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Mesoporous molecular sieve AI-MCM-41 as a novel catalyst for
vapor-phase Beckmann rearrangement of cyclohexanone oxime
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Vapor-phase Beckmann rearrangement of cyclohexanone oxime&dprolactam has been studied at 1 atm and 3002@06sing
mesoporous molecular sieve AI-MCM-41. Benzene and ethanol are utilized as solvents for cyclohexanone oxime. Increasing the reaction
temperature enhances the catalyst activity and stability whereagrolactam selectivity varies only slightly. Ethanol exhibits much better
catalytic results than benzene. Excellent catalyst performance is attained at 1 ati@,a@W / Fc 149.2 g h/mol by using ethanol in the
feed; the cyclohexanone oxime conversion andstitaprolactam selectivity remain higher than 99 and 90%, respectively, during at least
1200 h process time. The highly efficient catalysis on AI-MCM-41 is attributed to its large surface area, uniform mesopores as well as the
weak and medium acidity.
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1. Introduction olites. Although both catalysts exhibited very high initial
activity, rapid deactivation was observed and thus catalyst

e-caprolactam4-C) is an important raw material for theregeneration was necessary for industrial application [12].
manufacture of Synthetic fibers. Itis norma”y made in thﬁor the reaction over H-MCM-41 and H-FSH-16 during 6 h
liquid phase via Beckmann rearrangement of cyclohexanog@cess time, H-MCM-41 exhibited better performance with
oxime (CHO) using concentrated sulfuric acid as the cafzhexanol as diluent [13]. So far, therefore, the major draw-
alyst. Despite its high selectivity, this homogeneous caack of this reaction over solid acid catalyst lies in the fast
alyzed process suffers from the large amount of ammoniyae of deactivation [9].
sulfate produced and corrosion problems. Consequently, theThe mesoporous molecular sieve Al-MCM-41 was re-
vapor-phase reaction over heterogeneous catalysts has draafitly developed and was reported to exhibit large surface
much attention during the past three decades [1]. Investiggea, uniform pores with diameters 20-100 A, as well as
tions were performed over silica—alumina [2], boria or othgfeak and intermediate acidity [14—16]. Such a catalyst has
species supported on alumina [3,4], boria supported on #een applied in many acid-catalyzed reactions, especially
conia [5] and several zeolites including HY [6,7], Pd/Y [6]in the fields of oil refining, petrochemistry and the synthe-
ZSM-5 [8], [B]-ZSM-5[9], Beta [10,11], [Al]- and [B]-Beta sjs of chemicals and fine chemicals [17—19]. In this work,
[12], and mesoporous molecular sieves [13]. the Beckmann rearrangement of CHOst€ is studied us-

In the reaction of CHO over£3/Al 203, the activity di- jng AI-MCM-41 as catalyst. CHO dissolved in benzene
minished with process time, whereas th€ selectivity re- or ethanol are chosen as the feed. Their catalytic perfor-
mained constant dUring the first five hours. The CataIySt dﬁ]’ances are Compared and correlated to Cata|yst properties_
cay was attributed to the coke formed on the surface and {hgre novel catalytic results are attained by using a feed of
¢-C selectivity was associated with the concentration of ifeHO in ethanol; it exhibits much better catalytic results, viz.
termediate strength acid sites [4]o@g/ZrOz was reported yery high CHO conversion{99%),s-C selectivity &90%),
to be highly active and selective for the synthesis-@ at and excellent catalyst stability during at least 1200 h process
300-320C during 8 h process time; theC yield is par- time.
allel to the number of intermediate strong acid sites [5].

Over ultrastable HY zeolite, different decay models were

discussed and the kinetic parameters were calculated acc@dExperimental

ing to the time-on-stream theory [7]. For the reaction over

a boron-MFI zeolite, reducing the temperature and the presl. Synthesis of Al-MCM-41

sure increased theC selectivity, but shortened the catalyst
lifetime. Addition of water up to 6 mol per mol CHO re-

sulted in an increase of catalyst lifetime [9]. Similar e1‘fect§cr'bed n t_he I|t(_arature [16]. S_olut|ons Aand .B were pre-
were observed on aluminum- or boron-containing Beta z ared by dissolving 36 g cetyltrimethylammonium bromide
99%, Aldrich) in 264 g water and 0.6 g sodium aluminate

* To whom correspondence should be addressed. (RDH) in 30 g water, respectively. Then 53 g sodium silicate

Al-MCM-41 was synthesized similar to methods de-
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(RDH) and solution B were added with rigorous stirring int@. Results and discussion

solution A. Finally, 60 g 1.1 M HSO, was added and stirred

well to obtain the pH value 9-10 of the resultant solutior3.1. Catalyst properties

The gel was crystallized at 10C€ for 48 h in an autoclave.

The crystals were washed with water and dried at°Cléor The ICP-AES analysis of AI-MCM-41 gives a Si/Al mol

12 h. The as-synthesized sample was calcined atG46r ratio of 25.0 in the bulk sample. Figure 1 shows the pow-
6 h. der X-ray diffraction patterns of the AI-MCM-41 materi-
als. The as-synthesized sample exhibits three peaks, viz.
a strong peak at a-spacing of 43.3 A and two small
peaks at 24.3 and 21.0 A. After calcination, a decrease of
H—spacing was observed for all these peaks due to the re-

2.2. Catalyst characterization

The Si/Al mol ratio of the sample was obtained with a | of i t late: th di |
ICP-AES (Allied Analytical ICAP 2000). The powder X-ray OV&' Of organic tempiate, the corresponding values are

diffraction patterns of samples were measured with a XRE)7'1’ 2tl7 alr.]dhils'g A Howev:_rr,] the (11|C|) ) da?_d (gOO)tfeak
spectrometer (Shimadzu XD-5). The BET surface area |&ten5| €S slightly Increase. ese well-detined patlerns

the AI-MCM-41 catalyst was measured with a sorption arEJ\_re characteristic of the AI-MCM-41 structure [20] and can

alyzer (Quantasorb). The pore size distribution andah- e indexed on a hexagonal lattice with unit cell parameter
sorption isotherm of the sample were also determined (I\/Iﬁg ;):;’iiﬁ [i}i The sharp and intense (100) peak appears
cromeritics ASAP 2000). The catalyst acidity was obtained Accordinp to. the N adsorption isotherm of the cal-
by temperature-programmed desorption of ammonia. Be- 9 P

. ined sample [19], a hysteresis loop in the regionPgiPy
fore adsorption, the catalyst sample (0.1 g) was heated ungey ) X . LT
helium flow (40 mi/min NTP) with a rate of 19/min from aBove 0.4 is attributed to the capillary condensation in the

mesopores. Two peaks appear in the pore size distribu-
110 to 540°C to remove water from the sample and then t ?on, viz. the main peak at 20-30 A and the small one at

sample was cooled to room temperature. Measured puI§%§40 A. In addition, the BET surface area and the pore
of ammonia (pulse volume, 0.5 ml NTP) were injected into ) '

. : . -volume are 1014 Rig and 1.45 ml/g, respectively. Fig-
helium gas and carried through the sgmple until adsorptlape 2 shows thé’Al and 29Si MAS NMR spectra of the
saturated. The temperature was then increased téCLa0d .

. . various samples of AI-MCM-41. In the case of the as-
it was kept there for 2 h to remove the physisorbed ammQ: - esized sample (figure 2(A), curve (a)), the peak at
nia. Finally, the system was heated from 110 to 3@Gat y P g ' ! b

10°C/min and kept at 546C for 35 min. The TPD graphs 53 ppm corresponds to tetrahedral-coordinated structural

were obtained by monitoring the desorbed gas with a thermal
conductivity detector. For the calcined AI-MCM-41 sample
adsorbed with pyridine vapor, it was successively evacuated
at 200, 300 and 40TC. The corresponding IR spectra were
recorded at 20C with an FT-IR spectrometer (Perkin—Elmer
2000) using a MCT mid-IR detector. THEAI and 2°Si
MAS NMR spectra were determined for the AI-MCM-41
catalysts (Bruker MSL 200 MHz).

2.3. Catalytic reaction

The catalytic reactions were carried out in a fixed-bed, ©
integral-flow reactor at 1 atm and in the range of 300— (100)
400°C. Prior to the reaction, the catalyst was activated
with flowing dry air (60 ml/min) at 400C for 2 h and
then cooled to the reaction temperature with nitrogen gas
(99.99%, 60 ml/min). The feed was prepared by dissolv-
ing CHO in benzene or ethanol (1 mol/l). It was injected (b)
via a microfeeder (Stoelting) into the reactor (1 cm 1:D.
34 cm), containing 0.038-0.30 g AI-MCM-41. Nitrogen was

used as the carrier gas (60 ml/min). The valudwfFc re- (119) 200)
ferred to the weight of catalyst per unit feed rate of CHO. . . . - (a)
The effluents were collected with a condenser. The liquid 2.0 3.0 4.0 5.0

products were identified with a GC-MS (HP 5989 B) and
were periodically analyzed with a GC (China Chromatogra-

phy Co.) fitted with a FID and a megabore column DB-Eigure 1. Powder XRD patterns of A-MCM-41: (a) as-synthesized, (b) cal-
(J&W, 0.544 mmx 30 m). cined and (c) after reaction.
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Figure 3. NH-TPD profiles from AI-MCM-41: (a) calcined and (b) after
reaction.
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Figure 2. The MAS NMR spectra of A-MCM-41: (47Al and (B) 29Si; 1544
(a) as-synthesized, (b) calcined and (c) after reaction. lel6 B 1490
B+ L B+ L
_ o 1452
aluminum. A new peak at O ppm appears after calcination L
(figure 2(A), curve (b)) that is attributed to the aluminum . . . . .
1700 1650 1600 1550 1500 1450 1400

expelled from the AI-MCM-41 structure [22]. The environ-
ment of silicon in the skeletal structure of molecular sieves is
usually written as Qto represent Si(OSj{OH)s4—,,. For the
as-synthesized Al-MCM-41, three resonance$«@) are Figure 4. FT-IR spectra of calcined Al-MCM-41 adsorbed with pyridine,
observed at-92, —101 and—110 ppm, respectively (fig- followed by successive evacuation at (a) 200, (b) 300 and (c)’@00
ure 2(B), curve (a)) [23]. Calcination results in the apparent B: Bransted acid sites and L: Lewis acid sites.
decrease of ®peak intensity due to dehydration occurring
on the surface of Si—OH; the spectrum is similar to that hedium strength acid sites. Figure 4 illustrates the FT-IR
amorphous silica (figure 2(B), curve (b)). spectrum of calcined AI-MCM-41 adsorbed with pyridine.
Figure 3 shows the temperature-programmed desorptibhe peaks at ca. 1452 and 1544 ¢ntorrespond to Lewis
profiles of ammonia from the AI-MCM-41 sample. A broadand Brgnsted acid sites, respectively [24]. The sample con-
peak occurs that indicates the broad distribution of weak atains a larger amount of Lewis acid sites than of Brgnsted

Wavenumber (cm')
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Table 1
Catalytic activities and product selectivities over Al-MCM-31.

Solvent Reaction Process CHO Product selectivity (mBI%)

temperature time conversion ¢-C HEN HAN CHA CHE AN

(°0) Q) (mol%)

CsHg 300 4 271 79.9 0 118 4.98 3.32 0
CeHe 350 4 787 70.8 047 185 5.13 3.90 120
CsHs 370 4 922 73.0 0 1® 4.56 3.40 ®B4
CeHsg 400 4 100 74.6 8 134 491 3.47 54
CoHs50H 350 4 948 83.2 0 103 3.57 1.87 106
CoHsOH 350 26 63 90.5 0 417 4.15 1.18 0
CoHs50H 370 4 993 83.0 0 10 3.39 1.71 100
CoHsOH 370 26 917 89.3 0 591 3.42 1.37 0
CoHs50H 385 4 100 83.9 65 860 3.98 1.97 ®0
CoHs0OH 385 26 100 87.2 67 569 4.24 171 o9
CoHs50H 400 4 100 90.5 X0 357 3.21 0.74 @8
CoHsOH 400 26 100 91.0 B5 264 2.70 0.72 @9

@Reaction conditions: 1 atmy/ Fc 74.6 g h/mol, 1 mol CHO/I solvent, Nflow rate 3.6 I/h.
bcHO= cyclohexanone oxime;-C = e-caprolactam, HEN= 5-hexenenitrile, HAN= hexanenitrile, CHA=
cyclohexanone, CHE- cyclohexen-1-one, AN= aniline.

acid sites. As the evacuated temperature increased from 2I?lguence of contact time on th-lt;agll-eié conversion and the product Jield
to 400°C, most of the Bragnsted acid sites are lost, whereas P '
a significant amount of Lewis acid sites are still present. W/Fc  Conversion Product yield (mol%)

(gh/mol)  (mol%) eC HEN HAN CHA CHE AN

3.2. Catalytic reactions

2.33 512 36.4 042 B0 287 117 104
4.67 731 499 060 14 438 227 1.05

In the Beckmann rearrangement of CHO over AI-MCM- g33 990 702 076 10 561 332 211
41, ¢-C is the major product and the side products includets.1 981 66.8 176 1® 566 3.73 225
cyclohexanone (CHA), cyclohexen-1-one (CHE), hexaneni37.3 100 675 123 18 561 376 330
trile (HAN), 5-hexenenitrile (HEN) and aniline (AN) in ac- 746 100 659 191 18 814 308 487

cordance with the literature [9,13]. The CHO conversiofRreaction conditions: 40TC, 1 atm, 1 mol CHO/l benzene,,Nlow rate

and the product selectivity are calculated with respect t@&.6 I/h.

the moles of CHO converted. Benzene or ethanol is uti-

lized as a solvent for CHO in the feed. With pure benzerfeHO/CsHe. As the contact time increases frairy Fc 2.33
over Al-MCM-41 no reaction took place, whereas ethyito 9.33 g h/mol, the CHO conversion also increases dramati-
ene, diethyl ether and water were produced by feeding pui@ly from 51.2 to 99.0% and thereafter remains unchanged.

ethanol. Similar trends are observed for the product yields. Figure 5
shows catalytic activities andC selectivities aW / Fc 74.6
3.2.1. Effect of reaction temperature and 298 g h/mol for CHO/gHg reactions over AI-MCM-41

The influence of temperature on the catalytic reactiog$ 400°C. It takes 11 and 25 h, respectively, for CHO con-
was studied in the range 300—4@D. Table 1 shows the versions to drop to 70%; the correspondin@ selectivities
dependence of catalytic activity and product selectivity oare 76 and 81%.
the temperature. With CHO#Elg as feed, the CHO con-
version increases remarkably with temperature from 300 32.3. Effect of solvent
400°C at 4 h reaction whereas theC selectivity varies Nonpolar benzene and polar ethanol solvents were uti-
only slightly. If ethanol is used as solvent, the catalytic adized to investigate their influences on the catalytic activity,
tivities at both 4 and 26 h reaction are also parallel to tiibe product selectivity and the catalyst stability. Both the
reaction temperature between 350 and 4D0Futhermore, CHO conversion and theC selectivity are much higher by
much highee-C selectivity is attained with concomitant de-using ethanol as compared to benzene (table 1). Figure 6
crease of hexanenitrile selectivity. At temperature highehows the catalytic results as a function of process time by
than 370°C, the product selectivities are practical constamising CHO/ethanol under the reaction conditions of D0
which suggests the high stability efC without successive and W/ Fc 149.2 gh/mol. The results exhibit superior cat-
reactions to yield side products. These results are consistelytic performance than those of CHO/benzene; the CHO

with literature reports [9]. conversions ane-C selectivities are larger than 99 and 90%,
respectively, for the process time over 1200 h. This is ex-
3.2.2. Effect of contact time plained as follows: ethanol dehydrates to ethylene, diethyl

Table 2 shows the influence of contact time on the catther and water over AI-MCM-41 under the same reaction
alytic results at short process time of 15 min using the fe@dnditions as confirmed by the blank reaction using only
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Figure 6. Catalytic results for CHO#EI5OH reactions over AI-MCM-41

at 400°C andW/ F¢ 149.2 g h/mol.

223

ethanol in the feed. During the reaction, both ethanol and
the continuously produced water suppress the formation of
polymers and coke on the catalyst surface. The positive ef-
fect of water on preventing deactivation was verified in the
CHO reaction using B-MFI zeolites [9]. According to the re-
sults shown in figure 5, the catalyst stability enhances greatly
with increasingW/ F¢c values in the reaction of CHOEls.
Such conclusion can reasonably be extended to the reac-
tion using CHO/GHsOH. Accordingly, the catalyst lifetime
should also become much longeVéf Fc 298 g h/mol. The
extremely high stability of AI-MCM-41 is remarkably bet-
ter than those of other solid acids where only several days
of catalyst lifetime were reported [9]. After the catalytic re-
action of 1200 h process time, the used catalyst was char-
acterized with XRD, BET, TPD and MAS NMR in order to
investigate its physicochemical properties and thus the pos-
sible cause for its excellent catalytic performance. The XRD
patterns of the used catalyst are quite similar to those of the
fresh catalyst, indicating the retention of crystal structure
after reaction (figure 1). Futhermore, a comparison of the
ammonia TPD profiles of the fresh and the used catalysts
reveals only small variation in their catalyst acidities (fig-
ure 3). In addition, no significant difference was observed on
the 27Al and 2°Si NMR spectra of the two catalyst samples
(figure 2, curves (b) and (c)). The above results infer that
the catalyst properties remain stable during the catalytic re-
action. Although the BET surface area decreases from 1014
to 622 nf g1 after 1200 h reaction, both the catalytic ac-
tivity and e-C selectivity do not decline. It is proposed that
the pore blockage, especially at the micropores, results in
the decrease of both the surface area and the pore volume
whereas the mesopores, being the location of pertinent ac-
tive sites, remain active during the reaction. In summary, the
highly efficient catalysis on AI-MCM-41 is attributed to its
uniform mesopores, weak and intermediate acidity as well
as the large surface area.

4. Conclusion

In this work, AI-MCM-41 with Si/Al mol ratio of 25.0
exhibits excellent performance in the vapor phase Beckmann
rearrangement of cyclohexanone oximetoaprolactam by
using ethanol as solvent. For the reaction at 4D01 atm
andW/Fc 149.2 g h/mol, the CHO conversion and th€
selectivity remain, respectively, higher than 99 and 90% dur-
ing a process time greater than 1200 h. Consequently, Al-
MCM-41 is a potential catalyst for the manufacturese€
from CHO.
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