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Catalytic performance of £D3/TiO>—ZrO, for vapor-phase
Beckmann rearrangement of cyclohexanone oxime:
the effect of boria loading
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A series of boria catalysts supported on titania—zirconia mixed oxid®4Hi0,—ZrOy) with different boria loadings (8—-20 wt%)
were prepared and characterized by X-ray diffraction, adsorption of nitrdé@]magic angle spinning (MAS) NMR measurements
and temperature-programmed desorption (TPD) of ammonia. The catalytic performang®@36Ti®,—ZrO, for vapor-phase Beckmann
rearrangement of cyclohexanone oximestoaprolactam was studied at 3%0. It was found that the lactam selectivity increased with
increasing of boria loading, whereas a maximum oxime conversion was obtained at the boria loading of 12 wt%. The acid sites of medium
strength on the surface of the catalyst play an important role in the selective formation of lactam.

KEY WORDS: Beckmann rearrangement; cyclohexanone oxiseaprolactam; titanium—zirconium binary oxide; borigg@/TiO>—
ZrOy; acid catalyst

1. Introduction time. The effect of boria loading on the structure, surface
acidity and catalytic performance o0bBs/TiO2—ZrO,; was

There are numerous studies to rearrange the cyclovestigated in detail. The boria structures and acidities of

hexanone oxime te-caprolactam (precursor to Nylon-6)the catalysts with different boria loadings were characterized

over solid acid catalysts. Compared with the conventionay 1'B MAS NMR measurement and TPD of ammonia, re-

method of preparing-caprolactam, this is an energetispectively, in correlation with their catalytic performance for

cally and economically favorable as well as environmentaltfie Beckmann rearrangement reaction.

friendly alternative routeg.g., there is no inevitable salt for-

mation of ammonium sulfate. Among the solid acid cata-

lysts studied, boria supported on an amorphous oxide asExperimental

been mostly used. All of the oxide supports used are single ]

metal oxides, such as alumina [1-3], silica [4,5], thoria [6}-1- Catalyst preparation

titania [7], zirconia [8—11]gtc. In comparison with the sin- ) ) . ) ) .
gle component supports, the composite oxide supports are! 02210z binary oxide with a molar ratio of unity was

found to exhibit higher surface acidity, surface area, theff€Pared by coprecipitation in an aqueous solution contain-
mal and mechanical strength [12]. Among various mixgl§9 titanium tetra_chlorlde a|_'1d_ zirconium oxychloride using
oxides, the titania—zirconia binary oxide has been report8Ue0US ammonia as precipitation reagent. The precipitate
to exhibit high surface acidity by a charge imbalance bas@fs allowed to stand at room temperature for 24 h, filtered,
on the generation of Ti-O—Zr bonding [13]. Further, receffashed with dglonlzed water yntll no chIo_nde ions were de-
studies have revealed that T&¥rO, is an active catalyst te_cted by adding AgN@solution to the filtrate, ar_1d then
for dehydrocyclization of:-paraffins to aromatics [14] and d_ru_ad at116C for 24 h. Af_ter the F’OWP'ef of the dried pre-
hydrogenation of carboxylic acids to alcohols [15], and alsgPitate was compressed into small dies, they were crushed
is an effective support for Ni-based catalyst for the hydrc?‘—nd sieved to 40-60 mesh and calcined at"#Da air for
genation of benzene [16]. Thus, the combined RO,

oxide has attracted much attention recently as a catalyst anoBona-supported catglysts with various . boria Ioanngs
support for various applications. were prepared by multi-step pore-volume impregnation of

In this paper, vapor-phase Beckmann rearrangemgﬁ?z_zroz with an aqueous solution of boric acid. Between

of cyclohexanone oxime ta-caprolactam over titania—two impregnation steps the catalyst should be dried afC10

irconia-s orted boria catalysts is reported for the f'rg?r at_least 3h. Einally, the catalyst yvas_dried_at 100
2 'a-supp ! ysis P ! overnight and calcined at 60C for 12 h in air. Boria load-

* To whom correspondence should be addressed. ing was changed from 8 to 20 wt% as®s.
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For comparison purpose, supported boria catalysts (with
boria loading of 12 wt%) on the single component oxides
TiOz and ZrQ and on other binary oxides including Si©
Al203, SIO-TiO2, SiO—Zr0y, Al203-TiO, and AbOz—
ZrO7 were similarly prepared. d A J e PPN

2.2. Catalyst characterization \

The crystal structure was identified by XRD (Rigaku c N

D/MAX-1400) measurements using CucKradiation at
40 kV and 40 mA.

BET surface areas, pore volume and pore size distribu-
tions of the BOs/TiO2—ZrO;, catalysts were measured on a AP I
Micromeritics Digisorb 2600 system under liquic-fem- BT S U O
perature using Blas the adsorbate. Samples were outgassed ' ' ' '
under vacuum at 450 for 3 h immediately prior to analy-
sis.

11B (8¢ rf pulses, 1 s recycle delay) MAS NMR spectra 20/ °
were recorded at resonance frequency of 96.29 MHz on a
Bruker DMX-300 multinuclear spectrometer, while a MASrigure 1. XRD patterns of Tig-ZrO, support calcined at various temper-
spinner was rotated at a rate of 12 kHz. Background subtrac- atures: (a) 500, (b) 650, (c) 800 and (d) 10@
tion was necessary due to boron nitride components in the

. . . . 1
\?vre(z)rt:aer.efi ?:rzzlggltsgst;i?g{;ed in parts per million (ppnﬁ;es characteristic of the formation of the crystalline Zr7iO
' compound (2 = 24.7° and 30.8) can be observed from

NHs-TPD experiments were conducted in acqnyentlong 0°C and above temperatures, and the intensity of lines
flow apparatus equipped with a thermal conductivity det?ﬁhe to this compound also increased with increase in cal-
tor. The sample (1OQ mg) was pretreated under a heIIucrpnation temperature. A similar observation was also made
stream flow (30 ml/min) at 500C for 1 h and then flushed

with a mixture of Nk (9.84 vol%)—He for 0.5 h at 15(. earlier by Funget al. [14]. Moreover, no independent dif-

Subsequently, the sample was outgassed at the same ten‘fgr)aecrpon peaks assigned to TiQanatase or rutile) or Zrf
m

an amorphous state. However, sharp X-ray diffraction

. i . monoclinic, tetragonal or cubic) phases were detected in the
ature for 1 h in helium stream to remove physisorbed ammg- . .
: RD patterns of TiQ—ZrO,. The ZrTiQy compound ap-
nia. The TPD of NH was measured from 150 to 550 at . ;
a heating rate of 16C/min pears to be thermally quite stable even up to 1‘(][00alc_|.—
' nation temperature (figure 1). The higher thermal stability of
the support is advantageous since it allows the regeneration

of deactivated catalysts by high temperature calcination.

The catalytic rearrangement of oxime was performed un- The X-ray diffractograms of BOs/TiO>-ZrO, catalysts
der atmospheric pressure using a continuous-flow fixed-b&#h various boria loadings are depicted in figure 2. As
reactor (6 mm i.d.) made of stainless steel. The feed (5 wt08h be seen from this figure, the®@g/TiO>-ZrO;, catalysts
cyclohexanone oxime in benzene) was injected to the reacthowed sharp diffraction lines indicating the formation of
by a Syringe pump (G”son SA) at 6 ml/h with nitrogen CarZrTiO4 Compound. The intenSity of these bands increased
rier gas flowing at 30 ml/min. The reaction conditions Wer@lith boria Ioading. This result indicated that the transfor-
as follows: 0.8 g of catalyst, reaction temperature of 30 Mation of amorphous Ti&-ZrO, mixed oxide into a crys-
0.1 MPa and WHSV of 0.33gimdgzah~t. The reactor talline ZrTiO; compound is accelerated by the supported bo-
effluent was collected by a glass trap which was immersé&@- This similar phenomenon was also observed by Bautista
in an ice-water bath. The products collected were analyzgdal- [17] for the boria catalysts supported on2@k and
by a gas chromatograph (Hewlett—Packard 4890D) equipp‘ékh—’04 carriers. In addition, as shown in figure 2, the char-
with a capillary column (HP-1) and a FID detector. The use@Fteristic peak of crystalline#®s (20 = 28°) was observed

catalyst was regenerated by calcinatiorsitu in dry air at N the XRD patterns of all the £3/TiO>—ZrO, catalysts,
600°C for 8 h. and the intensity of the diffraction line was almost the same

regardless of the boria loading. This observation was in con-
trast with that reported for the J®3/Al,03 catalysts [18],
3. Results in which the intensity of the diffraction line due to crys-
talline BpO3 increased with the boria loading. From the re-
sult above, it is clear that most of the boria supported on
XRD patterns of the Ti@-ZrO, support calcined at vari- TiO>,—ZrO, mixed oxide existed in its vitreous state.
ous temperatures from 500 to 10@are shown in figure 1.  The BET surface areas of the®3/TiO2—ZrO, catalysts
After calcining at 500C, the TiG—-ZrO; mixed supportwas were measured together with that of the support calcined

2.3. Rearrangement of cyclohexanone oxime

3.1. Catalyst characterization
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29/ ° Figure 3. Pore size distributions of various samples calcined af €00
(M) TiOo—-ZrOy, (s) 8% ByO3/TiO2—Zr0y, (A) 12% B,O3/TiO>—ZrO,

and (v) 15% ByO3/TiOx—-ZrO,.
Figure 2. XRD patterns of 803/TiO,—ZrO, catalysts with various boria A\l 6 By03 2-210;

loadings: (a) 8, (b) 10, (c) 12, (d) 15 and (e) 20 wt%.

Table 1
BET surface area of various samples calcined at’@0 d
Sample SBET SBET
MJL

(m2/ Ocat) (mZ/ Gsuppor)
TiO,-Zr0, 1030 1030
8% B,0O3/TiO>—Zr0y 459 499

10% B,03/Ti02-Zr0, 391 434

12% B,03/Ti02-Zr0, 17.6 200

15% B,03/Ti0,-Zr0, 147 173

20% B,03/Ti02-Zr0, 9.0 112 b

at 600°C. The results are summarized in table 1. The sur-

face area of the Ti®-ZrO, support was about 1033y, but a
T

it decreased monotonously with increasingdg loading.
Table 1 also presents the BET surface areas expressed per

gram of support. These data suggest that modification of the ; -

TiO2—ZrOy occurred due to pore filling by #3 in addition 50 0 -0

to the relative decrease in support content of the catalyst.
The pore size distribution szﬂ)3/T|02___Zr02 Was Meas- riqre 4.118 MAS NMR spectra of BO3/TiOp—ZrO, catalysts with dif-

ured to study the process 0b8z deposition on the inter- ferent boria loading: (a) 8, (b) 12, (c) 15 and (d) 20 wt%.

nal surface of Ti@-ZrO,. The results are illustrated in fig-

ure 3. As shown, the Ti@-ZrO, support after calcination ZrO; catalysts with different boria loadings. The BGig-

at 600°C had a sharp peak at 5.6 nm in the pore size distnal gave a sharp resonance pealcat2 ppm. The sig-

bution. After the loading of boria (8 wt%), the small poregal for trigonally coordinated B9was split and broadened

of the TiO,—ZrO, decreased and a broad peak at between @iGe to a second-order quadrupolar effect. This doublet how-

and 70 nm appeared simultaneously. Engehl. [19] also ever, corresponds to a single signal [22]. Unfortunately, the

observed that new pores with diameter larger than 50 nm dield strength used here (300 MHz) resulted in an overlap

peared after supportingsB®3 on AloO3. As the boria load- of the trigonal and tetrahedral signals. Despite this over-

ing increased, the small pore disappeared and the centdegy the trigonal and tetrahedral signals can be easily seen

pore size of the broad peak shifted to high value (figure 3h the spectra and integrated. As shown in figure 4, all the

At the same time, the pore volume decreased from 0.272damples consisted of both trigonal and tetrahedral B—O co-

0.055 cni/g. ordinations. With an increase in boria loading, the intensity
In amorphous and crystalline compounds boron may eaf tetrahedral signal decreased but that of trigonal signal in-

ist in tetrahedral B@ units and trigonal B@ units [20,21]. creased. Thus, the ratio of BQo BO4 species increased

Figure 4 displays th&'B MAS NMR spectra of BO3/TiO>—  with increasing boria loading.
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Table 2
Performance of various supported boria catalysts for Beckmann rearrange-
ment of cyclohexanone oxinte.

. c - CatalysP Conversion Selectivity Yield
3 (%) (%) (%)
o d B,03/TiO2-Zr0y 100 97.4 974
5 B,03/TiO> 100 83.8 83
z B,03/ZrO; 100 79.3 798
~ c B,03/Si0x—Al,03 100 60.0 60
g B,03/Si0>—TiOy 175 35.1 614
8 B,03/Si0y—Zr0, 226 31.1 703
2 b B,03/Al203-TiOy 974 36.2 352

B,03/Al,03-Zr0, 352 40.0 141
a aReaction conditionsT = 300°C, P = 0.1 MPa; WHSV=0.33 i1 and
time on stream 2 h.

b Boria loading 12 wt%.

T T T T 1
150 250 350 450 550

° 100 100
Temperature ,°C /.Ii:/.
Figure 5. NH-TPD profiles of BO3/TiO,—ZrO, catalysts with different i ./. i

boria loadings: (a) 8, (b) 10, (c) 12, 15 and (e) 20 wt%.

T
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o

Acidic properties were investigated using the adsorption
of probe molecules by TPD. The TPD profiles of the ammo-
nia adsorbed on the ®3/TiO>—ZrO, catalysts with differ-
ent boria loadings are depicted in figure 5. The TPD profiles
show that the acid strength of the catalysts increased with
boria loading, which was indicated by a continuous shift of
the desorption peak of maximum height to higher desorp-
tion temperatures. However, the total desorbed ammonia or
total area of the TPD peaks decreased with increase of bo-
ria loading, indicating a decrease in the total number of acid 70— T T T T T —20

sites calculated per unit mass of catalyst. § 10 12 14 6 18 20
Boria Loading , wt%

90

Oxime conversion , %
Lactam Selectivity , %

T
N
(=]

3.2. Rearrangement reaction Figure 6. Effect of boria loading on the oxime conversion and lactam se-

. lectivity over B,O3/TiO2—ZrO, catalysts (data were averaged for 5 h on
The supported boria catalysts were tested for the Beck- stream).

mann rearrangement of cyclohexanone oxime-taprolac- oxime conversion; above this loading the selectivity to lac-

tam at 300C. The by-products of this reaction were mainlyam changed hardly.

cyclohexanone, 2-cyclohexenone, cyanopentane, 5-cyano-1The regeneration ability of a catalyst is very important in

pentene and aniline. The conversion of oxime decreasg@ practical use in industry. As illustrated in figure 7, the

with time on stream, while the selectivity to lactam kepB,0s/TiO,—ZrO; catalyst with boria loading of 12 wt% had

the initial value for the first 10 h on stream, and this wagxcellent regeneration ability. After a regeneration process

a general finding for all catalysts tested. The conversi@f heating the used catalyst situ in dry air at 600°C for

of cyclohexanone oxime and the selectivity and yield tg h, the activity of the regenerated catalyst was almost iden-

e-caprolactam over the supported boria catalysts after 2jbal with that of the fresh catalyst. Two main mechanisms

on stream are presented in table 2. The data show thate been suggested for the deactivation of solid acid cata-

B20s/TiO2-ZrO; was by far the best catalyst tested for thigsts in the rearrangement reaction of oxime: the formation

reaction in terms of selectivity and yield of lactam. of coke [1,3,23] and/or the irreversible adsorption of basic
The performance of BO3/TiO2—ZrO;, catalysts with var- reaction by-products [24]. Since the deactivated catalyst can

ious boria loadings was examined at 3@ Figure 6 shows pe completely regenerated by burning off the coke in air, we

the average oxime conversion and the average lactam seteei confident to propose that coke formation was the main

tivity during the first 5 h of the reaction. Apparently, theeason for the deactivation.

boria loading affects remarkably the activity and selectiv-

ity of BoOs/TiO2—ZrO; catalysts. The oxime conversion in-

creased with boria loading up to 12 wt% and then decreasg¢dDiscussion

as the loading of boria is further increased. Surprisingly,

the lactam selectivity also increased with increasing boria Catalytic results show a clear dependence of the activity

loading to 12 wt% as the same loading of the maximuaata on the boria loading. It is well known that two boron
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Figure 7. Regeneration ability of 12%B3/TiO>—ZrO, catalyst.

species can be present on the support and the nature and'® T ' ' ' ' ' '

their relative ratio depend on preparation method, calcina-
tion temperature, boria loadingtc. The characterization of
the B,03/TiO»—ZrO; catalysts by'B MAS NMR and NH;-
TPD, reveals that boria loading determines the nature of the_+ 1 ° ®
supported species as well as their acidic properties.

On the basis of thé!B MAS NMR measurements, it
is apparent that both trigonal and tetrahedral coordinate
borons were present in all the;B3/TiO2—ZrO, catalysts.
The relative amounts of the two coordinations were depen-.
dent on the boria loading and the ratio of Btd BO4 species
increased with increase of boria loading. This is more evi- 24 ®
dent from figure 8 comparing the integrated signals in terms ] 10
of BO3/BOg4 ratio. The results of figure 8 show a trend rather
than an absolute ratio of BfBO4, because the intensity of 0= ' ' ' ' ' '

. . . A 10 12 14 16 18 20
the tetrahedral signal is higher than that of an equivalent ) ) o
amount of trigonal boron. This intensity difference arises Boria Loading , wt%
from combined effects of the dlﬁere.nce in the quadruPo'iaf{gure 8. Relationship between boron—oxygen coordination £D4
coupling constants of two coordinations arfddtilse angle Tio,-zro, catalysts with different boria loadings and their concentration
used [22]. of acid sites.

As seen from the NEITPD studies, the boria loading
of B203/TiO2—ZrO; catalyst affects markedly their acidity.for the H-ZSM-5 zeolite modified by #D3 that lactam se-

The variation in concentration of acid sites (pef nata- lectivity improves with the increase of the ratio of weak
lyst), which was calculated by dividing the total integratedcid sites to strong acid sites [25]. Curgéhal. demon-
area of the N band by the BET surface area of the sanstrated that the lactam selectivity is directly proportional
ple, with the boria loading was also presented in figure & the concentration of medium strength acid sites on the
which indicates the same trend as the ratio ogHBDy, in-  B,03/Al,03 catalysts from which ammonia desorbed be-
creasing acid site concentration with increase of boria loagiveen 200 and 35TC [3,23,26,27]. Xuet al. reported that

ing. From figure 8, it is clear there is a direct relationshithe active sites for Beckmann rearrangement are the medium
between the concentration of acid sites on the surface arfd strong acid sites on the surface efB/ZrO, catalysts,
B,0s/TiO—Zr0O, catalysts and the particular coordinatiorwhich were characterized by desorption of adsorbed ammo-
of the boron atom. Itis the trigonal coordinated boron that isia >200°C [9].

responsible for the enhanced acidity observed. This obser-In the present work, as the boria loading increased, the
vation was in contrast with that reported for theg®/Alo,O3  total concentration of acid sites onp®3/TiO>—Zr0O, cat-
catalysts [22], in which both the strength and concentratiafysts increased (figure 8), while the total number of acid
of acid sites increased as the relative amounts of tetrahedsitds decreased (figure 5) because the surface area decreased
boron increased. monotonously (table 1). However, catalytic results revealed

The relationship between acidic properties and catalyticat a maximum oxime conversion was obtained at the boria
performance has been studied by many researchers. loftding of 12 wt% and the lactam selectivity saturated when
has been reported that a relative strong acid sife « the boria loading was more than 12 wt%. Such results sug-
—5.6) of B,O3/SiO; is responsible for the formation ef  gested that the activity and selectivity 0$Bs/TiO>—ZrO»
caprolactam [5]. On the other hand, Takahashl. reported catalyst were dependent on their acid strength distributions.
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the boria loading increased, the strength and concentration
of acid sites of BOs/TiO>—ZrO, catalysts increased, but
the surface area decreased. Optimum boria loading was at
12 wt%, which contained the maximum number of medium
strength acid sites. It was the trigonal coordinated boron
species that is responsible for the enhanced acidity observed.
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