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Abstract. There were investigated aluminosilicate MCM-41 samples in the as-prepared form and those modi-
fied by the deposition of carbonaceous compounds during conversion of cyclohexene for 12 h. The amount of the
deposits decreased with the rising reaction temperature and increased with the Al content of the samples. The cy-
clohexene conversion followed mainly two mechanisms: cyclohexene skeletal isomerization and hydrogen transfer.
The products with 6 carbon atoms in a molecule prevailed in all cases. The process of conversion, proceeding on
the Brgnsted acid sites, resulted in formation of both coke deposits and volatile products. The creation of coke
caused a decrease in the effective concentration of both the Brgnsted and the Lewis acid sites. Thermodesorption
of pyridine showed that (i) the concentration of these sites before and after the conversion differed only slightly
and (ii) the acidic strength of the Brgnsted sites was practically independent of their concentration and the sample
Si/Al ratio. The chemical composition of the deposits was insignificantly affected by the Al content of the materials
and depended mostly on the temperature and duration of the reaction. At relatively low temperatures, both aliphatic
and aromatic compounds were formed, being rather weakly bound to the surface of the material. After a longer
(55 h) reaction period, some deposits appeared that were strongly bound to the surface. Isotherms of adsorption of
water, benzene, and nitrogen were determined, from which a mechanism of this process was derived. It included
most probably multilayer adsorption at lower relative pressures, followed by capillary condensation. The sorption
capacities of the uncoked samples for benzene and nitrogen were relatively high and independent of the sample
Al content. In the case of water, however, an observed reduction in the sorption capacity with the increasing Al
content suggested that clusters of the adsorbed molecules formed around the Al centers and caused partial clogging
of the material pores. The deposited coke strongly decreased both the surface area and the sorption capacity of the
materials.

Keywords: mesoporous molecular sieves, acid sites, conversion of cyclohexene, carbonaceous deposits, adsorp-
tion of water, benzene and nitrogen

1. Introduction 1.5-10 nm range became a major breakthrough (Beck

et al., 1992; Kresge et al., 1992). MCM-41, a mem-

Over the past decade, considerable efforts have been
made to develop mesoporous materials in order to
fill the gap between microporous solids (e.g., zeo-
lites) and mesoporous ones (like oxides and amor-
phous aluminosilicates). The quest for such materials
was initiated mainly by the necessity to obtain acidic
catalysts for conversion of hydrocarbons consisted of
bulk molecules. The synthesis of the M41S meso-
porous molecular sieves of pore diameters within the

*Dedicated to the memory of Prof. Wolfgang Schirmer.

ber of the M41S family, exhibits a hexagonal array of
cylindrical pores the diameter of which can be con-
trolled. Relatively high thermal stability, specific sur-
face area, and specific pore volume are among the
most interesting physical properties of MCM-41 meant
as an adsorbent and potential catalyst. When non-
modified, the material is catalytically inactive. Active
sites may be generated by incorporation of heteroatoms
into the electrically neutral, purely siliceous skeleton.
Modification of MCM-41 with Al or other (e.g., transi-
tion) metals and metal oxides has already been reported
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(Corma et al., 1994; Reddy et al., 1994; Tanev et al.,
1994; Sayarietal., 1995a, 1995b, 1995¢; Rozwadowski
et al., 2000). This modification is a promising way
to synthesize materials applicable in catalysis (Sayari
et al., 1995c; Sayari, 1996). As the formation of car-
bonaceous deposits is the main reason for the deacti-
vation of porous zeolite-like catalysts (Deruane, 1985;
Bibby et al., 1986; Weitkamp et al., 1986; Karge et al.,
1988; Novakova and Kubelkova, 1991), studies on car-
bonaceous compounds deposited on solid adsorbents
are necessary to understand their nature and mecha-
nism of formation.

Previously, we have performed investigations of
coked HNaY with a variety of methods, ie., IR
(Rozwadowski et al., 1992a, 1992b; Wloch et al.,
1995), UV-Vis (Rozwadowski et al., 1994; Wloch
et al., 1995), EPR (Rozwadowski et al., 1994),
NMR (Rozwadowski et al., 1994), thermogravimetry
(Rozwadowski et al., 1992a, 1992b), and chemical
analysis (Wloch et al., 1995). The results have been
summarized and discussed elsewhere (Wloch et al.,
1998a, 1998b).

In the present paper, we summarize our last results
on the formation of carbonaceous deposits during the
cyclohexene conversion over AI-MCM-41 as an exam-
ple of mesoporous molecular sieves of the M41S type.
The conversion of cyclohexene has commonly been
accepted as a suitable reaction for testing the catalytic
behavior of various materials (Cheng and Rajagopalan,
1989; Navio et al., 1996; Radwan and Selim, 1996;
Bunjes et al., 1997; Fasi et al., 1997; Navio et al.,
1998; Hunka et al., 1999). We have applied this pro-
cess to characterize the AI-MCM-41 material modified
by coking (Rozwadowski et al., 2000), determine the
probable mechanism of the respective conversion re-
action, describe the active sites, and find a correlation
between the postulated mechanism and the nature of
the sites (Rozwadowski et al., 2001a, 2001b). Polar
(water) and nonpolar (benzene, nitrogen) compounds
were chosen as probe molecules for adsorption to learn
more about both the lyophilic properties of the ex-
amined mesoporous solids and the adsorption process
(Rozwadowski et al., 2001c¢).

2. Experimental
2.1. Materials

The AI-MCM-41 samples were prepared using
cetyltrimethylammonium chloride (CTMACI) and

tetraethylammonium hydroxide (TEAOH) as templates
included in gel mixtures of the following molar com-
positions: Si0,:0.17 CTMACI:0.4 TEAOH:25 H,0:x
Al,O3. Si/Al molar ratios of the gels were chosen to
be 15, 30, and 60; thus, x was equal to 0.0333, 0.0167,
and 0.0083, respectively.

Proper amounts of aqueous solutions of CTMACI
and TEAOH were added to 70% of the total volume
of water. Then, 18% of silica was slowly added. The
resulting solution was combined with the aluminum
compound (aluminum sulfate was added as an aqueous
solution and the organic compound as an aqueous sus-
pension). Afterwards, the remaining silica was slowly
added and, subsequently, the rest of water was intro-
duced by drops. The resulting blend was stirred for
3 h and then transferred into Teflon-lined autoclaves
and heated without stirring at 378 K for 8 days. When
cooled down to the room temperature, the product was
filtered, washed with water, dried at 373 K, and finally
calcined at 773 K.

2.2.  Coke Deposition procedure

The cyclohexene conversion was performed at several
temperatures between 483 and 663 K (Table 1) in a ver-
tical flow microreactor coupled with a gas chromato-
graph. The cyclohexene vapor mixed with a carrier gas
(5% of C¢Hjg, 95% of He) was passed at arate of 0.5 g
of Cg¢Hjo per hour and gram of the catalyst for 12h
(Rozwadowski, 2001a, 2001d).

2.3. Measurement Techniques

2.3.1.AAS and XRD. The Si/Alratios of the calcined
materials were determined using the atomic absorp-
tion spectroscopy (AAS) analysis. X-ray diffraction
(XRD) powder patterns were recorded using nickel-
filtered CuK, radiation.

2.3.2. Determination of the Coke Content. The de-
posit contents of the coked samples were determined
as functions of time-on-stream, according to the mod-
ified procedure by Bibby and coworkers (Bibby et al.,
1986, 1992). 50 mg samples were taken from the re-
actor at certain time intervals and quickly transferred
into weighed glass containers equipped with Teflon
stoppers. All the samples were weighed and then cal-
cined in an oxygen flow at 773 K for 5h. The content
of the deposits for an individual sample was obtained
from the difference of mass determined before and after
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Table 1. Interplanar spacings (d), distances between pore centers (a), BET specific surface areas (Sggr), total surface areas (S;), external surface
areas (Sext), surface areas of primary mesopores (S)), total pore volumes (V;), external pore volumes (Vex), and primary mesopore volumes
(V) for the studied AI-MCM-41 materials (Rozwadowski, 2000).

d a® SBET S; Sext S, Vi Vext Vy
Sample? (nm) (nm) (m*/g) (m*/g) (m*/g) (m*/g) (em*/g) (em*/g) (em?/g)
Al-MCM-41(15) 4.01 4.64 1031 1043 249 793 1.071 0.462 0.609
Al-MCM-41(15)+C483 n.d. n.d. n.d. 438 224 214 0.814 0.659 0.155
AI-MCM-41(15)+C513 n.d. n.d. n.d. 701 236 465 0.902 0.561 0.341
AI-MCM-41(15)+C543 n.d. n.d. n.d. 780 227 553 0.955 0.588 0.367
AI-MCM-41(15)+C573 3.94 4.55 924 768 226 542 0.986 0.635 0.351
AI-MCM-41(15)+C603 n.d. n.d. n.d. 847 230 617 0.945 0.526 0.419
AI-MCM-41(15)+C663 n.d. n.d. n.d. 853 232 621 1.097 0.661 0.436
Al-MCM-41(30) 3.56 4.11 1177 1163 158 1005 1.092 0.326 0.766
AI-MCM-41(30)+C573 3.68 4.25 1218 1139 183 956 1.162 0.445 0.716
Al-MCM-41(60) 3.35 3.86 1219 1139 128 1011 0.946 0.301 0.645
AI-MCM-41(60)+C573 3.35 3.86 1320 1156 140 1016 0.995 0.344 0.651

2The number in parentheses stands for the Si/Al molar ratio of a synthesis gel and the number following C, for the temperature (K) of coke
formation. ®a = 2/3'/2 d; n.d. = not determined. Note: areas and volumes are related to a gram of the pure MCM material.

calcination. The samples coked for 12 h and calcined were recorded within the range of 450-3800 cm™! and
afterwards are referred to as regenerated ones. UV-Vis spectra, at 190-800 nm.

2.3.3. Analysis of Volatile Products. The volatile 2.3.5.TGA. Thermogravimetric analysis (TGA) was

products of the conversion were determined with gas carried out with use of 100mg samples under both
chromatography, using a column packed with a mix- air and helium within the temperature range of 293—
ture of Chromosorb PAW, DC 550 oil (15%), and stearic 1273 K and at a heating rate of 5 K/min. The samples
acid (3%). The light products with 1 or 2 carbon atoms used in these experiments had been purged with helium
in a molecule were analyzed using a column filled overnight during cooling down to room temperature af-
with Chromosorb 102. An additional analysis of the ter the reaction.
collected reaction products was carried out using a GC-
MS apparatus equipped with a fused silica column cov- 2.3.6. NMR. '3C solid-state NMR spectra were
ered with an 0.25-pum thick HP-5 film (Rozwadowski, recorded at 75.5 MHz, employing cross polarization,
2001d). high-power proton decoupling, magic angle spinning,
and total suppression of sidebands. A contact time of
2.34. IR and UV-Vis. Before the IR spectra were 1 ms, a recycle time of 5s, and a 7-mm o.d. zirco-
recorded, the samples pressed into wafers were acti- nia rotor spun at 4.5kHz were used (Rozwadowski,

vated in situ at 630 K under vacuum for 1h and then 2001a). 2’ Al MAS NMR spectra of the original and
exposed at 450 K to pyridine (dried over KOH) that was coked samples were recorded at 78.2 MHz. The sam-

taken in excess in relation to all the acid sites. Then, ph- ples were placed in a 7-mm o.d. zirconia rotor spun at
ysisorbed pyridine was removed by evacuation at the 7kHz (Rozwadowski, 2001b). °Si MAS NMR spec-
same temperature for 30 min. Subsequently, desorp- tra of the materials were recorded at 59.6 MHz while
tion at 570 K under vacuum was performed. The spec- the samples were spun at 4.5 kHz (Lezanska, 2002).
tra were recorded after the evacuation at both 450 and '"H NMR spectra of carbonaceous deposits dissolved
570K. Prior to the activation, the coked samples were in CD,Cl, were recorded at 200 MHz.

heated at 620 K under nitrogen (1 Pa) for 12 h. The con-

tents of carbon remaining after both the heat treatment 2.3.7. EPR. EPR spectra were recorded using the
and the activation of the samples were determined by X-band. The samples were sealed when under air or
the elemental analysis (Rozwadowski, 2001b). Diffuse evacuated at 10~* Torr and 363 K. The microwave

reflectance infrared Fourier transform (DRIFT) spectra frequency was determined with use of an 18 GHz
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microwave counter with the precision of 1kHz
(Nowak, 2002).

2.3.8. Adsorption. The adsorption isotherms of wa-
ter and benzene were determined at 298.2 K, using a
vacuum device equipped with a McBain quartz spring
balance and MKS Baratron gauges. The samples (ca.
0.1 g) were activated in situ under stationary vacuum of
1073 Paat 700 and 363 K for the parent and coked mate-
rials, respectively, until a constant mass (Am < 107 g
within 12 h) was attained. It was assumed that the ad-
sorption equilibrium was reached when the change in
mass was lower than 1073 g for at least 12h under a
constant pressure of adsorbate (Rozwadowski, 2001c).
The adsorption isotherms of nitrogen were determined
with the ASAP 2010 instrument from Micromeritics.
The measurements were performed at 77 K in a static
mode. Before the measurements, the parent and coked
samples were degassed at 700 and 363 K, respectively,
all for at least 8 h and under vacuum of less than 0.7 Pa
(Rozwadowski, 2001c¢).

3. Results and Discussion
3.1.  Structural Properties of the Materials

As found with AAS, the Si/Al molar ratios of the
calcined products were 12.2, 19.9, and 36.8 for

Al-MCM-41(15), AI-MCM-41(30), and AI-MCM-
41(60), respectively.

Figure 1 shows the XRD powder patterns of the par-
ent, coked at 573 K, and regenerated AI-MCM-41 sam-
ples. It is evident from the figure that both the coking
procedure and the subsequent calcination did not sig-
nificantly affect the material structure. However, the
larger the aluminum content, the inferior the sample
quality, as reflected by the shape of the XRD peaks.
The patterns enabled to calculate distances between
pore centers, which were found to vary over the range
of 3.86—4.64 nm and to grow with the Al content of the
samples (Table 1).

Other structure parameters of the examined samples,
presented in Table 1, were derived from the isotherms
of nitrogen adsorption (see Section 3.4). The BET spe-
cific surface area, Sggr, was calculated using the stan-
dard Brunauer-Emmet-Teller method. The total surface
area, S;, the external surface area, Sex, and the pri-
mary mesopore volume, V,,, were obtained using the
high-resolution o;-plot method (Gregg and Sing, 1982;
Kruk et al., 1997; Sayari et al., 1997) and LiChrospher
Si-1000 silica gel (Sper = 25 m?/g) as a reference ad-
sorbent (Kruk et al., 1997). The S; value was calcu-
lated from the slope of the initial part of the o plot
(for the samples examined, the initial part of the plot
was linear and passed the origin of the co-ordinate sys-
tem). Sex; and V,, were calculated from the slope of a
linear part of the o, plot over the range between the

Intensity [a.u.]

20 [deq]

Figure 1. XRD powder patterns of AI-MCM-41(15) (a), AI-MCM-41(30) (b), and AI-MCM-41(60) (c). Solid, dashed and dotted lines
correspond to the parent, coked at 573 K, and regenerated samples, respectively (Rozwadowski, 2000).
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pressure corresponding to the termination of nitrogen
condensation in the primary mesopores and that asso-
ciated with the onset of capillary condensation in the
secondary mesopores and in macropores (Kruk et al.,
1997). The total surface area of the material was as-
sumed to be the combined surface area of all mesopores
and macropores. The external surface area was consid-
ered to be that of the macropores and the secondary
mesopores together. The surface area of the primary
mesopores, S, was simply equal to the difference S; —
Sext- The total pore volume, V,, was determined from a
single-point adsorption at the relative pressure of 0.99
by converting the volume of the adsorbed gaseous ni-
trogen to the volume of liquid nitrogen. The combined
volume of the macropores and the secondary meso-
pores, Vex, was equal to V; — V,,. The results of the
calculations made with the «-plot method did not in-
dicate formation of a significant number of micropores
in any coked sample.

The Barrett-Joyner-Halenga (BJH) method (Barret
et al.,, 1951) was employed to calculate the average
pore size and pore size distribution from the nitrogen
desorption data (Fig. 2). For that purpose, a relation
was used in which a correction for the thickness of
a statistical film present on the surface of pore walls
was added to the Kelvin equation (Kruk et al., 1997;
Maglara et al., 1997). More details can be found else-
where (Rozwadowski, 2000).

The BET specific surface area and the primary meso-
pore volume for the coked AI-MCM-41(15) clearly
differed from the respective values for the parent sam-
ple (Table 1). For AI-MCM-41(30) and Al-MCM-
41(60), however, the differences in Sggr and V), were
much smaller. These results suggested that deposition
of coke proceeded mostly in the aluminum-rich pores.
The coking could then be considered as the process
sensitive to both the reaction temperature and the alu-
minum content of the material. Noteworthy was that the
examined samples exhibited no or only small changes
in the interplanar spacing upon coking (Table 1).

As expected, modification of AI-MCM-41 by the
deposition of coke under various conditions yielded
materials exhibiting reduced volume and surface area
of pores.

3.2.  Catalytical Centers of the Materials

The conversion of cyclohexene over the studied ma-
terials proved the presence of strong Brgnsted acid
sites. As found for AI-MCM-41(15), the conversion in-
creased with the reaction temperature (Rozwadowski,
2001b). It was relatively low (ca. 52%) at 483 K, then
it increased rapidly to ca. 96% at 543 K, and finally re-
mained practically constant up to 663 K. The reaction
yield increased with the Al content of the catalysts,
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Figure 2. BJH pore size distributions obtained from nitrogen desorption for the parent samples (open circles) and samples coked at 573 K
(full circles) of (a) AI-MCM-41(15), (b) AI-MCM-41(30), and (c) AI-MCM-41(60). The volumes are normalized to a gram of the pure MCM

material (Rozwadowski, 2000).
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Figure 3. Fractions of unreacted substrate (X;) after cyclohexene
conversion at 573 K over (a) AI-MCM-41(15), (b) AI-MCM-41(30),
and (c) AI-MCM-41(60) vs. reaction time (Rozwadowski, 2001b).

which was seen from the decreasing amount of unre-
acted cyclohexene (Fig. 3). The catalytic activity de-
creased slightly with the reaction time for AI-MCM-
41(15) and AlI-MCM-41(30) and markedly for Al-
MCM-41(60) (Fig. 3).

The occurrence of the Brgnsted and Lewis acid sites
in the catalysts has been confirmed by the IR spectra in
the range of OH group vibrations. The spectrum of the
original AI-MCM-41(30) sample (Fig. 4(a)) showed a
clear band at 3740 cm™!, typical of silanol OH groups
as well as of acidic hydroxyls in AI-MCM-41 and
in amorphous aluminosilicates (Weglarski, 1996). The
deposition of carbonaceous compounds caused a re-
duction in intensity of this band due to the van der Waals
interactions between hydroxyls and coke (Fig. 4(b)).
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Figure 4. IR spectra of OH groups in (a) original and (b) coked
Al-MCM-41(30), activated at 630 K (Rozwadowski, 2001b).

The IR bands at 1455 and 1545¢cm™!, assigned to
pyridine molecules bound to the Lewis sites (PyL) and
to pyridinium ions associated with the Brgnsted sites
(HPy™), respectively, allowed for calculation of the
acid site concentrations. The relevant extinction co-
efficients were derived from the spectra of pyridine
adsorbed on both zeolite HY and dehydroxylated ze-
olite HY, containing almost exclusively the Brgnsted
and Lewis acid sites, respectively (Cerqueira, 2000a,
2000b). The acidic strength of the Brgnsted sites was
estimated from the temperature-programmed desorp-
tion (TPD) of pyridine at 570 K.

As found, the concentrations of the Brgnsted and
Lewis acid sites (Table 2) increased with the Al
content and were twice as high in AI-MCM-41(30)
with Si/Al = 19.9 as in AI-MCM-41(60) with Si/Al
= 36.8 whereas they were only slightly higher in

Table 2. Concentrations and acidic strength of Brgnsted and Lewis acid sites in original and

coked AI-MCM-41(n) (Rozwadowski, 2001b).

Content of Brgnsted sites ~ Lewis sites Acidic strength of

Sample n carbon® (wt%) (mol g’l) (mol g’l) Brgnsted sites Ages/Ag
Original 15 n.a. 157 527 0.53

30 n.a. 147 473 0.64

60 n.a. 211 0.69
Coked 15 37 152 520 0.52

30 57 123 425 0.62

60 6.1 198 0.56

2The samples were coked at 573 K; prior to the IR measurements, they were thermally treated
at 620 K under nitrogen (1 Pa) for 12 h and subsequently activated at 630 K under vacuum for
1 h. Ag and Ay, are the intensities of the HPy™ band in the FTIR spectra, corresponding to
the samples subjected to the evacuation at 450 K and desorption at 570 K, respectively. n.a.

means not applicable.
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Al-MCM-41(15) with Si/Al = 12.2 than in AI-MCM-
41(30). Probably, a fraction of Al atoms in the sample
of the largest Al content formed clusters that created
neither Brgnsted nor Lewis sites.

The deposition of coke caused a minor reduction
in the concentrations of both the Brgnsted and Lewis
sites (Table 2). The smallest effect was observed for
AI-MCM-41(15) that contained the lowest amount of
coke remaining after the thermal treatment. A decrease
in the concentration of the Brgnsted sites upon coking
was observed also by others (Cerqueira, 2000a, 2000b)
in the case of coked dealuminated HY zeolites, but, as
opposed to AI-MCM-41, the formation of comparable
amount of coke did not influence the properties of the
Lewis sites in HY. The results of TPD of pyridine sug-
gested that carbonaceous deposits practically did not
influence the acidic strength of the Brgnsted sites. The
relatively small differences between the acid site con-
centrations determined before and after the conversion
of cyclohexene proved that pyridine could penetrate to
the acid centers in spite of blocking the surface by the
deposits. The extent of this diffusion depended presum-
ably on the coke composition. The thermal treatment
of the coked samples at 620 K under nitrogen and sub-
sequent activation at 630 K under vacuum might con-
tribute to a further partial removal of the coke deposits
from the examined samples.

The deposition of coke caused changes in the ratio
of tetrahedral to octahedral aluminum in the samples
(Fig. 5). A slight increase in this ratio upon coking was
observed for the sample with the largest total content
of aluminum, which might result from a repeated in-
troduction of Al into the skeleton. A reduced fraction
of the tetrahedral aluminum was found for the sample
with the least total content of aluminum, which might
be caused by a partial dealumination and a decrease in
the degree of order in the vicinity of aluminum tetrahe-
dra. This was proved (Lezanska, 2002) by the presence
of single broad bands in the ?°Si MAS NMR spectra
of the coked AI-MCM-41 samples while three well re-
solved and slightly less resolved lines were observed
for uncoked AI-MCM-41(60) and AI-MCM-41(30),
respectively (Fig. 6). The spectrum for the uncoked
Al-MCM-41(15) sample was poorly resolved because
of a relatively large concentration of Al.

3.3.  Cyclohexene Conversion Products

Analysis of the volatile products of the cyclohexene
conversion over AI-MCM-41 allowed one to conclude
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Figure 5. %7 Al MAS NMR spectra of AI-MCM-41(15) samples: a
— original; b, ¢, and d — coked at 513, 573, and 663 K, respectively
(Rozwadowski, 2001b).

as follows. Cyclohexene skeletal isomerization (CSI)
and hydrogen transfer (HT) were the main reactions in-
volved in this process (Rozwadowski, 2001d). Among
various hydrocarbons formed in the reactions of CSI,
HT, and cracking, the compounds containing 6 carbon
atoms in a molecule predominated, independently of
the conditions of the process. For temperatures below
603 K, a high selectivity of the studied materials to the
C¢ compounds was observed, which still increased with
the reaction time. It was probably caused by the fact
that the strongest acid sites of the catalysts, responsible
for cracking, became deactivated first of all and then
those associated with alkylation.

The catalyst deactivation was determined by
both the amount of deposits and the ratio of 1-
methylcyclopentane (MCPA) to 1-methylcyclopentene
(1-MCPE), increasing with the reaction time
(Rozwadowski, 2001d). The change in selectivity with
the reaction time might result from a secondary reac-
tion, in which 1-MCPE became converted into MCPA
over coke. It was accompanied by a reduction in the
hydrogen content of the coke and, at the same time,
by enrichment in hydrogen of the volatile products,
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Figure 6. 2°Si MAS NMR spectra of original (A) and coked (B) samples of (a) AI-MCM-41(15), (b) AI-MCM-41(30), (c) AI-MCM-41(60), (d)
AL-MCM-41(60)+C573, (¢) ALMCM-41(30)+C573, (f) AI-MCM-41(15)+C513, (g) A-MCM-41(15)+C573, and (h) AI-MCM-41(15)+C663

(Lezanska, 2002).

the latter process being indicated by an increase in the
contribution of MCPA (Rozwadowski, 2001d).

Investigation of the carbonaceous deposits with the
spectroscopic methods (EPR, IR, and UV-Vis) allowed
one to draw further conclusions. The EPR spectra re-
vealed an increase in the spin concentration with the
coking temperature rising from 483 to 513 K, which
was associated with an increasing number of free-
radical structures (Nowak, 2002). A similar increase in
the spin concentration was observed after a longer reac-
tion time (55 h), which suggested that under these con-
ditions the deposits formed multilayer polyaromatic
structures strongly bound to the surface.

The FTIR spectra of the carbonaceous deposits in-
dicated that branching of the aliphatic substituents de-
creased with the rising reaction temperature (Fig. 7).
Superposition of the bands assigned to vibrations of the
C=C bonds in alkenes and aromatics made interpreta-
tion of the spectra difficult to some extent. However,
differences in the band intensities within the short-wave
regions of the spectra (C—H stretching vibration range),
occurring upon a change in the reaction temperature, in-

dicated formation of paraffinic and olefinic compounds
at the lower temperatures and of aromatic and some
olefinic compounds at the higher ones (Rozwadowski,
2001a). This conclusion was confirmed by a shift of the
band at 1600cm™! to 1590 cm™~! with the rise of the
reaction temperature, associated probably with delo-
calization of the 7 bond. The same applies to the band
at 1495 cm™! that shifted to 1510cm™".

The UV-Vis spectra (Fig. 8) indicated that diene
structures (acyclic coupled dienes and cyclic dienes)
as well as aromatic ones were present in the coke
(Rozwadowski, 2001a). The spectra confirmed that
Al-MCM-41(30) and AI-MCM-41(60) contained less
coke as compared to AI-MCM-41(15) and the deposits
present in the latter sample included less olefinic com-
pounds.

The chemical composition of coke (Table 3) showed
that the hydrogen contribution to the carbonaceous de-
posits decreased with the increasing reaction tempera-
ture (Lezanska, 2002). The lowest C/H ratios, 0.89 and
0.93, were found for the deposits formed at 483 and
513 K, respectively. They indicated the deposits of an



Mesoporous Molecular Sieves Modified with Carbonaceous Deposits 371

/L
7/

A\
ARY

Kubelka-Munk function

| T N | L 1 . 1 ' |
/

: : 7
3000 26002000 1800 1600 1400
Wavenumber [cm™]

3400

Figure 7. DRIFT spectra of AI-MCM-41(15) after the reactions at
(a) 483, (b) 513, (c) 543, (d) 573, (e) 633 and (f) 663 K for 12 h, and
(g) after the reaction at 573 K for 55 h (Rozwadowski, 2001a).

olefinic character, e.g., hydrocarbon chains with alter-
nating single and double bonds. The deposits formed at
these two temperatures were totally soluble in CH,Cl,
and similar to each other as it resulted from the FTIR
investigations (Lezanska, 2002). Starting from 543 K,
carbonaceous compounds insoluble in CH,Cl, ap-
peared in the coke. The insoluble fraction varied from
ca. 30 to 92% when the reaction temperature increased
from 543 to 663 K. The C/H values of the coke indi-
cated that the soluble deposits, formed below and above
543 K, included carbonaceous compounds of a similar
character. Elongation of the coking time from 12 to 55 h
did not influence the C/H ratio for the soluble deposits
that constituted in this case ca. 50% of the total coke.
The ratios of numbers of aliphatic to aromatic pro-
tons for the soluble deposits, obtained from 'H NMR
(Table 3), demonstrated an increase in aromaticity of
these deposits with the reaction temperature rising up
to 603 K and then a decrease for the higher temper-
atures, which was confirmed by the IR investigations
(Lezanska, 2002). Presumably, the deposits formed at
temperatures above 603 K were mainly polyaromatic
and a small fraction, soluble in CH,Cl,, contained

Absorbance

400 500 600 700

0.0 !
200 300

Wavelength [nm]

Figure 8. UV-Vis spectra of AI-MCM-41(15) after the reactions at
(a) 483, (b) 573, and (c) 663 K for (1) 4h, (2) 12h, and (3) 12 h with
successive purging with helium during cooling to room temperature
overnight (Rozwadowski, 2001a).

mostly aliphatic compounds. The thermogravimetric
analysis confirmed these conclusions (Fig. 9): inten-
sity of the high-temperature peak of the DTA curve
increased with the coking temperature (Rozwadowski,
2001a).

The IR investigations of the soluble deposits
showed that differences between aliphatic substituents
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Table 3. Characteristics of carbonaceous deposits formed on AI-MCM-41 materials during cyclohexene conversion

at various temperatures for 12 h (Lezanska, 2002).

C/H
Total coke Fraction of coke Coke insoluble  Coke soluble ~ Weighted
Sample?® content (%)  soluble in CH,Cl, (%) in CH,Cl, in CH,Cl, average
Al-MCM-41(15)+C573 28.38 13.46 1.18 0.81 1.02
Al-MCM-41(30)+C573 13.54 9.16 1.32 0.90 1.05
Al-MCM-41(60)+C573 6.92 442 1.26 1.10 1.16
Al-MCM-41(15)+C663 13.46 1.28 1.26 0.84 1.22
Al-MCM-41(15)+C633 21.12 0.64 1.27 0.46 1.24
Al-MCM-41(15)+C603 18.85 4.85 1.21 1.03 1.17
Al-MCM-41(15)+C573 28.38 13.46 1.18 0.81 1.02
Al-MCM-41(15)+C543 23.24 19.74 1.22 0.86 0.92
Al-MCM-41(15)+C513 33.80 33.90 n.d. 0.93 0.93
Al-MCM-41(15)+C483 48.81 48.80 n.d. 0.89 0.89
Al-MCM-41(15)+C573° 60.17 36.81 1.42 0.81 1.10

aSample designation as in Table 1. ®Duration of the reaction: 55 h. n.d. = not determined.

formed at temperatures rising up to 573 K decreased
(Lezanska, 2002). The deposits formed at the two
lowest and two highest temperatures consisted of
mostly aliphatic and alkyl-aromatic compounds,
respectively. The extent of substituent branching,
obtained from the contributions of CH, and CHj
groups, decreased with the coking temperature rising
up to 573 K. In the deposits formed at the higher
temperatures, the branched substituents were probably
connected directly to aromatic rings.

i

300 400 500 600 700 800 900 1000 1100 1200 1300

Temperature [K]

Figure 9. DTA plots for AI-MCM-41(15) after the reactions at (a)
483, (b) 513, (c) 543, (d) 573, (e) 603, (f) 633, and (g) 663 K for 12 h.
Analyses under air (Rozwadowski, 2001a).

3.4. Sorption Properties of the Materials

Adsorption of polar (water) and nonpolar (benzene and
nitrogen) compounds on the studied materials was car-
ried out to study the adsorption mechanisms and porous
structure of the adsorbents. Investigation of the total
sorption capacities and isotherm steps for the partic-
ular samples and adsorbates gave interesting results
(Rozwadowski, 2001c¢).

Apparently, the most unexpected features were
found for water. The sorption capacities of both the
parent and coked samples followed the sequence Al-
MCM-41(15) < AI-MCM-41(60) < AI-MCM-41(30),
i.e., higher values were found for samples with smaller
amounts of the Al centers (Fig. 10, Table 4). It might
be expected that adsorption of water should be higher
for the samples with a larger amount of the Al cen-
ters located in the much less hydrophilic silica walls
of MCM-41 (Branton, 1995; Llewellyn, 1995). At
the same time, the heights of the isotherm steps in-
creased in the same sequence, which meant that the
smallest amount of condensed water occurred in the
sample with the largest content of Al. Similar rela-
tions were observed for the coked samples of var-
ious contents of Al (Fig. 10, Table 4). This unex-
pected behavior could not originate from clogging the
pores with some extraframework Al species since, in
such a case, the sorption capacities for benzene and
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nitrogen could not be higher than that for water (see

below).

Attherelative pressures above the condensation step,
adsorption of water increased relatively little and the
isotherms were parallel to one another (Fig. 10). The

samples became nearly saturated with water at p/p;

~

Table 4. Sorption capacities of the parent and coked AI-MCM-41
materials (p/ps = 0.85) (Rozwadowski, 2001c).

H,0 CeHg N,

(298.2K) (298.2K) (77K)
Sample? (cm?/g) (cm?/g) (cm?/g)
Al-MCM-41(15) 0.771 0.864 0.850
Al-MCM-41(15)+C483 0.290 0.426 0.278
Al-MCM-41(15)+C513 0.348 0.433 0.423
Al-MCM-41(15)+C543 0.350 0.424 0.473
Al-MCM-41(15)+C573 0.372 0.414 0.441
Al-MCM-41(15)+C603 0.435 0.478 0.537
Al-MCM-41(15)+C663 0.492 0.529 0.580
Al-MCM-41(30) 0.845 0.963 0.922
Al-MCM-41(30)+C573 0.650 0.744 0.788
Al-MCM-41(60) 0.835 0.917 0.771
Al-MCM-41(60)+C573 0.562 0.612 0.737

#Sample designation as in Table 1.

0.6. The same applies to the coked samples of various
contents of aluminum (Fig. 10).

The sorption capacities of all the parent and coked
samples for benzene (Table 4 and Fig. 11) appeared to
be higher than those for water. The relationships be-
tween these capacities and both the Al content and the
reaction temperature were similar to those for water,
which was rather surprising when considering the non-
polar character of benzene molecules in comparison to
polar water molecules.

The sorption capacities for nitrogen (Fig. 12) were
generally close to those for benzene, i.e., also higher
than those for water. The only difference was that the
capacity of AI-MCM-41(60) was lower not only than
that of AI-MCM-41(30) but also lower than that of
Al-MCM-41(15). This was accompanied by the least
height of the isotherm step for that sample. The other
features were the same as those for benzene and water.

The above experimental findings can be explained
assuming the following mechanism of adsorption. The
polar water molecules are strongly bound to the Al
centers present on the pore wall surface. That strong
bonding and subsequent association of water molecules
lead to formation of liquid-like water clusters around
the Al centers and to clogging the pores. Thus, the diffu-
sion of water is hindered and, consequently, water fills
the pores only partially, i.e., only the pore fragments



374 Rozwadowski, Lezanska and Erdmann

12
o
o
[e]
o ) b4 o °
P O
[o] 8 < O =
— < u] = °
2 & o B °
= ° [ ]
S ° ° °
E . . *
c * * A4
S .0 *
a L 4
I}
3, . """
< 7 ]
¢ e B L u
o8 N
&
Ot T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
p/ps

Figure 11.

Isotherms of benzene adsorption on the parent (open symbols) and coked at 573 K (filled symbols) samples of AI-MCM-41(15)
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Figure 12. Isotherms of nitrogen adsorption on the parent (circles)
and coked at 573K (diamonds) samples of AI-MCM-41(15) (a),
AI-MCM-41(30) (b), and AI-MCM-41(60) (c). Open and filled sym-
bols correspond to adsorption and desorption, respectively (Rozwad-
owski, 2001c).

near the Al centers. Obviously, this effect should in-
crease with a growing number of the Al centers and with
a decreasing distance between the centers as the water
clusters can grow larger and be anchored on more Al
centers jointly. Such clusters should be more strongly
localized and would probably require higher activation
energy for a rearrangement. Thus, even larger regions
inaccessible to water can be left than in the case of the
Al centers separated with longer distances. Such a pic-
ture agrees well with the observation that the sorption
capacities for nitrogen and benzene are higher than that
for water. Nevertheless, a hydrophobic nature of both
silica skeleton and coke might also contribute to lower-
ing adsorption of water with respect to that of benzene
and nitrogen.

4. Conclusions

e The amounts of carbonaceous deposits formed on
the studied AI-MCM-41 molecular sieves during the
conversion of cyclohexene decrease with the rising
reaction temperature and increase with the amount of
aluminum introduced into the materials. Such a mod-
ification of the AI-MCM-41 sample with the largest
Al content leads to appreciable surface and structural
changes, e.g., to a decrease in the specific surface
area and pore volume.
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e The studied materials differ in the concentrations of

the Brgnsted and Lewis acid sites, which generally
increase with the Al content of the samples up to a
limited value. The fact that the cyclohexene conver-
sion occurs over the AI-MCM-41 catalysts indicates
that among the Brgnsted sites are those of strong
acidity.

The conversion of cyclohexene follows mainly two
concurrent mechanisms, i.e., cyclohexene skeletal
isomerization and hydrogen transfer, resulting in for-
mation of the Cg hydrocarbons that predominate in
the products under all conditions studied. Cracking
and alkylation accompany these two reactions, as in-
dicated by volatile products comprising compounds
with 1-5, 7, and 8 carbon atoms. All these processes
require the presence of acid sites in the catalysts.
The deposition of coke causes a decrease in the con-
version level, which consequently indicates an ap-
parent reduction in the concentrations of both the
Brgnsted and the Lewis acid sites or, in other words,
areduction in the effective concentrations. Thermod-
esorption of pyridine shows relatively small differ-
ences between the concentrations before and after the
conversion and no difference in the acidic strength of
the Brgnsted sites. Thus, pyridine seems to be able to
penetrate to the acid centers in spite of the blocking
of the surface by carbonaceous deposits.

The chemical nature of the carbonaceous compounds
deposited on the studied catalysts depends mainly on
the temperature of the reaction. Both aliphatic and
aromatic compounds are formed in the process of the
cyclohexene conversion. However, the higher the re-
action temperature, the larger the content of aromatic
deposits. Atrelatively low temperatures, the deposits
remain on the inner surface (i.e., in the pores) of the
examined materials. A part of the deposits is rather
weakly bound to the surface and gets removed af-
ter the reaction when the coked material is purged
with helium. Application of a longer reaction time
(55h) leads to formation of some deposits that are
either strongly bound to the surface or blocked in
the pores and that cannot be removed upon heat-
ing even to 1273 K under helium. At higher tem-
peratures, a fraction of the coke migrates out of the
pores. Then, this fraction (most probably aliphatics)
partially desorbs and moves away, while the other
part (presumably aromatics) adsorbs on the external
surface of the catalyst.

Processes of adsorption of water, benzene, and
nitrogen on the examined materials conform to
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similar mechanisms, including multilayer adsorp-
tion at lower relative pressures followed by cap-
illary condensation of an adsorbate. The capillary
condensation of adsorbed water occurs at low rela-
tive pressures due to interactions with the Al centers.
Unexpectedly, an increase in the Al content, i.e., in
the number of hydrophilic centers, causes a reduc-
tion in the sorption capacity. This is likely due to
formation of clusters of liquid water around the Al
centers and clogging of the pores. Such a mechanism
is supported by the fact that the sorption capacities
for benzene and nitrogen (nonpolar compounds) are
clearly higher than that for water. However, a hy-
drophobic nature of both silica skeleton and coke
may also contribute to lowering adsorption of water
with respect to that of benzene and nitrogen.

Nomenclature

Uy

A type of a plot used for calculating structure
parameters of a porous solid

a Distance between pore centers, nm

Ay Intensity of the IR band assigned to HPy™ for
the sample with the adsorbed pyridine and then
evacuated at 450 K, arbitrary units

Ages Intensity of the IR band assigned to HPy™ for
the sample with the adsorbed pyridine and
then desorbed at 570 K, arbitrary units

C/H Ratio of the numbers of carbon and hydrogen

in coke

CSI  Cyclohexene skeletal isomerization
d Interplanar spacing, nm

HT  Hydrogen transfer

n Si/Al ratio of a synthesis gel

p/ps  Relative pressure of adsorbate

R Universal gas constant, J mol~! K~!
Sger  BET specific surface area, m? g‘1

Sext  External surface area, m? g’1

Sy Surface area of primary mesopores, m> g~
S, Total surface area, m*> g~!

Ve  External pore volume, cm?® g~!

V,  Primary mesopore volume, cm® g~!

Vi Total pore volume, cm? g~!
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