics and NO for the same adsorptive site [39,40]. The exact
echanism by which pre-adsorbed organics interact with the sub-

equent absorption remained to be investigated.

. Discussion

For the zeolites investigated, the results obtained in this work
how that they still maintained relatively high adsorption for NO2
ven in the presence of water. However, the zeolite–water combina-
ion generated different adsorbed NOx species, and this observation
greed with a previous study on the adsorption of NO2 over Na- and
a-Y [36,41]. The reaction between NO2 and H2O in the channels of
aY might follow these different steps depending on the amount
f adsorbed water [36,41],

NO2 ↔ NO+ + NO3
− (1)

H2O + –O−· · ·NO+ ↔ –O−· · ·H3O+ + HONO (2)

NO2 + H2O ↔ 2HNO3 + NO (3)

NO2 + H2O ↔ HNO3 + HONO (4)

O−· · ·Na+ + HNO3 ↔ –O−· · ·H+ + NaNO3 (5)

f zeolite contained water prior to NO2 adsorption, a signature pres-
nce of NO3

− and NO2
− was expected. With increasing amount

f water, there was greater amount of NO2
− being produced. The

NO3 thus formed quickly interacts with the charge-compensating
ons (e.g., Na+) to create Brönsted acidic sites and Na-nitrates. These

pecies were stable on wet NaY and upon heating desorb as NO2 at
emperatures higher than 500 K. This matched relatively well with
he peak temperatures of 573 and 773 K as observed in this work.
he high temperature of NO2 desorption peaks are always accom-
anied by water desorption, which strongly suggests that NO2 is

T
t
u
t
a

Scheme 1. The structure of Faujasite-type zeolite and cation locations [21].

ormed in the reverse of reaction step (4), i.e., both HNO3 and HONO
ecompose to form NO2 and water.

Compared to NaY, the broader peak for NaX (from 613 to 673 K)
ay be explained by the fact that NaX possesses more sites to inter-

ct with NO2. The enhanced NO2 adsorption led to the higher NO2
esorption temperature. Also, the 773 K NO2 desorption peak may
e related to the formation of nitrate species, as shown by Szanyi
t al. [36].

For Faujasite-type zeolites like NaY and NaX, their different
dsorption for NO2 indicates that cationic sites are primarily
esponsible for NO2 adsorption. Na ions in the SI-sites of X- and
-type zeolites are not accessible to NO2 molecules because the
ntrance of the hexagonal prism (∼0.22 nm, Scheme 1) is smaller
han the molecular diameter of NO2 (0.346 nm) [21], therefore it
s the Na+ cations on the SII and SIII positions contributed to NO2
dsorption. The ratio of Na+ cations on SII and SIII for NaX and NaY
s 1.75 [21] and the higher ratio is mainly caused by a higher SIII
umber, as the numbers of the cations on SII are the same for NaX
nd NaY (i.e., 32). As a result, the amount of NO2 detected from NaX
n our TPD experiments was 0.79-fold higher than that from NaY.
aX has more cations than the MCM-48-like mesoporous silica and

he other zeolites studied here. The fact that they all showed infe-
ior adsorption than NaX confirms the important role-played by
he cation in the adsorption of NO2. Furthermore, it was calculated
hat the ratio of adsorbed NO2 to Na+ ion was about 1:6 in zeolite
aX while on zeolite NaY this value was about 1:8. The other fac-

or contributing to NaX’s performance for the adsorption of NO2 is
ts strong hydrophilicity due to its higher aluminum [21]. As dis-
ussed before, the presence of water promotes the adsorption of
O2.

The results shown in Figs. 2 and 3 reveal that incorporating
opper to form composites can enhance the zeolite’s inherent
dsorption for NO2. However, the optimum adsorption was estab-
ished by coating NaY with 5%CuO and no more (Fig. 2B). We
ave found that aggregation of CuO occurred when the CuO load-

ng reached ca. 10% (w/w) by monitoring XRD spectra from the
repared samples [26], indicating that the dispersion of copper
uest in NaY could no longer be maintained at this high loading.

he aggregated CuO caused worsening adsorption by obstructing
he channels of NaY and reducing the surface area and pore vol-
me [26]. The surface area was reduced from 766 m2 g−1 (NaY)
o 501 m2 g−1 (10%CuO/NaY), while the pore volume decreased by
bout 13%.
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It is possible that the presence of aggregated CuO changed the
revious reactions to form the nitrate species [42]. For example, the
dsorbed NO2 may be stored as

NO2 + [CuO] → NO + Cu(NO3)2 (6)

inally it is possible to open up the N–O bond scission on CuO/NaY
nd to release NO2 in the desorption steps:

u(NO3)2 → 2NO2 + [CuO] + (1/2)O2 (7)

u(NO3)2 + NO → 3NO2 + [CuO] (8)

The high reactivity of NO with nitrates at low temperatures has
strong influence on the stability of the nitrates formed during the
dsorption of NO2 [42]. As a result, the NO2 and its derivatives may
e held more tightly on the CuO modified samples.

The composition of NaY (Na49[(AlO)49(SiO)140]·268H2O) has a
odium content of ca. 8.29% (w/w). For ion exchange, one Cu2+

ation replaces two Na+ cations in the zeolite:

Na+(zeolite) + Cu2+(aq) ↔ Cu2+(zeolite) + 2Na+(aq) (9)

onsequently a fully exchanged CuY should have ca. 11.2% (w/w) of
opper. Due to the geometric limitation, the Na+ ions located in the
I and SII positions of NaY (Scheme 1) can be more easily replaced
han those in the SIII position. This led to a fraction of the Na+ ions
n NaY being replaced by Cu2+ during the first exchange and both
u2+ and Na+ cations co-existed in the sample.

Repeating the exchange procedure incorporated more Cu2+ ions
nto the zeolite framework. However, the Cu2+ ions exchanged could
ot enter the SIII position [43] and those in the SI-sites were not
ccessible to NO2 molecules [21,44], hence the CuY-2 and CuY-3
isplayed similar adsorption capacity as to CuY-1, and the ratio of
dsorbed NO2 molecule to copper ions was about 1:2.

Upon adsorbing NO2, NO+ and NO3
− are formed in disproportion

o NO2: 2NO2 ↔ NO+ + NO3
−. The NO+ binds to an O− site on the

eolite framework, replacing a Na+ ion, while the NO3
− binds to a

a+ ion [36]. Since some Na+ ions in NaY could not interact with
hese nitrogen oxides owing to the space limitation, the coverage
f cationic sites by the adsorption of NO2 usually reached ca. 41%
27]. Exchange of NaY with Cu2+ ions therefore lowered the number
f cations but enhanced their accessibility, and this promoted the
dsorption of NO2 on CuY (Fig. 4).

On the other hand, the impregnation of NaY with copper oxide
i.e., not the ion exchange method) had its drawback because the
dded CuO could obstruct the channels of NaY. The overall effect of
he impregnation on the adsorption was thus inferior to that of the
on exchange. In summary, the different behaviors of the copper-
ontaining NaY prepared by the impregnation and the ion exchange
re the results of a complex balance between the electrostatic inter-
ction and the geometric confinement.

. Conclusion

The zeolites with large micropores were able to adsorb signifi-
ant amounts of NO2 even when they were saturated with water,
hich is valuable for environment protection. Among the zeolites

nvestigated, NaX exhibited a higher capability than NaY in the
dsorption of nitrogen oxides, because of its higher cation numbers
nd stronger hydrophilicity.

Introducing controlled levels of copper into NaY zeolite through
ither impregnation or ion exchange promoted the adsorption

owards NO2 or NO, due to the strengthened electrostatic inter-
ction toward the adsorbates. Pre-adsorbed organics displayed the
omplex adsorption behavior, some accelerate while some cum-
er the adsorption of NO by zeolite NaX, which depended on the
rganic and the interaction with NO and the zeolite substrate. The

[

[
[

aterials 162 (2009) 866–873

dsorption of NO2 on Faujasite demonstrated potentials to use
hese materials to remove nitrogen oxides in treating polluted gas
treams.
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