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Improving MCM-41 as a Nitrosamines Trap through a One-Pot Synthesis
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Abstract: Copper oxide was incorpo-
rated into MCM-41 by a one-pot syn-
thesis under acidic conditions to pre-
pare a new mesoporous nitrosamines
trap for protection of the environment.

Jian Hua Zhu*!®!

dine (NPYR). The adsorption iso-
therms were consistent with the
Freundlich equation. The copper salt
was deposited onto MCM-41 during
the evaporation stage and was fixed on

the host in the calcination process that
followed. MCM-41 was able to capture
NPYR in air below 373 K but not at
453 K. Loading of copper oxide on
MCM-41 greatly improved its adsorp-

The resulting composites were charac-
terized by XRD, N, adsorption—-desorp-
tion, and H, temperature-programmed
reduction techniques, and their adsorp-
tion capabilities were assessed in the
gaseous adsorption of N-nitrosopyrroli-

mental
materials -

Introduction

The modification of mesoporous silica materials is crucial
for their potential applications as adsorbents and cata-
lysts,"?! especially in areas of environmental protection such
as the removal of carcinogenic pollutants. The fight against
cancer is one of the challenges scientists face in the life sci-
ences, and the removal of carcinogenic compounds from the
environment is an important step in this effort. One new de-
veloping area of study is the filtration of nitrosamines from
tobacco smoke. The pollution caused by cigarette smoking is
a global problem, because cigarette smoke and its conden-
sates contain many mutagenic, carcinogenic, and cocarcino-
genic substances, and tobacco smoking is associated with
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tion capability at elevated tempera-
tures. The influence of the incorpora-
tion of copper into MCM-41 samples
and the adsorption behavior of these
samples are discussed in detail.

environ-
< Mmesoporous

about 30 % of cancer deaths in the United States® and with
all cancers in males worldwide.! Among the various toxic
compounds, nitrosamines are strongly carcinogenic; in
smokers and passive smokers,”! they cause not only cancers
of the lung but also of the larynx, oral cavity and pharynx,
pancreas, kidney, and bladder. Furthermore, a positive asso-
ciation between cigarette smoke and risk of breast or liver
cancer was also reported.® With the characteristic func-
tional group N—NO in their structure, nitrosamines can
result in serious health risks even in trace amounts.”'"!

Nitrosamines are widespread in the environment, from in-
dustrial workplaces such as rubber factories to tobacco
smoke in the air, so the control of nitrosamine pollution is
of growing interest. However, it is difficult to remove these
carcinogens selectively in smoke despite the great effort
being made in the development of cigarette filters.'""""*! To-
bacco smoke is an aerosol composed of volatile agents in
the vapor phase and semi- and nonvolatile compounds in
the particulate matter, all of which totals more than four
thousand compounds." To decrease the level of nitros-
amines in such a complex chemical system would involve
the knowledge of how to discriminate and to trap the targets
among the thousands of components of cigarette smoke.
Therefore, any progress in this field is important for the
deeper understanding of selective adsorption.

Zeolite was first chosen to lower nitrosamine levels in cig-
arette smoke.>” The cations of zeolite exhibit an affinity
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with the N-NO group of nitrosamines, which has a negative
charge. The strong electrostatic interaction promotes the ad-
sorption of nitrosamines by zeolite. However, there are
many different nitrosamines in smoke, and their molecular
volumes and volatilities are all dissimilar.'® The narrow
channels of zeolite limits the adsorption of nitrosamines
with big molecular volumes. Consequently, mesoporous
silica was chosen as an alternative adsorbent. Both MCM-41
and SBA-15 can overcome the size constraint of zeolite
pores and allow the introduction of larger molecules
through the pores. As expected, SBA-15 exhibited a higher
activity in the catalytic degradation of tobacco-specific ni-
trosamines (TSNA) than zeolite, because its wide channels
can accommodate bulky carcinogens."” Volatile nitros-
amines, also found in cigarette smoke, cannot be efficiently
adsorbed by mesoporous silica because of their small molec-
ular sizes (< 0.9 nm) and high volatilities. Owing to their in-
herent siliceous compositions, MCM-41 and SBA-15 suffer
from a lack of metal cations that provide the electrostatic af-
finity towards nitrosamines. Rather, MCM-41 did not show
any capability in the adsorption of volatile nitrosamines at
453 K.”1 Many different methods were attempted to pre-
pare the mesoporous catalysts. These catalysts included
active components to overcome the weakness of electrostat-
ic affinity to nitrosamines. It was noticed that direct synthe-
sis was a time-saving method for the preparation of mesopo-
rous catalysts. Incorporation of ferric or rare-earth compo-
nents in SBA-15 in situ was adopted through a one-pot syn-
thesis.”!! The coating of SBA-15 and MCM-41 with copper
oxide by using this “incorporation in situ” method resulted
in the enhanced adsorption of volatile nitrosamines by the
composites.>2* Furthermore, insertion of copper salts into
the SBA-15 synthesized also improved the mesoporous silica
as a trap for volatile nitrosamines.”?! How the added
metal oxides became incorporated into the mesoporous
silica is still a question. At which stage of the synthesis the
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copper salt is incorporated into MCM-41 is also unknown.
Moreover, the average pore size of resulting samples is
often slightly increased,”™?! but the reason for this is not
well-understood. To answer these questions, a series of
copper-modified MCM-41 samples were prepared, and their
textural properties along with their adsorptive capabilities
were investigated. There are no micropores in the structure
of MCM-41, so the influence of copper oxide on the meso-
pore structure and its impact on the adsorption of nitros-
amines can be clearly examined.

There are many potential applications for the mesoporous
composites, for example, as adsorbents in aeration systems
needed to trap nitrosamines at ambient temperature.?’!
Thus, the adsorption of copper-modified MCM-41 compo-
sites was studied at 338 K; two related porous materials,
NaY zeolite and hydrotalcite, were also assessed for com-
parison with MCM-41. N-nitrosopyrrolidine (NPYR), a vol-
atile nitrosamine with a five-membered ring, was selected as
the target for adsorption. Lastly, the MCM-41 sample con-
taining copper was added to the filters of cigarettes to assess
its reduction of nitrosamines in cigarette smoke.

Results
Impact of Copper Oxides on the Pore Structure of MCM-41

To identify the impact of the copper guest on the structure
and function of MCM-41, the samples were prepared under
acidic conditions in different ways. The sample M5 was syn-
thesized in the normal way with 5 wt% CuO and then thor-
oughly washed; hence, almost no copper remained in the
sample. The sample bM5 was evaporated with the synthetic
mother liquor at 353 K and then thoroughly washed so that
only a few guests persist in the composite. After calcination,
bMS5 was named aMS5. The sample cM5 was also evaporated
with the mother liquor at 353 K, but calcination followed;
therefore, all the copper additives are loaded onto the
porous material. Table 1 lists the inductively coupled plasma

Table 1. Textural properties of MCM-41 coated with copper species by
the one-step synthesis. "

Property MCM- M5 cM1l cM3 cM5 aM5 cM10
41

Sger [m?g '] 1122 1048 1252 1237 1080 1243 774
Vo [em*g '] 0.583 0.519 0.833 0.897 0.701 0.798 0.486
D, [nm] 2.1 2.1 249 256 254 245 259
ay [nm] 3.58 357 405 4.08 4.03 387 4.12
Wall thickness 1.48 147 156 152 149 142 153
[nm]

CuO [wt %] - 0.0068 1.01 3.55 5.54 0.028 9.45

[a] See Experimental Section for designations of compounds.

(ICP) spectrometric analysis data of M5 and aM5. About
70 ppm of the copper species survived in the sample of M5,
whereas aM5 consisted of 280 ppm of copper. However, the
copper content of the cM5 sample calculated from H, tem-
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perature-programmed reduction (TPR) test results was
around 5 wt%, which is hundred times higher than the
other two. Comparison of the copper content of the three
composites clearly shows that the copper species begin to
adsorb and/or deposit onto MCM-41 in the evaporation
stage of the one-pot synthesis, but most are fixed and stabi-
lized on MCM-41 in the following calcination stage.

Figure 1 illustrates the low-angle XRD patterns of
copper-modified MCM-41. All the samples show an intense
diffraction (100) peak. However, additional (110) and (200)
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Figure 1. Low-angle XRD patterns of MCM-41 and the copper-modified
samples. A) cMn; B) bMn (+++++) and aMn (—). a=MCM-41, b=MS5,
c=iM1, d=iM3, e=iM5, f=iM10.

peaks are unclear owing to the acidic synthesis conditions
(Figure 1A). The silica species always appear as less-con-
densed, linear oligomers under acidic conditions,” and the
synthesis temperature of our experiment (303 K) is much
lower than that of the samples synthesized in alkaline solu-
tion. Therefore, the MCM-41 synthesized under acidic con-
ditions often exhibits indistinct (110) and (200) XRD
peaks.’”*" Incorporation of a certain amount of Cu doping
in MCM-41 can stabilize the mesoporous structure, but over-
loading leads to the collapse of the mesopores. The cM1 and
cM3 samples show stronger (100) peaks than the parent
MCM-41, but the (100) peak intensity of the cM10 compo-
site is slightly lowered. This means that there is a distortion
of the long-range ordering of the mesoporous structure and/
or the hexagonal array.""* Furthermore, the loading of
copper in MCM-41 caused the 26 value of the (100) diffrac-
tion peak to decrease from 2.85 to around 2.50° (Table 1),
whereas the corresponding cell parameter a, increased from
3.58 to 4.05-4.12 nm. This indicates that the composites
have enlarged unit-cell dimensions.

Figure 1 A shows the XRD patterns of M5 and cM5 sam-
ples, and Table 1 depicts their textural properties. The exis-
tence of about 70 ppm copper species in M5 has little influ-
ence on the resulting structure: the 26 value of its (100)
peak (2.86°) and q, (3.57 nm) are almost the same as those
of MCM-41. The corresponding values of the bM5 sample
are 2.50° and 4.08 nm. After calcination, they increased to
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2.62° and 3.89 nm (Figure 1B), owing to structure shrinkage
during calcination.® As seen in Figure 1B, this shift in the
(100) peak was also observed in the XRD patterns of other
aMn and bMn samples. When the data for pore volume
(Viowr), pore diameter (D,), and wall thickness shown in
Table 1 are compared, it is likely that the structure of M5 is
similar to that of MCM-41, and the structure of aM5 is close
to that of cM5. Undoubtedly, the difference in copper con-
tent causes the different pore structures in the samples of
MS5 and aMS5. Velu et al. reported the impact of copper spe-
cies on the structure of MCM-41 samples, and they found
that the ordering of MCM-41 deteriorated when the copper
content was increased to 4.2 wt %.0% Similarly, our results
imply that the detectable structural differences in copper-
containing MCM-41 are caused at a much lower copper con-
tent in the one-pot synthesis.

Figure 2 A shows the nitrogen-adsorption isotherms of the
MCM-41 samples, and Table 1 lists the parameters derived
from them. All the isotherms are type IV, which is character-
istic of mesoporous solids. The data show a well-defined
step between the P/P, range of 0.15-0.3 in the isotherms,
owing to the capillary condensation of N, molecules in the
uniform mesopores of MCM-41. Copper modification en-
larges the surface area and pore volume of the cM1 and
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Figure 2. A) N, adsorption—desorption isotherms (O =adsorption, @ =
desorption) and B) pore-size distribution of ¢cM10 (a, ), M5 (b, V),
MCM-41 (¢, A), M5 (d, ©), aM5 (e, O), cM1 (f, 3r), and cM3 (g, O).
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cM3 samples. For cMS5, its pore volume is larger than that of
MCM-41, but its surface area is similar. A 10 wt% loading
of copper oxide on MCM-41 caused the specific surface area
and pore volume to decrease significantly (Table 1). MCM-
41 has a pore size of 2.1 nm due to the acidic synthesis con-
ditions; this value coincides with those in the litera-
ture.”**%1 On the other hand, all the cMn samples have
larger average pore sizes of 2.5-2.6 nm (Figure 2B). The
most-significant change was displayed by cM10, whose pore
size increased from 2.1 to 2.59 nm. Clearly, the hydrother-
mal treatment in the mother liquor resulted in pore expan-
sion.®” Similar phenomena were observed in SBA-15 modi-
fied with copper oxide or magnesia with the one-pot synthe-
sis®3% and were attributed to the salt effect. The addition
of salts in the synthesis system leads to the formation of hel-
ical crown ether like metal-PEO (poly(ethylene oxide))
complexes, which are not strong enough to incorporate M"*
cations into the SBA-15 mesostructure. However, M"* cat-
ions still exert some impact on templating and silicate hy-
drolysis.”*! The specific surface area, pore volume, and
pore size of aM5 are larger than those of MCM-41, which is
consistent with the results of low-angle XRD. In contrast,
MS exhibited the same textural parameters as those of
MCM-41 below experimental error. It appears that the
copper salt in the channel of MCM-41 alters the pore struc-
ture, and the evaporation stage in the one-pot synthesis ena-
bles the copper species to be deposited on the surface of the
composite and hence enlarge the pore size. In the initial
stage of the hydrothermal synthesis, the copper species may
interact preferably with water molecules and not with the
silica species. As water evaporates from the mother liquor,
copper-water complexes become copper—surfactant com-
pounds. Thus, the copper species have a strong interaction
with the silica walls. As the interaction of the guest with the
MCM-41 surface is expected to consume silanol groups,
careful analysis of the IR transmission spectra of MCM-41
and the copper-modified samples was carried out. The
stretching modes of the surface silanol groups (=Si—OH)
give rise to the band at 960 cm ' for most ordered mesopo-
rous materials, thus indicating the presence of perturbed or
defect groups. This band appeared near 960 cm™' in MCM-
41 but with lower intensity in cMS (Figure 3), which means
that some surface silanol groups are consumed in the one-
pot synthetic process. The copper species coated in MCM-41
probably prevent pore shrinkage in the following calcination
stage.*

High-angle XRD and H, TPR were used to check the dis-
tribution and state of the copper species in MCM-41. Crys-
talline CuO was found in all the cMn samples, but the crys-
talline Cu,O phase only emerged when the coating amount
exceeded 3 wt% (Figure 4 A). A similar situation was previ-
ously reported: in the CuO/SBA-15 samples that were pre-
pared in the one-pot synthesis, crystalline CuO appeared in
the sample with 3% CuO/SBA-15" The distribution of
copper guest in the host seems complex: as the host surface
has varying degrees of curvature, the copper species is not
deposited uniformly throughout, such as on planar sub-
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Figure 3. FTIR spectra of MCM-41 and CMS5.
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Figure 4. A) High-angle XRD patterns and B) H, TPR spectra of copper-
modified MCM-41 samples. a=MCM-41, b=MS5, c=cM1, d=cM3, e=
cMS, £=cM10.

strates or core-shell particles.”” The unevenness of deposi-
tion, however, depends on the morphology of the hosts. The
hosts form a heterorganic distribution in which the guest is
aggregated to form XRD-visible particles, but some guests
cannot even form a monolayer.”!! These phenomena conflict
with the high dispersion of copper oxide on SBA-15 or
MCM-41 with the solvent-free method,”?! which is proba-
bly related to the existence of the template and the evapora-
tion stage in the one-pot synthesis. However, the reason for
this is still undetermined. Figure 4B displays the TPR pro-
files of copper-modified MCM-41 according to normalized
H, consumption. No reduction was found in the samples of
MCM-41, M5, and aM5 from 303 to 873 K. A strong peak
centered at around 467 K with a smaller peak at 503 K
emerged for the cMn samples. The peak intensities in-
creased as the amount of copper was raised. Another small
peak appeared at around 750 K, but its intensity did not
change between samples. For cM5, another peak appeared
near 720 K, and its height increased for cM10. According to
the literature,“**! the peak at around 470K in the cMn
samples corresponds to reduction of the copper—oxygen
phase,®! and the peaks at around 720 and 750 K result from
reduction of the crystalline Cu,O and/or copper silicate.*!!
Hydrogen consumption at 503 K is associated with reduction
of finely dispersed copper oxide to copper metal inside the
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channel of mesoporous silica,”*” and the constant T, re-
flects the invariability in CuO particle size. The amount of
H, consumed in the TPR process, as calculated from the
sum of the reduction peaks, is close to the amount of copper
added in the synthetic solution of the sample of cM5
(Table 1).

Promotion of Adsorption of Volatile Nitrosamines in
MCM-41 by Copper Oxide

Figure 5 A shows the adsorption of NPYR by MCM-41 at
338 K. NPYR is a volatile nitrosamine with a molecular di-
ameter of 0.42x0.54 nm, so it easily enters and diffuses
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Figure 5. Impact of A)rate of carrier gas (338 K; A =10, O=20, OJ=
30mLmin') and B)temperature on the adsorption of NPYR on
MCM-41.

inside the channel of MCM-41. In the instantaneous adsorp-
tion, the rate of flow of carrier gas changed from 10 to
30 mLmin~', and 100 % of NPYR was captured by MCM-41
at 338 K (Figure 5A). The volume of MCM-41 adsorbent
was about 0.038 mL, so when the rate of flow of carrier gas
reached 10 mLmin™!, the contact time of NPYR with the
whole adsorption bed was 0.23 s. When the rate of flow of
carrier gas increased to 30 mLmin~!, the contact time de-
creased to 0.08s. This means that the variation in adsorb-
ent-adsorbate contact time from 0.23 to 0.08s does not
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affect the mass-transfer characteristics of the adsorbate in
the adsorbent. Furthermore, MCM-41 exhibited a high abili-
ty to trap nitrosamines in gas flow in the temperature range
338-373 K owing to its large pore volume, whereas the zeo-
lite NaY showed an inferior capability at 338 K (Figure 5B).
As the accumulated amount of NPYR reached 1.5 mmolg !,
NaY was able to adsorb about 90% of the NPYR. When
the accumulated amount reached 2.0 mmolg ', this propor-
tion decreased to 83%. This is the first observation that
mesoporous silica is superior to zeolite in the adsorption of
volatile nitrosamines at ambient temperatures.

However, the adsorptive capability of MCM-41 dramati-
cally declined as the temperature rose over 373 K (Fig-
ure 5B), until finally it could not adsorb anymore NPYR
when the temperature reached 453 K. Owing to a lack of
strong adsorption sites, the nitrosamines could not be held
by the mesoporous adsorbent.”®! In contrast, NaY still ad-
sorbed 73 % of the NPYR in the gas flow at 453 K. MCM-
41 is not the only mesoporous silica to lose the ability to
trap NPYR at elevated temperatures. As illustrated in Fig-
ure 6 A, SBA-15 adsorbed 97% of NPYR at 373 K, but its
adsorptive capability also declined as the temperature rose.
Owing to the existence of micropores in its structure*”
SBA-15 still captured 5% of NPYR in the gas stream at
453 K.

Figure 6 A shows the influence of incorporating copper in
MCM-41 on the adsorption of NPYR at elevated tempera-
tures. The M5 sample consists of 68 ppm copper, but its ad-
sorptive ability fell significantly as the temperature in-
creased, just as with the parent MCM-41. Finally, M5 failed
to trap NPYR in the stream at 453 K. Different situations
were observed for the cMS5 sample. Incorporation of copper
oxides increased the pore size of the sample from less than
2.0 to 2.5 nm (Table 1), which should be disadvantageous for
providing the necessary geometric confinement for tiny ad-
sorbates such as volatile nitrosamines. As with MCM-41 and
MS, the cMS5 sample adsorbed all the NPYR in the stream
at 338 K. As the temperature rose from 393 to 433 K, cM5
exhibited a significantly larger capacity than MCM-41 or
MS5 in the adsorption of NPYR under the same conditions.
When the temperature increased to 453 K, both MCM-41
and M5 were inactive in the adsorption of NPYR, but cM5
could trap about 25 % of the nitrosamines in the gas stream.

For an overall analysis of the adsorption isotherms, we
correlated the experimental equilibrium data with the
Freundlich equation in its linear form, that is, Ing=InKr+
1/n-InC, in which ¢q is the amount of nitrosamines adsorbed
per gram of adsorbent, C is the total amount of nitrosamines
passed through each gram of zeolites, Ky is the known
Freundlich constant related to adsorbent capacity, and 1/n is
the factor related to adsorption strength as well as favorabil-
ity.’”-*] Table 2 lists the isotherm parameters calculated with
the method of least squares, which reveals the influence of
temperature and the incorporation of copper in MCM-41 on
the adsorption of volatile nitrosamines in the gas stream.

Figure 6 B shows the adsorption of NPYR by copper-con-
taining MCM-41 samples at 453 K. On the basis of the last
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Figure 6. A) Adsorption of NPYR by MCM-41 and copper-modified sam-
ples at different temperatures: [J=MCM-41, @ =M5, A=cM5, o=
SBA-15. B) Variation in amount of adsorbed NPYR versus total amount
for the copper-modified samples at 453 K: ¥/ =cM10, A=cMS5, O=
cM3, ¥ =cM1, A =aM5, ¢ =M5.

data point on the isotherms, it is clear that incorporation of
copper oxide in MCM-41 enhances the adsorption capability
at 453 K, and the more copper that is loaded, the more
NPYR is adsorbed. As the accumulated amount of NPYR
passing through the adsorbent reached 1.2 mmolg ', M5
became incapable of adsorption, whereas aMS5 captured
0.16 mmolg~!, which was slightly less than for cMl1
(0.19 mmolg™"). Under the same conditions, cM3 and cM5
adsorbed 0.27 and 0.32mmolg™!, respectively, whereas
about 0.43 mmolg~' of NPYR was trapped by the sample of
c¢M10. Similar relationships between the loading amount of
copper in MCM-41 and the adsorbed amount of NPYR
were also observed in gaseous adsorption with a different
quantity of NPYR (Figure 7A), a finding supported by the
variation of K shown in Table 2. As the loading amount of
copper oxide in MCM-41 increased from 1 to 10 wt %, the
corresponding value of Ky gently rose. Closer inspection re-
vealed that aM5 is highly efficient in the adsorption of
NPYR, especially during the initial period when the accu-
mulated amount of NPYR is small. For example, aM5 ex-
hibited the same adsorption capability as cM1 when the
amount of NPYR passing through the adsorbent reached
0.2 mmol g™, although cM1 contains 30 times more copper
than aM5. However, as the accumulated quantity of NPYR
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Table 2. Freundlich constants of the adsorption isotherms of NPYR in
mesoporous silica.l?!

Adsorbent T [K] Ky n R
MCM-41 338 1 1 1
393 0.4879 1.120 0.9993
413 0.2260 1.235 0.9936
433 0.0480 1.327 0.9516
M5 373 1 1 1
cM5 393 0.5517 1.069 1
SBA-15 413 0.2096 1.243 0.9997
aM5 433 0.0539 2.696 0.8366
cM1 373 1 1 1
cM3 393 0.9028 1.106 0.9975
cM10 413 0.5375 1.256 0.9992
433 0.4347 1.412 0.9996
453 0.2793 1.345 0.9966
373 0.9824 1.017 0.9999
393 0.5679 1.248 0.9999
413 0.4139 1.145 0.9991
433 0.2323 1.235 0.9990
453 0.056 1.462 0.9922
453 0.1390 1.266 0.9930
453 0.1609 1.194 0.9982
453 0.2372 1.472 0.9974
453 0.3826 1.488 0.9996
NaY 338 0.9982 1.002 1
1% CuO/NaY™ 453 0.9232 1.084 0.9975
3% CuO/NayY™ 338 0.9465 1.060 0.9993
Hydrotalcite (HT) 453 0.9648 1.035 0.9995
10% CuO/HT™®! 338 0.9892 1.014 0.9996
453 0.9765 1.030 0.9988
338 0.1744 2.071 0.9953
453 0.0746 1.993 0.9599
338 0.5444 1.354 0.9971
453 0.4895 1.260 0.9979

[a] Conditions: 338-453 K, NPYR in dichloromethane, flow rate of carri-
er gas 30 mLmin . [b] See Experimental Section for the designations of
compounds.

increased, the advantage of aM5 gradually faded away. To
capture a large quantity of NPYR in the gas stream, it is
necessary for MCM-41 to have a high copper content (Figur-
es6B and 7A). With 10 wt% copper loaded, cM10 ad-
sorbed about 33 % of the NPYR in the stream at 453 K. The
N—-NO groups of volatile nitrosamines are strongly attracted
to the copper cations in the adsorbent;? therefore, the ad-
sorption of NPYR on cMn is stronger than MCM-41 at
453 K, and, consequently, the following experiments were
performed on samples of cMn.

Figure 7B shows the adsorption of NPYR on arenaceous
quartz and amorphous silica before and after loading of
copper oxide. Only a little NPYR was trapped by arena-
ceous quartz at 338 K, and loading of copper oxide did not
enhance the adsorption of volatile nitrosamines. In fact, the
adsorption decreased slightly in the resulting composite. A
similar situation was observed in amorphous silica. As
shown in Figure 7B, amorphous silica exhibits a considera-
ble ability to adsorb NPYR at 338 K. When the accumulated
amount of NPYR reached 1.0 mmolg~', about 89% of the
adsorbate was captured. However, loading of copper oxide
(10 wt %) on the silica lowered this value to 78 %. Notably,
copper oxide itself hardly adsorbed NPYR, and only 4 % of
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Figure 7. Effect of loading of copper oxide in A) MCM-41 at 453 K (A =
1.2, 0=0.7, (01=0.2 mmolg ' accumulated NPYR in the gas stream) and
B) quartz and amorphous silica at 338 K (0 =Si0,, (1=10% CuO/SiO,,
¥ =10% CuO/SiO,, 453 K, x10, A =Si0,, 453 K, x10, O=10% CuO/
quartz, \/ =quartz) on the adsorption of NPYR.

nitrosamines were adsorbed when about 1.0 mmolg' of
NPYR was passed through the oxide (not shown). This ad-
sorption amount is much less than that of silica; there was
thus no improvement but, rather, a decrease in adsorption
of NPYR in the sample containing 10 wt % copper oxide at
338 K. When the temperature was increased to 453 K, the
adsorption ability of silica declined significantly, and only
1% of NPYR was trapped when 1.0 mmolg™' of adsorbate
was passed through the adsorbent. In contrast, the 10%
CuO/SiO, sample showed a slightly higher adsorption capa-
bility, and about 2% of the NPYR in the gas stream was
captured (Figure 7B).

Figure 8 shows the adsorption of NPYR on zeolite NaY
and hydrotalcite (HT) before and after copper modification
at different temperatures. As mentioned above, NaY has an
adsorption capacity inferior to that of MCM-41 at 338 K
(Figure 5B), probably due to the smaller surface area
(766 m*g™') and pore volume (0.31cm’g™'). Loading of
1wt% CuO on NaY failed to enhance but slightly lowered
its adsorption ability, and incorporation of 3 wt% CuO in
the zeolite did not elevate the adsorption capacity of NaY
either. On the contrary, hydrotalcite exhibited a weak ability
to capture NPYR at 338 K because of its small surface area
(245 m*g™"), and CuO loading dramatically improved the
adsorption. As the temperature was increased to 453 K, less
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Figure 8. Influence of copper modification on the adsorption of NPYR
on zeolite NaY and hydrotalcite at A)338 K and B) 453 K. [J=Nay,
A=1% CuO/NaY, *=3% CuO/NaY, V=10% CuO/HT, O =HT.

NPYR was trapped by Nay, although modification with
copper promoted the adsorption. Both copper-modified
samples showed a larger Ky value than the parent zeolite,
thus mirroring the improved adsorption capability (Table 2).
When about 1.2 mmolg™' of NPYR was passed through the
adsorbent, NaY trapped 90%, whereas 1% CuO/NaY and
3% CuO/NaY adsorbed 95% and 98 %, respectively (Fig-
ure 8 B). Increasing the temperature from 338 to 453 K also
lowered the adsorption capacity of hydrotalcite and the
copper-modified derivative. As the accumulated amount of
NPYR reached 1.2 mmolg, the adsorption capacity of HT
decreased from 0.19 to 0.07 mmolg™', and that for 10%
CuO/HT declined from 0.65 to 0.54 mmolg™'. Consequently,
the effect of copper on promoting the adsorption of NPYR
in hydrotalcite became clearer at 453 K (Table 2).

Figure 9 shows the use of copper-containing MCM-41 in
decreasing the nitrosamine levels of cigarette smoke. There
is a considerable amount of nitrosamines in mainstream
smoke (1.72 nmol per cigarette), and adsorption by mesopo-
rous additives in filters clearly lowers the nitrosamine con-
tent. As a noncation adsorbent, MCM-41 trapped 12% of
the carcinogenic agents in mainstream smoke at ambient
temperatures. Compared with the results of MCM-41 in the
adsorption of NPYR at 338 K (Figure 5A), the proportion
of nitrosamines removed in smoke is evidently lower due to
the complex composition of tobacco smoke, with hundreds
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Figure 9. Removal of nitrosamines from mainstream cigarette smoke by
addition of copper-modified samples in the cigarette filters.

of compounds competitively occupying the adsorption sites
in MCM-41, thus hindering the adsorption of nitrosamines.
Incorporation of small amounts of copper oxide in MCM-41
slightly enhanced the adsorption capability of the resulting
composites, and about 15% of the nitrosamines were elimi-
nated by the cM1 and cM3 samples (Figure 8). Increasing
the amount of CuO guest to 5wt% enabled MCM-41 to
adsorb 27% of the nitrosamines in smoke, whereas cM10
can remove 33% of the harmful constituents. On the other
hand, NaY zeolite showed good adsorption ability by trap-
ping 27 % of the nitrosamines in smoke, a similar result to
that for cMS5 but inferior to cM10.

Discussion

A comparison of M5, aM5, and ¢cMS5 samples can provide
clues as to how the copper is incorporated into MCM-41 in
the one-pot synthesis and how the guest affects the proper-
ty—function relation of the host. The same amount of copper
salt was added to the mother liquor to synthesize the above
samples, but the resulting composites have significantly dif-
ferent amounts of copper depending on the treatment they
received. The synthetic procedure of the M5 sample was the
same as that of the parent MCM-41, in which the precipitate
underwent filtering and washing. Thus, only a trace amount
of copper remained in the sample. It is possible that almost
all the copper is wrapped in the framework of MCM-41 in-
stead of being located on the surface of the channel;*
water would otherwise remove these copper species during
washing. In our previous work,® a similar experiment was
performed on a sample of 20 % MgO/SBA-15 that was fully
washed, dried, and calcinated, and the X-ray photoelectron
spectroscopy (XPS) data clearly showed that this sample
was free of magnesium. One confirmation of the postulate
for copper comes from the characterization of the M5
sample, in which its textural property is similar to that of
the parent MCM-41 (Table 1); this coincides with the report
by Hartmann et al.*! In other words, the remaining copper
species do not prevent the shrinkage of the pores of MCM-

Chem. Asian J. 2007, 2, 996 — 1006

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

CHEMISTRY

AN ASIAN JOURNAL

41. This is different from the report on silica modified with
5wt % copper oxide.”” One may argue that the tiny amount
of copper in M5 causes this difference. However, this argu-
ment is not justified by the sensitive assessment of the
impact of copper measured by the adsorption of NPYR.
The existence of copper in the M5 sample did not improve
the adsorption of the volatile nitrosamines, thus indicating
the isolation of these copper species inside the pore wall.
Otherwise, the promotion of the adsorption of NPYR
should be detectable because of the improved adsorption ca-
pacity of aMS5 with a copper content only two times larger
than that of the M5 sample. When the structural properties
and adsorption behavior of M5, which are almost the same
as MCM-41, are combined, it is very likely that most of the
copper species are wrapped in the pore wall, and they do
not show any obvious influence on the adsorption of volatile
nitrosamines, especially at temperatures higher than 393 K
(Table 2 and Figure 6 A).

The textural property and adsorption capability of NPYR
of aMS5 is different from M5 but similar to cM1 (Table 1 and
Figure 5B), although aM5 has a copper content (280 ppm)
fairly close to that of M5 (68 ppm) but very different from
that of cM1 (1.01 wt%). This distinct difference between
MS5 and aMS5 cannot simply be attributed to the content of
copper, but originates from the hydrothermal treatment in
the synthesis. The sample aM5 was evaporated with the
mother liquor before the washing stage, in which the metal
species are able to interact with the silanol groups during
the evaporation of water.” Apart from the copper anch-
ored in the composite, the acidic route and the salt effect
enables the versatile morphology to form;®) thus, relatively
small holes, kinks, and vacancies appear on the surface of
the host, which result in the heterogeneous distribution of
copper modifiers. In the following washing stage, only those
copper species located and/or anchored on these defects can
resist the purge of water and remain in the sample because
the negative curvature of these defects slows the flush of
water. A similar principle can be used to explain the high ef-
ficiency of aM5 in the adsorption of NPYR. When the
NPYR molecules move to these defects, the specific curva-
ture of the defect slows the flow of the carrier gas passing
through, so the volatile nitrosamine molecules in the gas
stream can be attracted and captured by the copper species
located in the defect. The defects and/or intrawall micro-
pores play a major role in controlling diffusion at low adsor-
bate concentration.***! As a result, aM5 exhibits an adsorp-
tion ability comparable to that of cM1 in the initial adsorp-
tion (Figure 7A). Another piece of evidence that confirms
the impact of geometric microenvironment on the function
of copper modifiers is seen in Figure 7B, in which the same
amount of CuO in quartz or amorphous silica to that in
c¢M10 did not promote the adsorption of NPYR to a similar
extent. Aggregation of copper oxide in silica may partly ac-
count for this difference.*”! The morphology or curvature of
the channel affects the adsorption behavior of mesoporous
silica as reported in the literature,*>*>!l whereas a suitable
geometric microenvironment is crucial for copper modifiers
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to exert their influence. Furthermore, copper species can
form a synergistic relationship with an adjacent silanol
group in the adsorption of nitrosamines, as we previously re-
ported,® and the curvature of the surface affects the bond-
ing of the surface silanol groups.* The contribution of the
silanol groups can be seen in the following discussion: As
shown in Figure 6B, aM5 adsorbed about 0.17 mmolg ' of
NPYR at 453 K when its total amount reached 1.5 mmolg .
However, with the assumption that all the copper species
are highly dispersed and thus in full contact with the NPYR
molecules, the concentration of copper species assumed to
be in the form of CuO is only 3.5 umolg™" in aMS5. It is im-
possible for these copper sites to capture 10 times more
NPYR adsorbates due to the limitation of space. Conse-
quently, there must be a contribution from the surface sila-
nol groups towards the adsorption. At first glance, this infer-
ence seems to conflict with the fact that neither MCM-41
nor M5 is active for adsorption at 453 K because they also
have plenty of surface silanol groups. In our opinion, this
variation results from the influence of two factors. The first
is the existence of copper in aM5, which results in synergy
with the silanol group, and the second is the structural de-
fects inside the channel during evaporation as mentioned
above. In general, the salt effect in hydrothermal treatment
is attributed to the branching of micelles that causes the
transition from hexagonal mesophase to disordered net-
work.®"! The average pore size of aM5 is larger than that of
the parent MCM-41 (Table 1), thus showing the existence of
interaggregate pores.”” Although these defects cannot be
accurately distinguished by the standard Barret-Joyner-Ha-
lenda (BJH) method, their existence can be revealed
through the adsorption of probe molecules such as volatile
nitrosamines. Although cM1 has a copper content 30 times
larger than aMS5, the latter exhibits an adsorption capability
towards NPYR at 453 K that is superior to M5 or MCM-41
but similar to cM1 when the amount of NPYR is under
0.3 mmolg™'. The high efficiency of the aM5 composite in
the adsorption of volatile nitrosamines provides information
for the preparation of mesoporous-silica adsorbents with a
higher efficiency for environmental protection: apart from
the favorable pore structure, the new candidate should pos-
sess a suitable curvature or defects in the channels to ac-
commodate the incorporated active components.

Unlike M5 and aM5, cM5 was not washed but was evapo-
rated in the synthesis stage. Therefore, all the copper guests
were deposited on its surface, a situation similar to that re-
ported in which the copper species was grafted or anchored
onto MCM-41.53 Through a comparison with aM$, the
impact of copper oxide deposition on the textural property
of MCM-41 can be tentatively seen. Loading of more than
5.52wt% CuO caused cM5 to lose 12% of its pore volume
and 13% of its surface area, thus expanding the average
pore size while thickening the pore wall (Table 1). At the
same time, the corresponding surface concentration of
copper rose to 0.693 mmolg ', 190 times more than that of
aM5. However, these copper species do not bring significant
benefits for cM5 in capturing NPYR (Figure 6B). In cases
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in which the amount of NPYR reached 0.2 mmolg™!, cM5
trapped  0.079 mmolg™', whereas aM5 adsorbed
0.040 mmolg~'. When the concentration of NPYR exceeded
1.2 mmolg™!, the adsorption capacity of cM5 was still about
double that of aM5. These results reflect the importance of
the dispersion of copper in MCM-41 with regard to the ad-
sorption of volatile nitrosamines. For the removal of trace
nitrosamines in the gas stream of the aerator, it is possible
to use MCM-41 modified with a spot of copper provided the
promoter is highly dispersed. Apart from the larger loading
of copper, the dispersion of copper species on cMS5 is differ-
ent from that of M5 or aMS5. Both crystalline Cu,0O and
CuO were detected in the XRD patterns of cM5 (Fig-
ure 4 A); this indicates aggregation of the guest, which leads
to a decreased efficiency of the copper modifier in improv-
ing the adsorption of NPYR. The aggregation of copper spe-
cies in MCM-41 also makes the exploration of host-guest in-
teractions difficult; for example, the consumption of surface
silanol groups is not proportional with the absolute amount
of copper species loaded on MCM-41 because the majority
of guests is not well-dispersed and hence does not interact
with the silanol groups.’ On the basis of the results of
XRD and FTIR, it is clear that part of the incorporated
copper species is located inside the channels of MCM-41
and interacts with the surface silanol groups to change the
unit-cell parameters and average pore size of the mesopo-
rous silica, whereas the rest aggregates mainly on the exter-
nal surface of the host to form the crystalline copper oxides
detected by XRD.

A different situation is observed in the adsorption of
mainstream cigarette smoke, for which numerous compo-
nents other than nitrosamines competitively occupy the ad-
sorption sites and the amount of nitrosamines reduced by
copper-containing MCM-41 is proportional to its copper
content. To remove nitrosamines from such a complex
system, incorporation of copper into mesoporous siliceous
materials such as MCM-41 through a one-pot synthesis to
construct enough adsorption sites seems feasible and effi-
cient.

Conclusions

Copper can be incorporated in situ in the mesoporous silica
MCM-41 through a one-pot synthesis. Copper species begin
to deposit onto MCM-41 at the evaporation stage and are
fixed on the porous host at the following calcination stage,
thus enlarging the average pore size of resulting composites.
MCM-41 exhibits significant adsorption capacity for NPYR
as long as the temperature stays below 373 K, but fails to
trap the volatile nitrosamines at 453 K. Through the one-pot
synthesis, copper cations in MCM-41 promote the adsorp-
tion of NPYR at elevated temperatures. Their NPYR ad-
sorption isotherms are consistent with the Freundlich equa-
tion.
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Experimental Section

NPYR was purchased from Sigma and dissolved in dichloromethane (an-
alytical grade) at a ratio of 1:19 (v/v). Qingdao Haiyang (China) provided
the chromatographic silica gel (100-200 mesh) with a surface area of
410 m*g™"; the arenaceous quartz of 20-40 mesh used in the experiment
was commercial quartz sand. Zeolite NaY, a commercially available
powder with an Si/Al ratio of 2.86, a pore volume of 0.31 cm®*g™!, and a
surface area of 766 m>g~!, was stirred in aqueous NaCl (1M, 10 mLg™'
zeolite) six times, washed till chloride-free, and calcinated in air prior to
use. Copper was incorporated into the zeolite by using “drying impregna-
tion”: Cu(NO;),-3H,0 (0.456 g) was dissolved in H,O (40 mL), and NaY
(5 g) was added. The mixture was stirred strongly, heated to half-dryness,
and then dried at 373 K overnight. The product was ground to 100 mesh
and calcinated at 773 K for 6 h to convert Cu(NO;), into copper oxide.
The resulting sample contained 3% (w/w) CuO and is denoted 3 % CuO/
NaY. Other samples were prepared in the same way, and the concentra-
tion of the aqueous solutions was controlled to obtain different loading
of copper cations. Hydrotalcite, with an Mg/Al ratio of 2, a surface area
of 245m*g~", and a pore volume of 0.75 cm®g~', was prepared according
to literature procedures.” To prepare copper-modified hydrotalcite, Cu-
(NO;),-3H,0 (0.304 g) was dissolved in H,O (20 mL), and calcinated hy-
drotalcite (0.9 g) was added. The mixture was stirred at 303 K for 6 h,
evaporated at 353 K, and then dried at 373 K overnight. The product was
calcinated at 773 K for 6 h to afford the sample named 10% CuO/HT.
Tetraethylorthosilicate (TEOS) and cetyltrimethylammonium bromide
(CTAB) were from Shanghai Wulian and Lingfeng Companies (China),
and other regents of analytical grade were used as received. Virginia-
type cigarettes with a tar value of 15 mg per cigarette and a nicotine
value of 1.2 mg per cigarette were purchased from the market.

MCM-41 was synthesized according to the literature.* To examine the
impact of cupric salts in the synthetic solution of MCM-41, one sample
was prepared with the same procedure as for MCM-41, the only excep-
tion being the addition of an amount of copper nitrate equivalent to
5Swt% CuO to the synthetic solution. After the filtering, washing, drying,
and calcination stages, the sample obtained was denoted MS5. To prepare
copper-modified MCM-41 by the one-pot synthesis, CTAB (1.49 g) and
the required amount of copper nitrate were dissolved in water (51.80 g),
followed by the addition of hydrochloric acid (36 %, 8.17 g). Finally,
TEOS (4.25 g) was introduced with stirring at 303 K. The molar composi-
tion of the mixture was S5TEOS:1CTAB:xCu(NOs;),-3H,0:20HCl:
764H,0, in which x represents the loading level of CuO. After being
stirred for 48 h, the mother liquor was evaporated with stirring at 353 K,
and precipitates appeared. The resulting solid was divided into three
parts. The first part was directly calcinated in air at 823 K for 6 h to
obtain the composite denoted cMn, in which n represents the mass per-
centage of CuO in the sample. The second and third parts were thor-
oughly washed with distilled water until they became white. The second
part was then air-dried and named bMn, in which n indicates the amount
of copper (equivalent to CuO) added to the synthetic solution. After
being air-dried, the third part was calcinated at 823 K in air for 6 h, and
the sample obtained was denoted aMn.

XRD patterns of the samples were recorded on an ARL XTRA diffrac-
tometer with Cug, radiation in the 260 range 0.5-8° or 5-70°. Nitrogen-ad-
sorption and -desorption isotherms at 77 K were recorded on a Microme-
tritics ASAP 2020 system in which the sample was evacuated at 573 K for
4 h prior to testing. The Brunauer—-Emmett-Teller (BET) specific surface
area of the sample was calculated by using adsorption data in the relative
pressure (P/P,) range 0.04-0.2, and the pore volume was determined
from the amount adsorbed at a relative pressure of about 0.99.

TPRs of the samples were carried out by using H,/Ar (1:9 v/v) as reduc-
ing agent with a flow rate of 25 mLmin~'. A 0.1-g sample was placed in a
quartz tube, treated with a flow of helium at 873 K for 2 h, and cooled to
room temperature. After the carrier gas was changed to H,/Ar, the
sample was heated to 873 K at a rate of 6 Kmin~'. Hydrogen consump-
tion was measured by an “online” Varian 3380 gas chromatograph. ICP
spectroscopy was also used to detect the actual amount of copper species
rudimental in the samples of M5 and aM5.
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Instantaneous adsorption of nitrosamines was carried out by the GC
method.®®! A 5-mg sample (20-40 mesh) was placed in a stainless-steel
microreactor 3 mm in diameter and 150 mm in length, with one end in-
serted deeply into the injector port and the other end connected to the
separation column (10% Carbowax 20M+5% KOH, 3 mm diameter,
3000 mm length) of a Varian 3380 gas chromatograph. The reactor was
sealed by glass wool to fix the position where the temperature could be
accurately controlled by the injector port. The sample was heated directly
to the required temperature without activation in carrier gas flowing at a
rate of 30 mLmin~!, and a solution of nitrosamine (2 uL) was pulse-in-
jected. The thermal-conductivity detector of the gas chromatograph was
used to analyze the gaseous effluent, and the decrease in the ratio of
solute to solvent was utilized to calculate the adsorbed amount.*’)

To evaluate the reduction efficiency of the cMn composites toward ni-
trosamines in mainstream cigarette smoke, 20-mg samples (20-40 mesh)
were carefully added to the filter to replace part of the cellulose matrix
with the same volume. Twenty cigarettes were smoked in a glass chamber
designed by Miyake and Shibamoto.”” The rate of airflow was kept at
3 Lmin"!, and the cigarette smoke was drawn through citrate/phosphate
buffer (100 mL) containing ascorbic acid (0.02 mol) to adsorb the nitros-
amines. The buffer solution was extracted with dichloromethane, and the
combined organic fractions were dried over anhydrous sodium sulfate
and concentrated to the final volume of 25 mL. Finally, the mean amount
of nitrosamines adsorbed was determined by spectrophotometry.!'”)
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