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ABSTRACT

Cu-L zeolites synthesized hydrothermally with various Cu contents were characterized by
X-ray diffractometer, SEM, and Fourier transform infrared, and their catalytic performance
was evaluated using Acid Scarlet as a model compound. The effects of various parameters
such as Cu content, temperature, initial pH, catalyst, and H,O, dosage, initial dye concen-
tration, and inorganic salts on the degradation of dye were studied. The results showed that
adjusting Cu content could result in high catalytic activity, and Cu species highly dispersed
in the channels of zeolite L played a crucial role in the catalytic activity. The diffusion limi-
tation and adsorption of lager Acid Scarlet molecule did not influence the degradation. For
the best catalyst, Acid Scarlet of 400 mg/L could be degraded effectively in 120 min at 50°C
under low catalyst and low H,O, dosage. The degradation could be carried out in a wide
pH range. Under near-neutral conditions the catalyst showed the highest catalytic activity.
The existence of NaCl or Na,SO, obviously decreased the initial rate of Acid Scarlet degra-
dation, but did not influence the eventual decolorization efficiencies significantly. The cata-
lyst appeared to have good stability and less Cu was leached out during the dye
degradation.

Keywords: Hydrothermal synthesis; Cu-L zeolite; Advanced oxidation process; Azo dye;

Peroxide degradation; Diffusion limitation

1. Introduction

Generally, conventional biological processes cannot
treat wastewater containing biorefractory or toxic
chemicals such as dyes, phenol and its derivatives,
pharmaceuticals and intermediates, and pesticides.
Although some physicochemical technologies such as
adsorption, coagulation, and membrane separation
have been demonstrated as effective, these methods
merely transfer pollutants from one medium to
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another requiring further treatment [1-3]. So-called
advanced oxidation processes (AOPs), which are
based upon the generation of hydroxyl radicals, offer
potentials of destructing organic pollutants ultimately
to water, carbon dioxide, and other harmless small
molecules without secondary pollution [4,5]. These
environmentally friendly methods are especially suit-
able for removing toxic organic chemicals. Among the
various AOPs, the classical Fenton’s reagent consisting
of a homogeneous solution of Fe**/H,0, may be the
most extensively studied system [6-9]. However, two
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major drawbacks limit its applications: the pH of oper-
ation should be strictly controlled around pH 3; and
large amounts of sludge require further treatment
[10,11]. To overcome these disadvantages, considerable
attentions have been turned to heterogeneous Fe-con-
taining catalysts [11,12]. However, Cu-containing het-
erogeneous catalysts have attracted increasing
attention in recent years because Cu species can also
undergo Fenton-like reaction and the reaction can usu-
ally be operated under a wider pH range [13-22].

The major way to prepare heterogeneous catalysts
is to disperse active species on porous supports with
huge specific surface areas. This strategy may result in
more active sites, and high catalytic activity is there-
fore expected. The same method was also applied in
the preparation of heterogeneous Fenton’s catalysts.
Apparently, support materials can significantly influ-
ence the catalytic performance [23]. Up to now, many
supports have been investigated, but the researches
mainly focus on carbon materials [13,24], clays
[25-28], and zeolites [25,27]. Zeolites are crystalline
aluminosilicates with uniform pore of molecular
dimensions and are widely used as catalysts and sup-
ports. The characters of zeolites, such as framework
type, channel structure, opening diameter, Si/Al ratio,
cation, and doping elements, determine their catalytic
performance. Although over the past decades hun-
dreds of zeolites were synthesized, only several such
as zsm-5 [29], Y [30], 13X [15], beta [31], and SAB-15
mesoporous zeolite [21] have been investigated in Fen-
ton’s processes. Natural zeolites have also been used
as supports in heterogeneous Fenton processes.
Recently, an iron-loaded natural zeolite was being
found to be effective to degradation and debromina-
tion of 2,4,6-tribromophennol via a Fenton-like process
in the presence of reducing agents such as ascorbic
acid or hydroxylamine [32]. Zero-valent iron loaded
on a natural zeolite (clinoptilolite) was demonstrated
as a potent low leaching Fenton catalyst for the degra-
dation of benzene [33]. In addition, zeolites are micro-
porous materials with the opening diameter generally
less than 1nm, hence smaller molecules can diffuse
into zeolite channels, but larger molecules like many
azo dyes cannot. Hence, an important question arises
whether the diffusion and the further adsorption of
pollutants influence their degradation. Unfortunately,
this question has received little attention.

Zeolite L is a middle-silica zeolite with one-dimen-
sion channel of 0.71 nm [34]. In this study, we hydro-
thermally synthesized a series of Cu-L zeolites with
various Cu contents and evaluated their catalytic per-
formance using an azo dye Acid Scarlet as a model
compound. The catalysts synthesized were also char-
acterized by X-ray diffractometer (XRD), SEM, and
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Fourier transform infrared (FTIR). The results showed
that adjusting Cu content could prepare Cu-L zeolites
not only with high activity but also with an effective
use of H,Os.

2. Materials and methods
2.1. Materials

Acid Scarlet (C.I. 16,150, commercial grade) was
purchased from Shanghai Huyu Biological Technology
Co. Ltd, China. The molecular structure is shown in
Fig. 1. Fumed silica (commercial grade) was pur-
chased from Suzhou Donghua Fangui Co. Ltd, China.
Other chemical reagents used were of analytical
grade.

2.2. Synthesis and characterization of Cu-L zeolites

Cu-L zeolites were synthesized hydrothermally in
100 mL Teflon-lined stainless steel autoclaves. The ini-
tial gel compositions (mole ratio) were 4.2K,0:
Al,05:14510,:189H,0:1nCu, where n was 0, 0.005, 0.02,
0.1, 0.2, 0.5, and 1.0, and the corresponding products
synthesized were named as SO, S1, S2, S3, 54, S5, and
S6, respectively. The initial gel was obtained by mix-
ing and stirring for 30min the fumed silica with
potassium aluminate solution prepared by dissolving
Al(OH); in KOH solution. Then Cu(NOj), solution
was added and the gel was continuously stirred for
another 30 min. The crystallization was carried out in
static condition at 150°C for 24 h. The solid product
was filtered, washed with deionized water to about
pH 8, and dried at 110°C for 4 h.

XRD data were collected on a Y-2000 automated
XRD system (Dandong Aolong Radiative Instrument
Co. Ltd, China) with Cu Ko radiation. FTIR spectra
were obtained on a WOQF-510 FTIR spectrometer

CH,
CHs
NQN
HO
N303S SO3N8

Fig. 1. Molecular structure of Acid Scarlet.
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(Beijing Rayleigh Analytical Instrument Corp., China)
using the KBr disc method. SEM images were
recorded on a JSM-7500F (Jeol, Japan). The Cu content
of the samples and the leaching Cu concentration
were measured by a TAS-986 atomic absorption spec-
trometer (Beijing Purkinje General Instrument Co. Ltd,
China).

2.3. Experiments of dye degradation

The catalytic degradation of dye solution was car-
ried out in a 250 mL conical flask fixed in a constant
temperature water bath shaker. In a typical run, 50 mg
as-synthesized samples were added into a 50 mL solu-
tion of 200mg/L Acid Scarlet. When the temperature
was stable at 50°C, 1mL 3% H,O, (a 10-time diluted
solution of 30% H,0O,) was added and the degradation
began. In this case, the dosage of catalyst was 1g/L,
and H,O, was 17.6 mM/L. At the given time intervals,
4mL solution was taken out and centrifuged to
remove the residual catalyst. The concentration of dye
was analyzed using an SP-756PC UV-vis spectropho-
tometer (Shanghai Spectrum Instrument Co. Ltd,
China). The decolorization efficiency was calculated
by the following equation:

Decolorization efficiency = [(A¢ — A¢)/Ao] x 100%
where A is the initial absorbance, A; is the absorbance
at time ¢.

3. Results and discussion
3.1. Characterization of Cu-L zeolites

Basically, there are three ways to load metal spe-
cies on zeolites: ion-exchange, precipitation, or direct
hydrothermal synthesis. For direct synthesis, the addi-
tion of metal salts to synthesis system may interfere
with the crystallization of desired zeolites. However,
our results showed that adding an appropriate
amount of Cu(NOj), to the synthesis gels did not
influence the production of zeolite L, and the Cu-L
zeolites with various Cu contents (51-S5) were synthe-
sized successfully. The XRD patterns closely agree
with the literatures (Fig. 2) [35]. These Cu-L zeolites
were of similar crystallinity to L zeolite (SO) synthe-
sized without adding Cu(NOs),, except one product
(S3) containing a little impurity identified as hydrogen
potassium silicate (PDF 43-0,29). The Cu contents of
the Cu-L zeolites increased with the increase of Cu
(NO3),. But adding an excessive amount of Cu(NOs),
to the synthesis gels obstructed the crystallization of
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Fig. 2. XRD patterns
products.

of hydrothermally synthesized

zeolite L. In this case, the product was amorphous
silica—alumina gel containing CuO nanoparticles
because this sample (56) only showed wide character-
istic peaks of CuO (Fig. 2).

Copper species in Cu-L was responsible for the
catalytic performance (see Section 3.2.1). In the as-
synthesized Cu-L zeolites, copper species may exist in
three types: Cu(ll) partially replacing AI(II) into
zeolite framework, Cu®* partially exchanging K, or
loading in zeolite channels as CuO. Comparing the
XRD patterns of zeolite Cu-L (samples S1-S5) and
zeolite L (sample SO) showed no observable difference
in the peak positions, implying Cu may mainly exist
as CuO in the channels (Fig. 2). However, for the
Cu-L samples with lower Cu content (S1 and S2) no
CuO peaks existed in the XRD patterns, suggesting
that CuO may disperse in the zeolite channels as the
mono molecular layer. With the increase of Cu content
(53), slight CuO peaks appeared, indicating that the
threshold value of mono molecular layer reached and
CuO crystal began forming. Further increasing Cu
content, weak but obvious peaks of CuO could be
observed (Fig. 2).

FTIR spectra were also recorded for the structural
characterization of the samples (Fig. 3). It is found that
the FTIR spectrum of sample SO matches very well
with those of zeolite L reported in literatures. Charac-
teristic peaks of zeolite L including T-O bending at
440 and 478/cm, D-6 ring at 609 and 580/cm, sym-
metric stretch at 727 and 779/cm, and asymmetric
stretch at about 1,100/cm [36,37], approve the success-
ful synthesis of zeolite L. Comparing the Cu-L sam-
ples (51-S5) with the L sample (S0), neither new peaks
nor peaks shifts were observed, indicating that Cu
species did not influence the framework structure of
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Fig. 3. FTIR
products.

spectra of hydrothermally synthesized

L zeolite. For sample S6, which was amorphous
silica—alumina gel containing CuO nanoparticles, no
zeolite peaks appeared, and the strong peak at about
1,050/cm and wide weak peak at 453/cm could
attribute to the Si-O adsorption of silica-alumina gel
and Cu-O adsorption of CuO, respectively [38].
Adding an appropriate amount of Cu(NO3), to the
initial gels did not influence the crystal size and mor-
phology of zeolite L significantly either. The products
were still cylindrical like the typical zeolite L by con-
ventional synthesis, seemingly with flatter end face
(Fig. 4). No other particles were observed attaching on
the Cu-L zeolite crystals. Sample S6, which appeared
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as aggregates of small particles, was of the typical
morphology of amorphous silica—alumina gel.

3.2. Effect of various parameters on the degradation of Acid
Scarlet

3.2.1. Effect of Cu contents and temperature

The degradation of Acid Scarlet at 30°C showed
that sample S3 exhibited much higher catalytic activity
than the other samples and the decolorization effi-
ciency at 120 min reached at 92% (Fig. 5(a)). As men-
tioned above, sample S3 may have a critical Cu
content and the most catalytic sites. The samples (S1
and S2) with lower Cu contents exhibited lower activ-
ity for the smaller catalytic sites. Nevertheless, the
samples (54 and S5) with higher Cu contents also
exhibited lower activity because the formation of CuO
crystal may partly cover the catalytic sites or block the
channels obstructing the contact of reactants with cata-
lytic sites. For the zeolite L (SO) without Cu, the decol-
orization efficiency at 120 min was only 15%, clearly
indicating that Cu acted as the catalytic active species
in the peroxide degradation. On the other hand,
L-zeolite structure may play an important role in the
dye degradation, because the sample S6, which con-
tained Cu but without L-zeolite structure, showed
some degree activity but rather lower than that of the
most Cu-L samples.

When raising the temperature to 50°C, the catalytic
activity for all samples is enhanced (Fig. 5(b)). Sample
S3 was still the most active catalyst and the decolor-
ization efficiencies after only 15min reached at 83%

Fig. 4. SEM images of hydrothermally synthesized products.
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Fig. 5. Effect of Cu content and temperature on the degra-
dation of Acid Scarlet (dye 200mg/L, cat. 1g/L, H,O,
17.6 mM, pH 6.5).

and after 120 min reached at 98%. This suggested that
the Cu-L zeolite was of excellent catalytic perfor-
mance, especially when considering the low dosage of
catalyst and H,O, and the relatively high concentra-
tion of dye. In the following sections we only show
the results of sample S3, the best catalyst.

3.2.2. Effect of catalyst dosage

The effect of catalyst dosage on the degradation is
shown in Fig. 6. The oxidizing ability of H,O, alone
was weak and the decolorization efficiency at 120 min
was less than 10%. When adding 1g/L Cu-L catalyst
to the dye solution, the decolorization efficiency
reached at 59% at 15 min and 98% at 120 min, indicat-
ing the catalyst was highly active and catalyzed H,O,
producing hydroxyl radicals, the extremely strong oxi-
dizers. However, further increasing the catalyst to 2
and 4g/L decreased the decolorization efficiencies
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Fig. 6. Effect of catalyst dosage on the degradation of Acid
Scarlet (temp. 50°C, dye 400 mg/L, H,O, 17.6 mM, pH 6.5).

slightly. This phenomenon has been reported [39,40]
and may be caused by several reasons. One possible
reason is that the excessive catalyst may promote the
decomposition of H,O, due to the high -catalytic
activity, which results in ineffective use of H,O,.

3.2.3. Effect of dye initial concentration

When the dye initial concentration increased from
200 to 600mg/L, the decolorization efficiency
decreased significantly from 83 to 33% at 15min, but
it decreased only from 98 to 95% at 120 min, indicating
the catalyst could be used to treat dye wastewater
with a high concentration (Fig. 7). However, the
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Fig. 7. Effect of dye initial concentration on the degrada-
tion of Acid Scarlet (temp. 50°C, cat. 1g/L, HO, 17.6 mM,
pH 6.5).
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remaining dye after degradation was 4.3mg/L for
200mg/L initial concentration, and it reached at 7.9
mg/L for 400 and 31.3 mg/L for 600 mg/L. Hence, for
higher dye concentrations, the degradation process
may require more H,O, dosage and longer reaction
time.

3.2.4. Effect of H,O, dosage

Without H,O, the decolorization efficiency was
only about 10% at 120 min, indicating that the adsorp-
tion amount of Acid Scarlet on the catalyst was insig-
nificant. In the presence of 88mM H,0O,, the
decolorization efficiency increased drastically to 88%
at only 15min and about 98% at 120 min. Increasing
H,O, from 8.8 to 17.6mM, 35.2, and 52.7mM,
although at 120 min all decolorization efficiencies were
about 98%, at 15 min they decreased from 88 to 82%,
49, and 49%, respectively, indicating that the addition
of excess H,O, decreased the initial reaction rate of
decolorization (Fig. 8). This phenomenon can be
explained by the scavenging effect of H,O,, which
decreases the number of hydroxyl radicals in the
solution [21,41].

The effective use of H,O, is economically impor-
tant because it is directly related to the running costs
of wastewater treatment. However, H,O,/pollutant
molar ratios reported in literatures were usually much
higher than the theoretical demand, meaning that a
large amount of H,O, was ineffectively used [42]. In
this study, the overall stoichiometry of H,O, com-
pletely degrading Acid Scarlet can be written as:

80 |- o
60 /
40

20 -

—a— 0mM
—e— 8.8 mM
—A— 17.6 mM
—v— 35.2mM
—<4— 527 mM

Decolorization efficiency (%)

/*/’
&
0 1 1 1 1 1 1
0 20 40 60 80 100 120
t (min)

Fig. 8. Effect of H,O, dosage on the degradation of Acid
Scarlet (temp. 50°C, dye 200 mg/L, cat. 1g/L, pH 6.5).
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C18H1406N>S,Na, + 49H,0,
= 18CO; + 54H,0 + 2NaNO; + 2H,50,

According to this equation, the degradation of 1M
Acid Scarlet needs 49 M H;0, theoretically. Thus, the
degradation of 50 mL solution of 200 mg/L Acid Scar-
let needs 1.2 mL H,O, of 3% (21.1 mM H,O,) used for
this study. The addition of 8.8 and 17.6 mM to a reac-
tion system was only about 42 and 83% of the theoret-
ical value, respectively, and both decolorization
efficiencies reached at about 98% at 120 min, indicat-
ing a very effective use of H,O, when using the as-
synthesized Cu-L as the catalyst.

The UV-visible absorption spectra were also
recorded during the dye degradation (Fig. 9). Before
degradation, the spectrum of Acid Scarlet consisted of
two main characteristic absorption bands. One was in
a visible region (488 nm), which was attributed to the
chromophore-containing azo linkage of the Acid
Scarlet molecule [43]. Another was in the UV region
(354 nm), which was associated with naphthalene ring
structure [43]. After 15 min of degradation, the 488 nm
peak decreased remarkably, indicating that the conju-
gate azo structure of Acid Scarlet was destroyed
quickly. Moreover, during the degradation, the 354 nm
peak disappeared gradually, indicating the naphtha-
lene ring was destroyed, though the H,O, dosage was
very low.

Although hydroxyl radicals have very strong oxi-
dizing power and offer potentials of destructing
organic pollutants ultimately to water, carbon dioxide,
and other harmless small molecules, in most cases,
organic compounds can only be mineralized partially

Il
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Fig. 9. The UV-visible absorption spectra during the deg-
radation of Acid Scarlet (temp. 50°C, dye 200 mg/L, cat. 1
g/L, H,O, 17.6 mM, pH 6.5).
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through Fenton or Fenton-like processes. The analysis
of intermediates using LC-MS or GC-MS can give
clues of degradation mechanics [44,45]. For the degra-
dation of azo dyes, the splitting of nitrogen-to-nitro-
gen double bonds is relatively easy and the
decolorization can be observed. The colorless interme-
diates such as benzene and naphthalene derivatives
are usually more stable, and may be more toxic than
the parent molecules [45]. In our study, the change of
UV-visible absorption spectra during the dye degra-
dation showed that the conjugate azo structure of
Acid Scarlet was split quickly; moreover, most of the
naphthalene rings of the intermediates formed from
Acid Scarlet were eventually destroyed.

3.2.5. Effect of initial pH

Generally, solution pH influenced significantly not
only the degradation of pollutants, but also the leach-
ing of metal species from catalysts. In this study, the
effect of pH was examined by adjusting the initial pH
of dye solution within the range 4.5-10.5. The results
indicated that the Cu-L zeolite could be used in a
wide initial pH range, and under near-neutral condi-
tions, the catalyst showed the highest catalytic activity
(Fig. 10). In addition, during the degradation, the sys-
tem pH tended to neuter, whatever the initial pH was
(Fig. 11). A near-neutral pH condition is preferable
because operation could easily apply to most waste-
water. Moreover, acidic conditions would significantly
enhance the leaching of metal species from catalysts.

The degradation of azo dyes generally involves the
opening of aromatic and naphthalene rings producing
organic acids such as formic, acetic, and oxalic acids.

80 |-

60 -

pH 4.5
pH 6.0
pH 7.5
pH 9.0
pH 10.5

40 -

Decolorization efficiency (%)

20 -

0 1 ] 1 1 ! 1
0 20 40 60 80 100 120

t (min)

Fig. 10. Effect of initial pH on the degradation of Acid Scarlet
(temp. 50°C, dye 400 mg/L, cat. 1 g/L, H,O, 17.6 mM).
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Fig. 11. Change of pH during the degradation of Acid
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Further degradation of these acids is usually difficult,
eventually resulting in acid solutions [46]. However,
literatures seldom traced the change of solution pH
during the dye degradation. Actually, the degradation
of azo dyes also produces some basic intermediate
compounds such as aromatic amine and ammonia,
which may form buffer solutions with acids [47]. This
may be an explanation why the system pH tended to
neuter during the degradation. This also means that in
our degradation the complete mineralization was not
reached.

3.2.6. Effect of NaCl and Na,SO,

Real dye wastewater usually contains inorganic
salts, which may interfere with the peroxide degrada-
tion of dyes. This is because hydroxyl radicals are
extremely active oxidants and may react with these
salts. The oxidant species formed are usually less reac-
tive comparing with the hydroxyl radicals. For exam-
ple, chloride ions react with hydroxyl radicals to form
chlorine radicals. In some cases, the rate of azo dyes
reacting with chlorine radicals was 100-1,000 times
slower than that with hydroxyl radicals. Even so, the
inhibition of inorganic ions depended extremely on
the conditions, especially the pH and concentration of
ions [48]. Under our experimental conditions, adding
NaCl or NaySO4 to 20g/L in the dye solution obvi-
ously decreased the initial rate of Acid Scarlet degra-
dation. However, it did not influence the degradation
of Acid Scarlet significantly, because the decoloriza-
tion efficiencies at 120 min still reached at 95 and 91%,
respectively (Fig. 12).
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3.3. Stability of catalyst

The long-term stability of a catalyst is extremely
important for its practical application. The leaching of
metal from catalysts into the acidic reaction medium
under Fenton’s system is one of the major causes of
catalyst deactivation in heterogeneous Fenton’'s sys-
tem. To evaluate the stability of the as-synthesized
Cu-L zeolite, the Cu concentration of filtrate was mea-
sured using an atomic absorption spectrometer after
the peroxide degradation of Acid Scarlet. The concen-
tration of leaching Cu measured was only 0.68 mg/L,
much lower than many Cu-containing catalysts
[15,18,19,21,49]. However, this value was not negligi-
ble because it was about 6.8% of Cu content of the cat-
alyst. Consequently, the stability of Cu-L zeolites
should still be improved.

3.4. Effect of diffusion and adsorption

Few studies concerned the effect of diffusion
and adsorption on the degradation when porous
catalysts were used in Fenton’s process. However,
Gonzalez-Olmos et al. [31] pointed out that the
adsorptive enrichment of smaller molecular in the zeo-
lite pore system had a positive effect on the degrada-
tion rate. It is worth noting that the channel diameter
of zeolite L is 0.71 nm, even less than the critical diam-
eter (0.74nm) of m-xylene [50]. Here the critical diam-
eter is defined as the diameter of the smallest cylinder
inside which the molecule will fit. Obviously, Acid
Scarlet molecule cannot diffuse into the narrow
channels of zeolite Cu-L. According to the mechanism

/// _
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/ —e— 20 g/L NaCl

a0 / —4— 20 g/L Na,SO,

Decolorization efficiency (%)

0 I I I I 1 1
0 20 40 60 80 100 120
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Fig. 12. Effect of NaCl and Na,SO, on the degradation of
Acid Scarlet (temp. 50°C, dye 400 mg/L, cat. 1g/L, H,O,
17.6 mM, pH 6.5).
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of heterogeneous Fenton's reaction, H,O, molecules
diffuse into the channels of zeolite Cu-L and react
with the active sites generating hydroxyl radicals, and
then the hydroxyl radicals must diffuse out to degrade
the dye. Before diffusing out of channels, partial
hydroxyl radicals may disappear by reacting with
each other to produce oxygen molecules, or by react-
ing with some ions such as Cl-, CO3”, and SO~
which commonly exist in real industrial wastewater
[48]. However, our results suggested that the diffusion
limitation did not have significantly negative effects
on the dye degradation. The microporous zeolite Cu-L
showed considerably high catalytic activity. Moreover,
we think that the smaller molecules adsorbed strongly
at the inner surface of catalysts can inhibit the
generation of hydroxyl radicals. In this occasion, a
lower catalytic activity may be observed.

4. Conclusions

By adding Cu salts in the initial gels, a series of
Cu-L zeolites with various Cu contents could be syn-
thesized hydrothermally. Adjusting Cu content could
result in a high activity catalyst for the degradation of
azo dyes, especially with effective use of H,O, and a
wide pH range. Cu species highly dispersed in the
channels of zeolite L played a crucial role for the cata-
lytic activity. The limitation of diffusion and adsorp-
tion of lager dye molecules did not influence the
degradation. The catalyst showed the highest catalytic
activity under near-neutral conditions. The existence
of inorganic salts such as NaCl and Na,SO, obviously
decreased the initial rate of Acid Scarlet degradation,
but did not influence the eventual decolorization effi-
ciencies significantly. The catalyst appeared to have
good stability and less Cu was leached out during the
dye degradation. However, the leaching of Cu was
ignorable and the improvement of stability of Cu-L
zeolite will still be a challenge.
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