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This investigation examined the instantaneous adsorption of NO, 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)
and treatments (ion exchange of NaY with Cu?*). 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.

1. Introduction

Nitrogen oxides (NOy) are common air pollutants generated
by various combustion processes including cigarette smoke [1-6].
Compared to the extensive research on NOy reduction in other
applications [7], relatively little literature exists on effective NOx
reduction in cigarette smoke and related indoor air. Fresh main-
stream cigarette smoke (i.e., smoke exiting the mouth end of the
cigarette) contains ca. 100-600 pg NO per cigarette [8,9], and the
NO in cigarette smoke is quickly oxidized to NO, within few sec-
onds due to the atmospheric oxidation [10]. The combined total of
NO and NO, comprises more than 90% of the nitrogen oxides in
cigarette smoke. The importance of NOy is linked to the fact that
they may react with other compounds in the smoke to generate
nitrosamines, propenal, hydrazines, amines, urethane and quino-
line [11,12]. NO is also known to participate in free radical reactions
[13]. In this work our objective was to conduct preliminary study on
the adsorption of NO, and NO by zeolite in ambient temperature.

Zeolite is a class of alumino-silicates characterized by ordered
microporous structures with acid-basic sites on the surface and
energetic field inside the pores [ 14]. Apart from their applications in
chemical industry as adsorbents and catalysts, they can be designed
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to trap volatile nitrosamines and NOy in industrial gas streams
[15-17] and cigarette smoke [14,18,19]. However, applying zeolite
to adsorb nitrogen oxides in a chemical complex system such as
tobacco smoke requires careful consideration on some new chal-
lenges. The main challenge is the complexity of the cigarette smoke
[11], i.e., a mixture of over 4000 compounds in a dynamic aerosol
system. The gas flow velocity under a standard ISO smoking condi-
tion (2-s puff duration and 35 ml puff volume) through a cigarette
filter is ca. 36 cms~!, giving a smoke residence (or contact) time of
less than 0.1 s.In addition, the adsorbent needs to maintain its activ-
ity in the presence of moisture (typically above ca. 13%) [20], the
high level of moisture is particularly challenging as many zeolites
have high hydrophilicity [21].

For thermally activated zeolites (i.e., containing little moisture),
Xu et al. reported that the adsorption of NO, by zeolite with dif-
ferent pore sizes. They found that the amount of NOx adsorbed
increases as the pore size changes from 0.4 to 0.8 nm [19]. Among
the zeolites assessed, NaY exhibited a strong ability to adsorb NO,
owing toits large pore size and pore volume. On the other hand, Fau-
jasite such as zeolite NaY could adsorb ca. 25 wt% of water [21,22].
Our previous work showed that moisture in zeolite had negligi-
ble impact on the adsorption of volatile nitrosamines in gas stream
[23]. However, the performance and mechanisms by which zeolite
interact with NOy in the presence of moisture is still unclear.

Incorporating metal ions into zeolites can potentially strengthen
the electrostatic interaction. For example, copper-containing
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Table 1
Relevant parameters for the adsorbents tested

NaY NaX Nap HB 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 x 0.67 0.66 x 0.67 9.2 1.0?
Surface area (m2g-1) 766 900 543 607 903 1000

ND: aluminum is absent in this adsorbent.
2 This is a mean diameter.

zeolites have been found to be active in adsorbing NOy [24,25].
Recently we have demonstrated that copper-containing zeolites
enhanced decomposition of volatile nitrosamines [26,27]. In this
research, commercial zeolites and their copper-modified analogues
have been evaluated for their adsorption on NO, and NO under the
conditions similar to that in a cigarette filter, i.e., in the presence of
moisture together with transient gas flow.

2. Experimental
2.1. Reagents and chemicals

Wenzhou Catalysts Factory and Nanjing Chemistry Factory
(China) provided the commercial powder zeolite NaY and NaX,
respectively. The activated carbon used in this study was a product
of Chemviron Carbon (Belgium, CAS number 7440-44-0). Zeolites
HB were gifts from BASF [28], and Naf3 was obtained by ion
exchange from Hf3 [29]. The MCM-48-like mesoporous silica was
prepared in our laboratory [30]. Table 1 illustrates the relevant
parameters of these adsorbents.

Copper was incorporated into NaY through impregnation. This
was achieved by dissolving 0.456 g Cu(NO3),-3H,0 in 40 ml of dis-
tilled water and followed by adding 5 g NaY. The mixture was stirred
vigorously and heated up to 353 K. The product was dried at 373 K
overnight and the solid collected was ground into granulate form
(ca.0.15 mm in diameter) and calcined at 773 K for 6 h in N5 to con-
vert Cu(NO3); to copper oxide. The resulting sample contained 3%
(w/w) CuO and was denoted as 3%CuO/NaY [26]. Different concen-
trations of Cu(NO3), were prepared using this approach to obtain
different loading of copper oxide.

A slightly different approach involved carrying out multiple
exchange and conversion procedures. The samples thus prepared
were denoted as CuY-n, where n represents the exchange times (1,
2 and 3, etc.). Briefly, 2 g NaY was added into a 0.02M Cu(NOs),
solution at 303 K. The mixture was stirred for 24 h, washed and fil-
tered, then dried at 373 K overnight before calcined at 773 K in N
for 6 h. The copper contents were determined by ICP (inductively
coupled plasma) to reflect the exchange degree of the zeolite, and
the percentage of copper on CuY-1, CuY-2 and CuY-3 samples was
2.51, 6.49 and 7.17%, respectively. Table 1 lists the properties of all
the adsorbent samples tested in this work.

The purity of NO, and NO was greater than 99% and the mix-
ture of NO/N; (v/v, 1/49) was prepared as the adsorbate. Nitrogen
with 99.99% purity was used as the carrier gas in both the NO,-TPD
(temperature programmed desorption) and NO adsorption experi-
ments.

2.2. Experimental methods

For the NO,-TPD experiment, prior to either static or dynamic
adsorption test, blank run was carried out to ensure no NO,
adsorption by the empty Pyrex glass-reactor. Zeolite samples were
conditioned at 291 K at 79% relative humidity for 12 h prior to use.
0.1 g of the test sample (20-40 mesh, ca. 0.42-0.84 mm granules)
was added into the glass-reactor (5 mm diameter and 300 mm long)

to form the adsorption bed, and the length of the bed was between
ca.1.3-2.0cm.

For static adsorption tests, 10 ml NO; (0.320 mmol) was intro-
duced to the reactor at 303K for 20 min. The reactor was then
purged by N, flow at 30mlmin~! for 4h. To completely desorb
the NO,, the reactor was heated to 773 Kat 10 Kmin~'. A CrO; tube
was used to oxidize any reduced NO, prior to trapping [19], and the
desorbed NO, was trapped by a solution containing sulfanilamide
and N-1-naphthylenediamine dihydrochloride. The desorbed NO,
was collected every 20K in the range of 323-773 K and it absolute
amount was detected by photometric measurements [19]. After the
temperature reached 773 K and the sample was hold at 773K for
2 h, the desorbed NO, was collected and detected by every 10 min.
A 2.5M NaOH solution was used to treat the waste gas in order to
avoid environment contamination. Finally, the total amount of NO,
desorbed was got by adding all data collected during the experi-
ment.

For dynamic adsorption tests, the same amount of NO,
(0.320mmol) was added in a flow of N; carrier gas with a flow
rate of 30 mlmin—! at 303 K. The sample in the reactor was purged
and desorbed in the same procedures as in the static adsorption
tests.

The temperature for instantaneous adsorption tests for NO was
kept at 303 K. In this case, 0.03 g of zeolites (20-40 mesh, condi-
tioned as before) was used to fill the Pryrex glass-reactor to form
ca. 0.5-0.65cm long adsorption bed. The NO-N, mixture with
2.0 wmol of NO and volume ratio of 1:49 was injected through
the adsorption bed every 10 min with 30 mlmin-! N, [23]. Each
adsorption test lasted for less than 0.3 s. The residual NO in the gas
flow passed through a CrOs tube to be oxidized to NO, and the
amount of residual NO was collected and detected every 10 min
[19]. This transient adsorption was repeated until the amount of
residual NO detected in the outlet gas stream closed to that of NO
injected into the reactor. The difference between the total amount
and the residual amount of NO represented the amount adsorbed
by the sample.

3. Results
3.1. NO,-TPD on zeolites

Table 2 shows the NO, adsorption results obtained by TPD on the
moisture-saturated zeolites and the other porous materials. This
was a static adsorption test conducted at 303 K, and the NaY sam-
ple exhibited adsorption ability (373.6 wumolg~1) larger than the
activated NaY (301 wmolg~1) and NaB (263.1 wmolg~1). Also, the
amount of NO, thermally desorbed from NaY was greater than that
of Naf3, 59% as oppose to 39%. Among the ordered porous adsor-
bents tested, however, the largest amount of desorption occurred
on NaX (ca. 669 wmol g—1), ca. 1.79 times higher than that of NaY
although the two samples had the same pore size. As seenin Table 2,
zeolite NaX exhibit a higher desorption of NO, (B), the NO des-
orbed after the temperature reached 773K, than other materials.
This difference originates from the larger content of cation in zeo-
lite NaX, in our opinion. The sodium cation plays the important role
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Table 2

The results of the NO,-TPD experiments on the zeolites and other porous materials (all of the adsorbents were saturated with moisture at ambient temperature prior to

adsorption of NO,)

Nay NaY(a)? NaX Nap HB MCM-48 -like Activated carbon

Total amount (pumolg—')

NO; 373.6 3014 669.4 263.1 67.6 533 759.3

NO, 28.37 NM 38.36 NM 27.08 NM 17.15
NO,(A)° (wmolg) 222.6 158.2 3229 103.0 29.75 38.6 744.3
NO,(B)! (molg-1) 151.0 143.2 346.5 160.1 37.86 14.7 15.0
Total amount (pumol 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.
2 This sample was activated prior to adsorption.
b Reduced NO,.
¢ Desorption before 773 K.
d Desorption after 773 K.

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

The mesoporous silica with MCM-48 structure only adsorbed
53.3 wmol g~! NO, and furthermore ca. 72% then desorbed during
calefactive stage (Table 2), though this sample had a larger pore
size and higher surface area than NaY zeolites. One reason to cause
this difference, in our opinion, is the presence of cation in zeolite.
For example, the cation density of NaX was higher than NaY due to
the lower Si/Al ratio [21] and MCM-48 had no cation in its siliceous
composition. On the other hand, comparison of Naf3 against H3
revealed the impact of surface acidic-basicity on the adsorption
of NO,. The proton in H3 seemed to reduce the NO, desorption
(26.3 wmol g—1), much lower than its basic analogue Naf.

Nonetheless, these porous samples have different surface area
hence the collision possibility of adsorbate-adsorbent that leads to
successful adsorption will be different. To exclude the effect of sur-
face area on the actual adsorption of the sample, the results shown
in Table 2 are conversed to wmol m~2. The amount of NO, des-
orbed was 0.744 p.mol m~2 for NaX, higher than the other zeolites
and MCM-48-like but close to activated carbon (0.759 wmol m~2).

As previously reported on thermally activated zeolites [19], the
adsorbed NO, was reduced at high temperature to other nitrogen
oxides (NO, N,03 or N0, combined as NOy ). This was different on
the moisture-saturated adsorbents in this study (with the exception
of Hf3), as most of the desorbed nitrogen oxides were still present
as NO, and only about 2% (activated carbon) and 7% of NO, were
reduced to NO,,.

Fig. 1 delineates the NO, desorption curves on three zeolites
with similar pore size and on two other materials as measured by
TPD (the dashed line shows the temperature program). Apart from
two small peaks around 353 and 413 K, the main desorption peak
appeared around 573 K for NaY at ca. 87.8 umol g~! of NO,, accom-
panied by a shoulder at 713 K. There were three desorption peaks
for NaX: a very weak peak at 373K, a main peak at 773K and a
broad peak from 613 to 673 K. For Naf3, the maximum of NO, des-
orption appeared at 673 K together with a weak peak around 473 K.
The lowest desorption peak was observed on the MCM-48-like at
413 K. Activated carbon was an efficient reversible adsorbent for
NO, and most of the NO, desorbed near 433 K. In other words, the
zeolites such as NaX adsorbed NO, much stronger than activated
carbon under elevated temperature.

Fig. 2 depicts the effects of CuO loading in NaY on the NO,
adsorption. A much higher adsorption capacity emerged on the

modified NaY, indicating the interaction between the CuO added
and NO,. This contrasted with the fact that CuO itself could hardly
absorb NO, because of its small surface area. Dispersion of CuO on
zeolite NaY significantly enhanced the adsorption, resulting in a
shift for the main desorption peak from about 573 K to above 670K
(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 NO, was detected, from 516 to 593 and finally
to 813 wmol g~ 1. However, further addition of CuO on NaY reduced
the amount of NO, desorbed. For example, at 10% (w/w) CuO, only
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Fig. 1. TPD curves of NO; (A) on zeolite NaY, NaX, Naf3 and MCM-48-like composite

as well as activated carbon samples; (B) on zeolite NaY, NaX, Na and MCM-48-like
composite before 773 K.
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Fig. 2. (A) The TPD profile of NO, desorbed before 773 K from copper-modified NaY
and (B) the influence of coating copper on the desorption of NO, before 773 K (all of
these samples were activated at 773 K prior to adsorption of NO>).

617 pmolg~! of NO, desorption was measured (Fig. 2B). In sum-
mary, loading 3-5% CuO on NaY was beneficial to enhance the
NO, adsorption and further increase in CuO loading would have
a negative impact on the adsorption.

Fig. 3 compares the amount and the profile of NO, desorbed
on 5%CuO/NaY under the static and the dynamic adsorption meth-
ods. The results indicate that the modified NaY had virtually the
same adsorption capacity under the two test methods. Despite the
short residence time, ca. 0.6 s, the 5%CuO/NaY composite was still
able to capture NO, in the gas flow. Similar to the other moisture-
saturated adsorbents, this composite also exhibited a low tendency
to deoxidize NO,, only ca. 3% was converted to NO,,.

Fig. 4 exhibits the effects of the multiple exchanges with Cu?* on
NaY. The amount of NO, desorbed was 734, 739 and 795 wmol g1,
respectively, from the sample exchanged 1, 2 and 3 times. These val-
ues were higher than that of 3%CuQO/NaY but lower than 5%CuO/NaYy.
With increase in the exchange steps, the main peak temperature
was shifted from 693 to 633 K (Fig. 4). Overall, multiple exchange
with Cu?* had no further improvement on the adsorption and the
final product was inferior to 5%CuO/NaY. Comparing Figs. 2A and 4
can reveal the different property-function ration of the copper-
modified NaY zeolite prepared by two methods, in which one
sample is prepared through impregnation and another through
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Fig. 3. The influence of the adsorption manner of NO, on the desorption of NO,
from NaY zeolite in the procedure of TPD.

ion exchange hence their adsorption behaviors are different. As
seen in Fig. 2A, dispersion of CuO on zeolite NaY significantly
enhanced the adsorption, resulting in a shift for the main desorp-
tion peak from 573 K to above 670 K, while the amount of desorbed
of NO, gently increased as the temperature rose from 413 to 673 K.
Although exchanged copper cation also made the maximum des-
orption temperature of CuY-n shifted to high temperature (Fig. 4),
the peak position shifted to relatively lower temperature as the
ion exchange times increased. And from the climax peak to 773 K,
the amount of desorbed NO, declined much quickly than that in
the impregnated sample so that another peak seemed to appear.
Besides, desorption of NO, from the exchanged sample was much
quickly than that from impregnated sample, especially in the range
of 443-613 K, forming the climax before 663 K. These differences
resulted from the different total number of cation in two series of
sample. Exchange of zeolite NaY with Cu2* ion reduced the abso-
lute number of the cation while the total number of cation in
the copper-impregnation sample was increased. Since the num-
ber of cation in zeolites took charge in attracting NO, 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
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copper-incorporated sample made desorption of NO, difficult
therefore the amount of NO, detected after the peak climax still
keep high.

3.2. Instantaneous adsorption of NO on zeolites

NO existed in fresh cigarette smoke as the main nitrogen oxide
therefore its adsorption by moisture-saturated zeolites was evalu-
ated by the instantaneous adsorption method and Fig. 5 illustrates
the results in which the solid horizontal line is the concentration
of NO in the original gas mixture. One of the blank results was
also shown to demonstrate that no loss of NO occurred without
the adsorbent. The profiles show that the adsorption by the zeo-
lite was gradual and the amount of residual NO in the gas stream
increased as the adsorption continued. The ranking in adsorption
capacity was: NaX>5%CuO/NaY > NaY. The full adsorption for NO
is 67.7, 61.8 and 59.6 umol g1, reached after about 3 h with cor-
responding adsorption ratio at 53.1, 43.2 and 42.9%, respectively.
Activated carbon exhibited a higher adsorption than NaX (Fig. 5)
and it captured 96.4 umol g~! of NO at 3 h, corresponding to 66.9%
adsorption ratio.

Fig. 6 presents the results from the instantaneous adsorption
tests on NaX under different flow rates. At 15mlmin—!, it took ca.
270 min for NaX to reach its saturation level. A total of 118 pmol g~!
of NO passed through the material and 68.3% was adsorbed. As the
flow rate increased to 60 mlmin~!, the adsorption capacity of the
sample decreased to ca. 15.6 wmolg~! (Fig. 6A). In addition, the
change of flow rate had a significant effect on the breakthrough
curve, the larger the flow rate was, the faster saturation of the
NO reached with a higher slope. These facts suggest a mass trans-
fer limited mechanism for NO adsorption, which differed from the
adsorption of volatile nitrosamines by NaY that was relatively inde-
pendent of the gas flow rate [23]. In general, the slower flow rate led
to the larger contact time between the NO and zeolite NaX, which
was beneficial for the adsorption (Fig. 6B). At 15 ml min~!, the con-
tact time between NO and NaX was ca. 0.5s. As the flow rate rose
to 60 mlmin~!, the contact time was reduced to ca. 0.1 s and was
comparable to that experienced by an adsorbent in a cigarette fil-
ter consequently NaX maintained about one-sixth of its ability to
capture NO (Fig. 6B). Under this flow rate, however, the sample of
NaX could adsorb NO again after the achievement of maximum at
50th min, which probably related to formation of adsorbed (NO),
dimers [31-33]. When the concentration of strong adsorbed NO
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Fig. 6. (A) Instantaneous adsorption of NO on NaX with different flow rate and (B)
the effect of flow rate of carrier gas on the adsorption of NO by zeolite NaX saturated
with moisture at 303 K.

was high, two NO molecules adjacent located could form an (NO),
dimer, which enabled the adsorptive sites to be liberated hence
they would adsorb new NO molecules again. In our opinion, the
formation of dimer needs time and suitable condition, probably
the enough amount of adsorbed NO. The high speed of carrier gas
enabled the adsorbed NO to be diffused quickly so that the for-
mation of dimer was promoted. As the result, after the sample
reached its maximum adsorption capacity at 50th min, the new
adsorbed NO spurred the formation of dimer and the adsorbent
began to adsorb again. However, further investigation is desirable
for understanding this phenomenon.

As described in the introduction, cigarette smoke contains many
volatile and condensed phase compounds that may hinder the NOx
adsorption by zeolites. In a simple test to assess the impact of
organic compounds on the NO adsorption, NaX was pre-adsorbed
with benzene, acetaldehyde and 1,3-butadiene and tested for their
instantaneous adsorption capability. These compounds were cho-
sen because they were known smoke toxicants and were present
at relatively higher levels [10]. As is evident in Fig. 7, the mate-
rial with pre-adsorbed benzene appeared to have a higher NO
adsorption, a total of 101 wmol g~! or 75%. Similar effects were also
observed in the sample with pre-adsorbed acetaldehyde. Benzene
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was bound to zeolites via m-bonding mechanism, and it might act as
m-donor while the adsorbed NO being the electron acceptor [34,35].
A similar interaction between NO and acetaldehyde was observed
on NaY [36], and the reaction responsible for the interaction was
proposed to be [37]: CH3CHO+NO3~ — CH3COOH+NO, and/or
CH3COO~ +H*NO,~. However, the NaX with pre-adsorbed 1,3-
butadiene reached its saturation quickly and then the adsorption
continued with exposure time. Formation of organic nitrogen-
containing intermediates through the interaction of the adsorbed
NO with hydrocarbon species has been reported before [38]. This
may be counter-balanced by the competitive adsorption between
the organics and NO for the same adsorptive site [39,40]. The exact
mechanism by which pre-adsorbed organics interact with the sub-
sequent absorption remained to be investigated.

4. Discussion

For the zeolites investigated, the results obtained in this work
show that they still maintained relatively high adsorption for NO,
evenin the presence of water. However, the zeolite-water combina-
tion generated different adsorbed NOy species, and this observation
agreed with a previous study on the adsorption of NO, over Na- and
Ba-Y [36,41]. The reaction between NO, and H,O in the channels of
NaY might follow these different steps depending on the amount
of adsorbed water [36,41],

2NO, <» NO* +NO5~ (1)
2H,0 + -0~---NO* < -0~---H30* + HONO 2)
3NO, + H,0 < 2HNO; +NO 3)
2NO, + H,0 < HNOs + HONO (4)
~0~-.-Na* + HNO3 <> -0~ .H* + NaNO; (5)

If zeolite contained water prior to NO, adsorption, a signature pres-
ence of NO3~ and NO,~ was expected. With increasing amount
of water, there was greater amount of NO,~ being produced. The
HNO3 thus formed quickly interacts with the charge-compensating
ions (e.g., Na*) to create Bronsted acidic sites and Na-nitrates. These
species were stable on wet NaY and upon heating desorb as NO, at
temperatures higher than 500 K. This matched relatively well with
the peak temperatures of 573 and 773 K as observed in this work.
The high temperature of NO, desorption peaks are always accom-
panied by water desorption, which strongly suggests that NO, is

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

formed in the reverse of reaction step (4), i.e., both HNO3 and HONO
decompose to form NO, and water.

Compared to NaY, the broader peak for NaX (from 613 to 673 K)
may be explained by the fact that NaX possesses more sites to inter-
act with NO,. The enhanced NO, adsorption led to the higher NO,
desorption temperature. Also, the 773 K NO, desorption peak may
be related to the formation of nitrate species, as shown by Szanyi
et al. [36].

For Faujasite-type zeolites like NaY and NaX, their different
adsorption for NO, indicates that cationic sites are primarily
responsible for NO, adsorption. Na ions in the S;-sites of X- and
Y-type zeolites are not accessible to NO, molecules because the
entrance of the hexagonal prism (~0.22 nm, Scheme 1) is smaller
than the molecular diameter of NO, (0.346 nm) [21], therefore it
is the Na* cations on the Sy and Sy positions contributed to NO,
adsorption. The ratio of Na* cations on S;; and Sy; for NaX and NaY
is 1.75 [21] and the higher ratio is mainly caused by a higher Sy
number, as the numbers of the cations on Sy; are the same for NaX
and Nay (i.e., 32). As aresult, the amount of NO, detected from NaX
in our TPD experiments was 0.79-fold higher than that from Nay.
NaX has more cations than the MCM-48-like mesoporous silica and
the other zeolites studied here. The fact that they all showed infe-
rior adsorption than NaX confirms the important role-played by
the cation in the adsorption of NO,. Furthermore, it was calculated
that the ratio of adsorbed NO, to Na* ion was about 1:6 in zeolite
NaX while on zeolite NaY this value was about 1:8. The other fac-
tor contributing to NaX’s performance for the adsorption of NO, is
its strong hydrophilicity due to its higher aluminum [21]. As dis-
cussed before, the presence of water promotes the adsorption of
NO,.

The results shown in Figs. 2 and 3 reveal that incorporating
copper to form composites can enhance the zeolite’s inherent
adsorption for NO,. However, the optimum adsorption was estab-
lished by coating NaY with 5%CuO and no more (Fig. 2B). We
have found that aggregation of CuO occurred when the CuO load-
ing reached ca. 10% (w/w) by monitoring XRD spectra from the
prepared samples [26], indicating that the dispersion of copper
guest in NaY could no longer be maintained at this high loading.
The aggregated CuO caused worsening adsorption by obstructing
the channels of NaY and reducing the surface area and pore vol-
ume [26]. The surface area was reduced from 766 m2g-! (NaY)
to 501 mZ g~! (10%CuO/NaY), while the pore volume decreased by
about 13%.
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It is possible that the presence of aggregated CuO changed the
previous reactions to form the nitrate species [42]. For example, the
adsorbed NO, may be stored as

3NO, +[CuO] — NO + Cu(NO3), (6)

Finally it is possible to open up the N-O bond scission on CuO/NaY
and to release NO; in the desorption steps:

Cu(NO3); — 2NO; +[CuO] + (1/2)0, (7)
Cu(NO3), +NO — 3NO, +[CuO] (8)

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

The composition of NaY (Nagg[(AlO)49(Si0)140]-268H,0) has a
sodium content of ca. 8.29% (w/w). For ion exchange, one Cu%*
cation replaces two Na* cations in the zeolite:

2Nat(zeolite) + Cu®*t(aq) < Cu?*(zeolite) + 2Na*(aq) (9)

Consequently a fully exchanged CuY should have ca. 11.2% (w/w) of
copper. Due to the geometric limitation, the Na* ions located in the
Sy and Sy; positions of NaY (Scheme 1) can be more easily replaced
than those in the Sy; position. This led to a fraction of the Na* ions
in NaY being replaced by Cu?* during the first exchange and both
Cu?* and Na* cations co-existed in the sample.

Repeating the exchange procedure incorporated more Cu%* ions
into the zeolite framework. However, the Cu?* ions exchanged could
not enter the Sy; position [43] and those in the S;-sites were not
accessible to NO, molecules [21,44], hence the CuY-2 and CuY-3
displayed similar adsorption capacity as to CuY-1, and the ratio of
adsorbed NO, molecule to copper ions was about 1:2.

Upon adsorbing NO,, NO* and NO3 ~ are formed in disproportion
to NO,: 2NO; <+ NO* +NO3~. The NO* binds to an O~ site on the
zeolite framework, replacing a Na* ion, while the NO3~ binds to a
Na* ion [36]. Since some Na* ions in NaY could not interact with
these nitrogen oxides owing to the space limitation, the coverage
of cationic sites by the adsorption of NO, usually reached ca. 41%
[27]. Exchange of NaY with Cu2* ions therefore lowered the number
of cations but enhanced their accessibility, and this promoted the
adsorption of NO, 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
added CuO could obstruct the channels of NaY. The overall effect of
the impregnation on the adsorption was thus inferior to that of the
ion exchange. In summary, the different behaviors of the copper-
containing NaY prepared by the impregnation and the ion exchange
are the results of a complex balance between the electrostatic inter-
action and the geometric confinement.

5. Conclusion

The zeolites with large micropores were able to adsorb signifi-
cant amounts of NO, even when they were saturated with water,
which is valuable for environment protection. Among the zeolites
investigated, NaX exhibited a higher capability than NaY in the
adsorption of nitrogen oxides, because of its higher cation numbers
and stronger hydrophilicity.

Introducing controlled levels of copper into NaY zeolite through
either impregnation or ion exchange promoted the adsorption
towards NO; or NO, due to the strengthened electrostatic inter-
action toward the adsorbates. Pre-adsorbed organics displayed the
complex adsorption behavior, some accelerate while some cum-
ber the adsorption of NO by zeolite NaX, which depended on the
organic and the interaction with NO and the zeolite substrate. The

adsorption of NO, on Faujasite demonstrated potentials to use
these materials to remove nitrogen oxides in treating polluted gas
streams.
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